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Abstract: Buildings consume about 40% of the global energy. Therefore, the building sector plays
a key role in achieving the goals of carbon peak and carbon neutrality. Various energy-saving
technologies for buildings, such as building envelops, mechanical systems, and energy resources,
have been developed to help to achieve zero- or even net-energy buildings while maintaining comfort
and a healthy indoor environment. This Special Issue on building energy-saving technology was open
to all contributors in the field of building engineering. The original experimental studies, numerical
simulations, and reviews in all aspects of building energy utilization, management, and optimization
have been considered. For this event, all of these topics were covered in the extensive submissions
which were accepted, but interesting papers on other aspects of building energy efficiency were also
received. The purpose of this editorial is to summarize the main research findings of the accepted
papers in this Special Issue, including the energy-saving technologies involved in building envelops,
mechanical systems, and occupant behaviors, and to identify a number of research questions and
research directions.

1. Research Topics Investigated

The accepted papers cover the energy-saving technologies related to the improve-
ment of building envelops, mechanical systems, occupants” behavior, renewable energy
utilization, energy prediction and disaggregation, building planning, and climate-adaptive
design. All of the technologies can be used for low-carbon building design.

1.1. Energy Saving through Building Envelop

The thermal performance of the building envelop determines the amount of heat
gain/loss that needs to be addressed by the heating, ventilation, and air-conditioning
(HVAC) systems. Alghamdi et al. [1] proposed structural insulated panels (SIPs) joined
with embedded camlock systems to solve the thermal bridge problem due to using framing
members and nails to join SIPs. They found that SIP thickness is the dominant factor that
affects its thermal performance, and the reduction in the R-value of the SIP caused by the
embedded camlock systems is less than 13.8%. AlZahrani et al. [2] performed optimization
on concrete walls using 3D-printed technology. They found that the infill structure of the
walls affects their thermal conductivities and, thus, their thermal performance. Compared
to conventional walls, the energy cost savings of the 3D-printed concrete (3DPC) walls were
about USD 1/m?. Sadauskiené et al. [3] investigated the effect of installation methods on
the thermal performance of a new, high-performance window and found that the difference
in the calculation results using the 2D method and the 3D method could be up to 68%.
They insulated the window frame with SWB, not evaluating that the mental fastener could
reduce the thermal bridge at the junction and frame by 80% (up to 37% when evaluating
the mental fastener) compared to the traditional choice without insulation. Li et al. [4]
evaluated the energy-saving potential of improving the insulation and air-tightness level
of windows and doors for a passive house in regions with hot summers and cold winters
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in China. A reduction in heating energy consumption of up to 62% was found. However,
overheating during the transition and summer seasons also occurred, which need to be
resolved using natural and hybrid ventilation.

1.2. Energy Savings through Mechanical System

Mechanical systems account for a large proportion of building energy consumption.
Determining how to improve their energy efficiency is crucial for improving the building
performance. Zhang et al. [5] proposed a vacuum refrigeration energy-saving device with
a new sealing door structure to reduce the number of vacuum refrigeration pumps and
reduce the energy loss during operation.

1.3. Energy Savings through Occupants” Behavior Regulation

As people spend most of their time indoors, their energy usage behavior plays an
important role in determining the building’s energy consumption. Wang et al. [6] used
the theory of planned behavior (TPB) and two extension models to evaluate the factors
affecting the energy-efficient intentions and behaviors of the hotel guests. They found
that past behaviors and self-determined motivation have strong correlations with hotel
energy savings, and they suggest encouraging hotel guests to engage in pro-environmental
behaviors.

1.4. Energy Savings through Renewable Energy Usage

The usage of renewable energy resources helps to reduce building energy consump-
tion. Lin et al. [7] performed a review on the research and development of solar-assisted
heat pumps for buildings in China. They found that the current research focuses on the
theoretical and experimental investigation of the energy performance of the main compo-
nents of the heat pump system, but less attention was paid to intelligent control, operation
optimization, and integration with buildings. Building-integrated photovoltaic (BIPV)
modules can be adopted to achieve net-zero energy buildings (NZEBs); however, this
is not widely accepted by the architects and builders [8]. Basher et al. [8] performed a
review on aesthetically appealing BIPV systems and recommended the development of
high-definition colored PV (HDPV) modules with adequate image contrast in order to
boost the productions and expand the BIPV market. The power conversion efficiency (PCE)
of this product outperformed 85% of a bare panel.

1.5. Energy Savings through Energy Modeling, Prediction and Disaggregation, Building Planning,
and Climate-Adaptive Design

It is crucial to know the importance of the factors that affect building energy consump-
tion in order to determine the energy consumption of the buildings. Big data analysis
based on field data collection can be employed to find the variable importance (VI) of each
variable during the prediction of building energy consumption. Lin et al. [9] developed and
compared the performance of eight data-driven energy prediction models for residential
buildings in Oshawa, Canada. They found that back propagation neural network (BPNN)
models had the best performance in terms of predicting both annual building electricity
consumption and gas consumption, with mean absolute percentage errors (MAPEs) of
less than 2.63%. The heating system type, fuel type for domestic water heaters, floor area,
heating system efficiency, age of the heating system, and fuel type for the heating system are
the most influential factors on electricity consumption, while the fuel type for the heating
system, air change rate per hour (ACH), heating system efficiency, number of fluorescent
bulbs used outdoors, and fuel type for domestic water heaters are the most important
factors for gas consumption.

Despite knowing the individual building’s energy performance, it is also very impor-
tant to determine the whole building’s energy consumption at a larger scale, as buildings
interact with each other as well as the local environment. Ji et al. [10] developed a physical-
based bottom-up method to predict the building operation energy consumption at the
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urban scale, and used imported topography to consider the shading effects on buildings.
The outcomes of the results were found to agree with the benchmark. Commercial and
transport buildings were found to have large energy use intensity (EUI), where the cooling
energy demand is far greater than the heating energy demand.

It is equally important to determine the contribution of each electrical power appliance
to a building’s energy consumption. Buddhahai et al. [11] proposed an experimental design
to disaggregate home energy consumption under a multi-target learning framework. They
found that the performance of a prediction mode using the F-score (micro-averaged) and the
power estimation accuracy index was better than that of a deep-learning-based denoising
auto-encoder network approach, and was able to be used for home energy monitoring.

Building planning has an impact on the local micro-climate, which indirectly affects
the energy consumption of the buildings in the community. Yang et al. [12] carried out a
study on the influence of building density on the outdoor environmental thermal comfort
of residential buildings in different climatic regions in China. They found that, when the
building distance was in the range of 20-50 m, the mean radiant temperature (MRT) of the
outdoor environment increased by 1.25 °C for every increase of 10 m in the distance.

Due to the global warming effect, there is a need to know the adaptivity of the
buildings against climate change. Ruiz et al. [13] examined the performance of a semi-
detached house with different Spanish energy regulations in different future climate change
scenarios. They found that the buildings with nearly zero energy building (nZEB) criteria
outperformed buildings with the other two energy regulations by an average of 84.36%
in energy consumption reduction, while, at the same time, the “slightly cool” hours were
reduced by 57% and there was an improvement by up to eight times in the “slight warm”
category.

As difference sources of energy vary in qualities, emergy is used to overcome this
barrier. Chang et al. [14] employed a dynamic emergy analysis method for the design of a
rural human settlement unit integrated with product-living-ecology. They found that the
emergy self-sufficiency ratio and sustainable indices decreased over time, from 0.34 to 0.15
and from 0.76 to 0.57, respectively. At the same time, the values of the emergy investment
ratio, net emergy yield ratio, and environmental load ratio increased.

2. Conclusions

The papers in this Special Issue generate new insights into energy-saving technologies
for buildings from various aspects (i.e., building envelop systems, building mechanical sys-
tems, occupants” behaviors, building density, solar energy utilization, etc.). The following
sets of research questions and research directions are compiled:

(1) Low-carbon buildings require the integration of building energy-saving technologies
in building envelops and mechanical systems, as well as regulation of the building
occupants’ behavior.

(2) Integration of buildings with renewable energy sources is the key to achieving carbon
peak and carbon neutrality, and ways to improve building energy efficiency with the
integration of renewable energy technology will continue to be a hot topic.

(3) A big-data-driven approach is very important in building energy prediction and
energy-efficient operation of a building’s mechanical system, and will be an interest
of many researchers in building energy-saving and mechanical system control.

Author Contributions: Conceptualization, Y.L. and W.Y.; writing—original draft preparation, Y.L.;
writing—review and editing, Y.L. and W.Y. All authors have read and agreed to the published version
of the manuscript.
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Abstract: Structural insulated panels (SIPs) are widely used in residential and commercial buildings
due to their reliable mechanical and thermal performance. However, using framing members and
nails to join SIPs causes thermal bridging across the insulation and thus increases heat losses from
the building envelope. Alternatively, SIPs joined with embedded camlock systems can overcome
this issue. In this paper, a parametric study of the effects of the camlock system material and SIP
geometric design on the thermal performance of SIP walls was investigated using a multi-scale finite
element modeling approach. The model considers the structural design details of the camlock system.
In addition, the effects of the SIP materials, SIP thickness, and the number of camlock systems per
unit area on the through-thickness thermal conductivity of the SIP walls are examined. It was found
that the SIP thickness is a dominating factor influencing the thermal performance of the SIP. The
through-thickness (overall) thermal conductivity of the SIP wall increases linearly with the increase
in the number of camlock systems used per unit area. However, it rises exponentially with the
increasing SIP thickness. The reduction in the overall R-value of the SIP caused by the camlock
system embedded in the SIP did not exceed 13.8%.

Keywords: structural insulated panels (SIPs); thermal analyses; multi-scale finite element modeling;
parametric analysis

1. Introduction

Residential energy consumption accounts for more than one-third of global electrical
energy consumption [1-3]. Consequently, interest in green construction materials has
grown, particularly for the exterior walls of buildings, which separate and protect structures
from the climate. Reducing heat transfer via outside walls is critical without sacrificing
structural integrity. These factors should be considered early on during the design process, and
they have been the focus of much of the research on advanced construction technologies [4].

Structural insulated panels (SIPs) are energy-efficient building systems composed of
a rigid, lightweight insulating material sandwiched between two outer structural skins.
The insulation core is typically composed of insulating foams such as polyurethane (PUR),
expanded polystyrene (EPS), or extruded polystyrene (XPS). The outer skin is usually
composed of sheet metal, magnesium-oxide boards, cement-fiber boards, plywood, or
oriented strand boards (OSBs). Owing to their high thermal insulation performance, SIPs
are extensively used as building envelope materials in extreme climate regions, such as the
Arctic [5-7]. According to Harries et al. [8], SIP walls have nearly a 42% higher R-value than
typical timber-framed walls. SIP-built houses save about 14% energy use compared to stud-
framed houses [9] and 60% compared to brick—concrete structure houses[10]. According to
Lu and Memari [11], the thermal performance of SIP walls depends mainly on the insulation
thickness and panel size. They estimated the annual energy savings from implementing
3.5in and 5.5 in SIP walls compared to standard framing walls to be 3.08% and 7.62%,
respectively. Another advantage of SIPs is the panels’ easy and quick installation process,
which, in turn, reduces installation costs [12]. According to Mullens and Arif, installing
SIPs on walls and roofs saves up to two-thirds of the on-site framing labor [13].

Buildings 2023, 13, 413. https:/ /doi.org/10.3390 /buildings13020413
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However, the thermal insulation performance of any SIP envelope is vulnerable to
the panel’s joints, where air and moisture infiltration and thermal bridging may occur [14].
Abdou [15] examined the influence of a joint sealant on the thermal performance of an
interlocking SIP envelope composed of fiber-reinforced plastic. The absence of a joint
sealant reduced the SIP wall’s overall thermal resistance (R) due to the air leakage. This
reduction ranged from 5% to 46%, depending on different factors. Wyss et al. [16] and
Kayello et al. [17] published similar findings. They conducted experimental studies to
determine the airtightness and thermal performance of SIP joints subjected to pressure
differences that may cause joint openings. They used oriented strand boards and expanded
polystyrene for the SIPs and wood for the joints.

Qiang Du et al. [18] conducted an experimental study on the thermal transmittance
of different types of spline joints commonly used in SIP walls. They also performed
a FE numerical parametric study to examine the influence of insulation thickness, nail
dimensions, and spacing on the thermal performance of SIP walls. They reported that the
thermal transmittance increases significantly with the increase in the size of the spline.

A SIP joint has less thermal resistance than the SIP center owing to thermal bridging
at the framing members. Therefore, the overall R-value of the SIP wall is reduced; this
reduction is estimated to be 10-20% depending on the size and geometry of the joining
mechanism [19]. As a solution, the camlock system enhances the thermal performance of
SIP walls by providing outstanding tight connections to the SIPs. A cam locks system is a
fastening mechanism used to connect two SIPs. It comprises two halves, one containing
a pin and the other having a cam, which rotates by using a key to connect or disconnect
the SIPs. The use of the camlock system eliminates the need for frame members and nails,
which are responsible for thermal bridging. However, there exists a significant gap in the
literature on the thermal performance of SIPs with embedded camlock systems.

Therefore, the objective of this paper is to investigate the thermal performance of
the SIP walls joint by a camlock system which has never been considered in the previous
literature. Furthermore, the thermal performance of the alternative joining method is
considered, namely the surface spline; thus, the thermal performance—through-thickness
thermal conductivity—of both options can be compared and discussed. In order to achieve
the objective of this study, a multi-scale finite element (FE) model was developed and
validated to predict the through-thickness thermal conductivity of SIP walls. The model
results were firstly verified by experimental results obtained by other researchers [18] where
they used a hot box apparatus. Then, utilizing the powerful commotional capabilities of
the model, the effects of different measures on the thermal insulation performance of
the SIP walls joined by camlock systems were investigated. Specifically, the thermal
conductivity of the camlock system, the thermal conductivity of the SIPs, the thickness of
the SIPs, and the number of camlock systems per unit area were all examined. The results
provide comprehensive data on these various design options that can guide future research
and development.

2. Experimental Measurement
2.1. Test Setup

The experimental work of Qiang Du and his colleagues [18]—who used a hot box
apparatus according to ASTM C1363-11 [20] in order to measure the thermal transmittance
of SIP wall samples of size 1.5 x 1.5 x 0.165 m®>—was used in this study for validation. This
apparatus consists of two boxes, one chilled to sub-zero temperature (called the cold box)
and one kept near room temperature (called the hot box). The wall sample is positioned
in an insulated test frame which is placed between the hot and cold boxes. Two heat flow
meters are glued to the SIP wall sample from the side of the hot box. The thermal resistance
(R-value) of the SIP wall sample is then determined as follows:

A X (Thot_Tcold)
R=——"——"- 1
Q M
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where R is the thermal resistance of the SIP wall sample (m? K/W), Q is the quantity of heat
received by the SIP wall surface in the hot box (W), A is the surface area of the SIP wall (m?),
and Ty, and T4 are the surface temperatures facing the hot and cold boxes, respectively.
The heat received by the SIP wall surface in the hot box was measured in the ther-
mal bridge areas of the SIP wall using two heat flow meters. The hot and cold surface
temperatures were measured using four thermocouples, two for each side.
The thermal transmittance U, in (W/m?-K), can be calculated from the R-value as follows:

U= @

Thermal conductivity is then determined as follows:
k=UxL 3)

where k is the thermal conductivity of the SIP wall sample (W/m-K) and L is the thickness
of the SIP wall sample in meters.

2.2. SIP Wall Samples

The SIP used in the experimental work of Qiang Du and his colleagues [18] was made
of 143 mm of an EPS sandwich between two layers of OSB with a thickness of 11 mm.
The total thickness of the SIP wall samples was 165 mm. They first examined a single SIP
without any joints. The second sample was a SIP wall with a joint in the middle of the SIP
wall. The SIPs were connected by a surface spline joint. The dimensions of the nails used
in the surface spline joints were 3.2 mm in diameter and 60 mm in length, with a constant
spacing of 150 mm as outlined in the international building code [21].

3. Finite Element Modeling
3.1. Geometrical Modeling

Figure 1 illustrates a schematic of the SIP wall connected by surface spline and embed-
ded camlock systems and shows the unit cells of each wall. The unit cell can be defined
as a regular and repetitive pattern that forms the structure of the wall by repeating itself
along the X and Y spatial planes. Figure 2 shows the top view schematics of the unit cell of
the SIP wall connected by surface spline and embedded camlock systems. Figure 3 shows a
transparent model of the camlock system revealing the interior structure.

Creating a single SIP wall model containing the minute details of the camlock system
will result in a complex model with a huge number of nodes and consequently a very long
computational time. Therefore, to enhance the accuracy of the model and to reduce the
computational time, a two-scale finite element homogenization methodology (Figure 4)
was employed in this study. This technique was used to predict the equivalent thermal
conductivity of a SIP wall connected by embedded camlock systems. At the first scale,
the thermal conductivities of a camlock system were determined along the X-, Y-, and
Z-directions using a camlock model. In the second scale, the SIP wall was modeled using
the SIP wall unit cell. The camlock system in the SIP wall unit cell was replaced with a
homogenous solid cuboid. The conductivities obtained from the first scale (the camlock
model) were assigned to this solid homogenous cuboid. The through-thickness thermal
conductivity of the SIP wall and the effect of various factors that may reduce the thermal
insulation of the wall were predicted. All of the finite element modeling was performed
using the 6.14 ABAQUS software package [22].
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Structural insulated panels Structural insulated panels

Embedded
camlock
systems

@ | (b)

Figure 1. Schematic of SIPs connected by (a) surface spline and (b) embedded camlock systems.

Nails

EPS (a) 11mm OSB

Camlock system (b)

Figure 2. Top view schematics of the unit cell of the SIP wall connected by (a) surface spline and
(b) embedded camlock systems.
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Cam

Pin

(b)

Figure 3. Three-dimensional transparent model of (a) the camlock system and (b) the transparent
front view of the camlock system.

Camlock model Homogenization SIP unit cell

Kair
K st material
K camlock material

K camlock X direction
K camlock Y direction

K camlock z direction (through-thickness)

Figure 4. Two-scale finite element homogenization methodology.

3.2. Camlock Model

The camlock model was a 90 x 94 x 16 mm hollow cuboid with 1 mm-thick walls. It
featured two cams on the left half and one pin on the right half, as shown in Figure 3. A
hexagonal wrench hole was used to rotate the cams to lock them with the pin. Additional
details regarding the dimensions of the camlock system can be found on the manufacturer’s
sheet [23]. The properties of air are assigned to the interior cavities of the camlock finite
element model. The finite element mesh of the camlock model comprised 324,918 nodes
and 1,835,261 tetrahedral elements of type DC3D4.

3.3. SIP Unit Cell

A SIP wall unit cell was built based on the periodic features of the camlock system in
the SIP wall. The SIP unit cell consisted of a small cuboid embedded inside a larger cuboid,
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as shown in Figure 3. The larger cuboid represents the SIP, whereas the smaller cuboid
represents the camlock system. The orthotropic thermal conductivities derived from the
camlock model were assigned to the small cuboid that represented the camlock system.
Multiple SIP unit cells were constructed with various dimensions to investigate different
parameters: the wall thickness, number of camlock systems per square meter, thermal
conductivity of the camlock system, and thermal conductivity of the SIP. The examined
thermal conductivities of the SIP were 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 W/m-K.

3.4. Boundary Conditions

The hot box experimental setup was used to measure the thermal conductivity (k) of

the specimen, with Fourier’s law:
L - @
A THot — TCold
where Q is the total heat flux from the higher to the lower temperature. A and L are the
cross-sectional area and thickness of the sample, respectively. Ty and Ty represent the
surface temperatures on the hot and cold boxes, respectively.

This setup can be simulated using finite element software through steady-state thermal
analysis. The boundary conditions of this steady-state thermal analysis involve setting two
different temperatures (Th,; and T¢,y4) on two opposite faces perpendicular to any spatial
direction, while the remaining faces are insulated. These boundary conditions result in
a constant unidirectional heat flow (Q) toward the surface at a lower temperature (T, 4).
The value of Q can be extracted from the model and inserted in Equation (4) to determine
the thermal conductivity.

3.5. Material Properties of the Constituents

Table 1 lists the input thermal properties of EPS, OSB, air, and galvanized steel for the
nails and camlock systems. Six different materials were examined as material options for
the camlock systems. These materials are polypropylene, stainless steel, steel, galvanized
steel, brass, and aluminum. The thermal conductivities of these materials are also listed
in Table 1.

Table 1. Thermal conductivities of constituent materials of the SIP wall.

Thermal Conductivity

Material Source
(W/m-K)
EPS 0.038 [18]
OSB 0.13 [18]
Galvanized steel 61.98 [24]
Air 0.026 [25]
Polypropylene 0.22 [26]
Steel 53 [27]
Stainless steel 25 [28]
Brass 146.87 [29]
Aluminum 239 [28]
4. Results

4.1. Validation of the FE Model

The steady-state FE thermal analyses of the single SIP without any joint along the
Z-direction yielded a through-thickness thermal conductivity of 0.0419 W/m-K, with a
marginal error of 2.3% lower than that experimentally obtained by a hot box apparatus,
ie., 0.0429 W/m-K [18]. The experimental and simulated through-thickness thermal
conductivities of the affected area unit of the surface spline were 0.048 W/m-K [18] and
0.0473 W/m-K, respectively. Note that the experimental measurements were conducted
twice for each type, and the comparison here was carried out with the mean values. The
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negligible difference between the experimental and simulated results may be due to heat
transfer effects by convection inside the experimental hot and cold boxes, which were not
considered in the FE model. However, the FE model results are in excellent agreement with
the experimental results; accordingly, the used FE model is deemed satisfactorily validated.

4.2. Camlock Model

The orthotropic thermal conductivity values of the camlock model were predicted
by repeating the steady-state thermal analysis along all three directions (X, Y, and Z).
Similar thermal conductivities are expected in the X- and Y-directions as the structure of the
camlock model is similar along both these directions. Table 2 summarizes all the resulting
thermal conductivities derived from the camlock model for the six different materials
with varying thermal conductivities. Polypropylene has the lowest thermal conductivity,
three orders of magnitude lower than aluminum, with the highest thermal conductivity.
Figures 5-7 present the heat flux contour maps of the camlock model with polypropylene
and aluminum in the X-, Y-, and Z-directions, respectively. Similar to thermal conductivity,
the heat flux flowing in the polypropylene camlock model is three orders of magnitude
lower than aluminum.

Table 2. Orthotropic thermal conductivities derived from the camlock model.

Camlock Model Thermal Conductivity

Material (W/m-K)

X-Direction Y-Direction Z-Direction

Polypropylene 0.061 0.060 0.045

Stainless steel 3.975 3.800 1.891

Steel 8.382 8.017 3.975

Galvanized steel 9.795 9.369 4.644

Brass 23.153 22.152 10.963

Aluminum 37.651 36.025 17.821

HFL, Magnitude HFL, Magnitude
(Avg: 75%) (Avg: 75%)
+2.875e+02 +3.921e+05
+2.642e+02 +3.594e+05
+2.409e+02 +3.267e+05
+2.1768+02 +2.941e+05
+1.943e+02 +2.614e+05
+1.710e+02 +2.287e+05
+1.477e+02 +1.960e+05
+1.244e+02 +1.634e+05
+1.011e+02 +1.307e+05
+7.784e+01 +9.802e+04
+5.455e+01 +6.535e+04
+3.125e+01 +3.267e+04
+7.961e+00 +5.246e-01
Y Y
z X z X
Polypropylene Aluminum

Figure 5. Heat flux in the X-direction of the camlock model with different materials.

11



Buildings 2023, 13, 413

HFL, Magnitude HFL, Magnitude
(Avg: 75%) (Avg: 75%)
+3.478e+02 +5.434e+05
+3.198e+02 +4.981e+05
+2.917e+02 +4.528e+05
+2.637e+02 +4.076e+05
+2.356e+02 +3.623e+05
+2.076e+02 +3.170e+05
+1.795e+02 +2.717e+05
+1.515e+02 +2.264e+05
+1.234e+02 +1.811e+05
+9.536e+01 +1.35%e+05
+6.731e+01 +9.057e+04
+3.926e+01 +4.528e+04
+1.121e+01 +6.474e-01
Y Y
r-4 X z X
Polypropylene Aluminum

Figure 6. Heat flux in the Y-direction of the camlock model with different materials.

HFL, Magnitude HFL, Magnitude
(Avg: 75%) (Avg: 75%)
+1.837e+03 +2,086e+06
+1.687+03 +1.912e+06
+1.538e+03 +1.738e+06
+1.389e+03 +1.5656+06
+1.239e+03 +1.391e+06
+1.090e+03 +1.217e+06
+9.406e+02 +1.043e+06
+7.912e+02 +8.692e+05
+6.419e+02 +6.954e+05
+4.925e+02 +5.215e+05
+3.432e+02 +3.477e+05
+1.939e+02 +1.738e+05
+4.451e+01 +1.022e+00
Y Y
z X z X
Polypropylene Aluminum

Figure 7. Heat flux in the Z-direction of the camlock model with different materials.

4.3. SIP Unit Cell

A steady-state thermal analysis was carried out on the SIP unit cell in the Z-direction
to predict the through-thickness thermal conductivity of the SIP walls, one containing
a surface spline joint and the other one containing camlock systems. In both models,
galvanized steel properties were assigned to the nails and camlock systems. The resulting
thermal conductivities were 0.04201 and 0.0427 W/m-K for the SIP walls containing a
camlock system and surface spline joint, respectively.

In the parametric study, four main parameters were examined. Two of these param-
eters are related to the camlock system: the camlock materials and density (quantity per
unit area). The other two parameters, that is, the thickness and thermal conductivity, are
related to the SIP. More than 300 simulations were conducted. The corresponding results
are presented in Tables 3-5.

12



Buildings 2023, 13, 413

Table 3. Thermal conductivity of the SIP wall with different camlock materials, SIP thermal conduc-
tivities, and wall thicknesses.

SIP Wall Thickness = 20 mm

Without Camlock Material
Camlock Polypropylene Stainless Steel Steel Galvanized Steel Brass Aluminum
0.500 0.500 0.517 0.519 0.519 0.520 0.520
1.000 0.996 1.030 1.035 1.036 1.039 1.039
SIP wall thermal
conductivity 1.500 1.492 1.540 1.549 1.551 1.556 1.558
(W/lgl-lK) 2.000 1.988 2.047 2.061 2.063 2.073 2.076
10—
2.500 2.484 2.552 2.572 2.575 2.589 2.594
3.000 2.980 3.057 3.081 3.086 3.104 3.111
SIP wall thickness = 40 mm
Camlock material
Without camlock
Polypropylene Stainless steel Steel Galvanized steel Brass Aluminum
0.500 0.500 0.504 0.504 0.504 0.504 0.504
1.000 0.997 1.007 1.007 1.007 1.007 1.008
SIP wall thermal
conductivity 1.500 1.495 1.510 1511 1511 1.511 1511
(W/ll(?'lK) 2.000 1.991 2.012 2.013 2.014 2.014 2.015
<10~
2.500 2488 2514 2516 2517 2518 2519
3.000 2.985 3.016 3.019 3.020 3.022 3.022
SIP wall thickness = 60 mm
Camlock material
Without camlock
Polypropylene Stainless steel Steel Galvanized steel Brass Aluminum
0.500 0.500 0.502 0.502 0.502 0.502 0.502
1.000 0.998 1.004 1.004 1.004 1.004 1.004
SIP wall thermal
conductivity 1.500 1.496 1.505 1.506 1.506 1.506 1.506
(W/1 gﬂ'lK) 2.000 1.993 2.007 2.008 2.008 2.008 2.009
10—
2.500 2.490 2.508 2.509 2.510 2.510 2.510
3.000 2.987 3.009 3.011 3.011 3.012 3.012
SIP wall thickness = 80 mm
Camlock material
Without camlock
Polypropylene Stainless steel Steel Galvanized steel Brass Aluminum
0.500 0.500 0.501 0.501 0.501 0.502 0.502
1.000 0.999 1.003 1.003 1.003 1.003 1.003
SIP wall thermal
conductivity 1.500 1.497 1.504 1.504 1.504 1.505 1.505
(W/1 181-}0 2.000 1.994 2.005 2.005 2.005 2.006 2.006
10—
2.500 2.492 2.506 2.507 2.507 2.507 2.507
3.000 2.990 3.007 3.008 3.008 3.009 3.009
SIP wall thickness = 100 mm
Camlock material
Without camlock
Polypropylene Stainless steel Steel Galvanized steel Brass Aluminum
0.500 0.500 0.501 0.501 0.501 0.501 0.501
1.000 0.999 1.002 1.002 1.002 1.002 1.002
SIP wall thermal
conductivity 1.500 1.497 1.503 1.503 1.503 1.503 1.503
(W/1 g\’lK) 2.000 1.996 2.004 2.004 2.004 2.005 2.005
<10~
2.500 2.493 2.504 2.505 2.505 2.505 2.506
3.000 2.992 3.005 3.006 3.006 3.007 3.007
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Table 4. Percentage change in the thermal conductivity of the SIP wall with different camlock
materials, SIP thermal conductivities, and wall thicknesses.

SIP Wall Thickness = 20 mm

Without Camlock Material
Camlock Polypropylene Stainless Steel Steel Galvanized Steel Brass Aluminum
0.00 —0.08 3.47 3.77 3.81 3.96 4.00
0.00 —0.42 3.00 3.49 3.57 3.85 3.93
Increase in SIP wall 0.00 —0.53 265 328 3.38 376 3.88
thermal conductivity (%) 0.00 ~0.62 2.33 3.04 3.16 3.64 3.80
0.00 —0.65 2.09 2.86 3.00 3.55 3.74
0.00 —0.67 1.88 2.70 2.85 3.47 3.69

SIP wall thickness = 40 mm

Camlock material

Without camlock
Polypropylene Stainless steel Steel Galvanized steel Brass Aluminum
0.00 —0.05 0.70 0.73 0.73 0.75 0.75
0.00 —0.27 0.66 0.71 0.71 0.74 0.75
Increase in SIP wall 0.00 ~036 0.64 0.70 0.71 0.75 0.76
thermal conductivity (%) 0.00 —045 0.58 0.66 0.68 0.72 0.74
0.00 —0.49 0.55 0.65 0.67 0.72 0.74
0.00 —0.51 0.53 0.64 0.66 0.72 0.74
SIP wall thickness = 60 mm
Camlock material
Without camlock
Polypropylene Stainless steel Steel Galvanized steel Brass Aluminum
0.00 —0.02 0.41 0.42 0.42 0.43 0.43
0.00 —0.19 0.39 0.41 0.41 0.43 0.43
Increase in SIP wall 0.00 -0.29 0.36 0.39 0.40 041 0.42
thermal conductivity
(%) 0.00 —0.34 0.35 0.39 0.40 0.42 0.42
0.00 —0.39 0.32 0.37 0.38 0.41 0.41
0.00 —0.42 0.30 0.36 0.37 0.40 0.41
SIP wall thickness = 80 mm
Camlock material
Without camlock
Polypropylene Stainless steel Steel Galvanized steel Brass Aluminum
0.00 —0.03 0.28 0.29 0.29 0.29 0.29
0.00 —0.15 0.26 0.28 0.28 0.29 0.29
Increase in SIP wall 0.00 —-021 0.27 0.29 0.29 0.31 0.31
thermal conductivity
%) 0.00 ~0.28 0.24 027 027 028 029
0.00 —0.31 0.23 0.27 0.27 0.29 0.30
0.00 —0.33 0.23 0.27 0.28 0.30 0.30
SIP wall thickness = 100 mm
Camlock material
Without camlock
Polypropylene Stainless steel Steel Galvanized steel Brass Aluminum
0.00 —0.01 0.23 0.24 0.24 0.24 0.24
0.00 —0.11 0.22 0.23 0.23 0.24 0.24
Increase in SIP wall 0.00 —0.18 0.20 0.22 0.22 0.23 0.23
thermal conductivity
(%) 0.00 —0.22 0.20 0.22 0.22 0.23 0.24
0.00 —0.26 0.17 0.20 0.20 0.22 0.22
0.00 —0.28 0.17 0.20 0.20 0.22 0.23
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Table 5. Percentage change in the thermal conductivity of the SIP wall with different densities of
camlock systems, SIP thermal conductivities, and wall thicknesses.

SIP Wall Thickness = 20 mm

Number of Camlock Systems per Square Meter Number of Camlock Systems per Square Meter
0 1 2 3 4 0 1 2 3 4
0.5 0.52 0.54 0.56 0.58 0.00 4.00 8.17 12.80 15.98
1 1.04 1.08 1.13 1.16 0.00 3.93 8.03 12.56 15.70
SIP wall Ctt}l“e,f:;'al 15 156 162 168 173 InereaseinSIPwall 0,00 3.88 7.89 1232 1543
(Vi/1 31-]1() 2 2.08 216 224 23 conductivity (%) 0.00 3.80 7.76 12.10 15.17
2.5 2.59 2.69 28 2.87 0.00 3.74 7.62 11.88 1491
3 3.11 3.23 3.35 3.44 0.00 3.69 7.50 11.67 14.66
SIP wall thickness = 40 mm
Number of camlock systems per square meter Number of camlock systems per square meter
0 1 2 3 4 0 1 2 3 4
0.5 0.5 0.51 0.51 0.52 0.00 0.75 1.55 234 3.04
1 1.01 1.02 1.02 1.03 0.00 0.75 1.54 232 3.02
SIP wall Ctt}:sf?;al 15 151 152 153 154 IncreaseinSiPwall 000 076 153 2.30 2.99
(Vi/1 lon:lK) 2 2.01 2.03 2.05 2.06 conductivity (%) 0.00 0.74 1.52 2.29 2.98
25 2.52 2.54 2.56 257 0.00 0.74 1.50 227 295
3 3.02 3.04 3.07 3.09 0.00 0.74 1.50 225 293
SIP wall thickness = 60 mm
Number of camlock systems per square meter Number of camlock systems per square meter
0 1 2 3 4 0 1 2 3 4
0.5 0.5 0.5 0.51 0.51 0.00 0.43 0.89 1.32 1.73
1 1 1.01 1.01 1.02 0.00 0.43 0.88 1.31 1.72
3150:32523?;11 15 151 151 152 153 InoreaseinSPwall 0,00 0.42 0.8 131 171
(Vi/1 BILK) 2 2.01 2.02 2.03 2.03 conductivity (%) 0.00 0.42 0.87 1.30 1.69
2.5 251 252 2.53 2.54 0.00 0.41 0.86 1.29 1.68
3 3.01 3.03 3.04 3.05 0.00 041 0.86 1.28 1.68
SIP wall thickness = 80 mm
Number of camlock systems per square meter Number of camlock systems per square meter
0 1 2 3 4 0 1 2 3 4
0.5 0.5 0.5 0.5 0.51 0.00 0.29 0.62 0.94 1.22
1 1 1.01 1.01 1.01 0.00 0.29 0.62 0.94 1.22
SIEO‘Q’SE ;ﬂfﬁf{;‘al 15 15 151 151 152 IncreaseinSIPwall 000 031 0.62 0.93 121
(Vi/1 1()n;}<> 2 2.01 2.01 2.02 2.02 conductivity (%) 0.00 0.29 0.61 0.92 1.20
2.5 2.51 2.52 2.52 2.53 0.00 0.30 0.60 0.92 1.19
3 3.01 3.02 3.03 3.04 0.00 0.30 0.60 0.91 1.18
SIP wall thickness = 100 mm
Number of camlock systems per square meter Number of camlock systems per square meter
0 1 2 3 4 0 1 2 3 4
0.5 0.5 0.5 0.5 0.5 0.00 0.24 0.48 0.73 0.94
1 1 1 1.01 1.01 0.00 0.24 0.47 0.72 0.94
SIP wall Ctz‘e,:,?;ﬂ 15 15 151 151 151 IncreaseinSIPwall 0,00 023 047 0.72 0.93
(Vi/1 31410 2 2 2.01 2.01 2.02 conductivity (%) 0.00 0.24 0.47 0.71 0.93
2.5 2.51 251 252 2.52 0.00 0.22 0.47 0.71 0.92
3 3.01 3.01 3.02 3.03 0.00 0.23 0.47 0.70 091

5. Discussion

The use of the camlock system in joining SIPs reduces the thermal bridges compared
to the spline surface. The camlock system has the advantage of not being exposed to
the environment.
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The camlock thermal conductivity of each material was derived from the camlock
model, as listed in Table 2. The through-thickness (Z-direction) thermal conductivity of
the polypropylene camlock system was 0.045 W/m-K, which is lower than the previously
recorded values of SIP thermal conductivity. Therefore, the through-thickness thermal
conductivities of the SIP wall were reduced in all the SIP unit cell models containing a
polypropylene camlock system. These results vary between —0.01 to —0.67%. All of the
camlock materials, except for polypropylene, increased the through-thickness thermal
conductivity of the SIP wall. This increase depended primarily on the thickness of the SIP;
it varied by approximately 2—4% in the SIP wall with a thickness of 20 mm contained on
the camlock system, as shown in Figure 6. However, the effect of the camlock system on
the wall thermal conductivity was reduced with an increase in the thickness of the SIP wall.
For instance, the increase in the SIP wall with a thickness of 100 mm did not exceed 0.24%.
Similar to the camlock material, the effect of the SIP thermal conductivity was evident for
the SIP thickness of 20 mm. However, it was minimal in the thicker SIPs. Unexpectedly,
the lower the SIP thermal conductivity, the stronger the effect of the camlock system. For
example, the thermal conductivity of the SIP wall increased by 4 and 3.69 percent when an
aluminum camlock system was installed in a 20 mm-thick SIP with thermal conductivities
of 0.05 and 0.3 W/m-K, respectively.

Furthermore, the effect of the density of camlock systems (the number of camlock
systems per square meter) was investigated with an aluminum camlock and variable
SIP thicknesses and thermal conductivities. The thermal conductivity of the SIP wall
increases with the camlock density. This increase was linear with respect to the density
of the camlock system. For instance, a constant increase of 0.24% per camlock was noted
under the SIP thickness of 100 mm and thermal conductivity of 0.05 W/m-K. Similar to
the results in Table 3, as the SIP thermal conductivity decreased, the effect of the density of
the camlock system on the overall SIP wall thermal conductivity increased. Moreover, the
effect of the camlock system density on the overall SIP wall thermal conductivity decreased
exponentially as the SIP thickness increased. Therefore, it is essential to reduce the number
of camlock systems in the SIPs wall, but without jeopardizing the airtightness performance
of the wall, especially with reduced thickness SIPs.

The highest reduction in the overall R-value of the SIPs with camlock connections was
3.85% when the thickness of the SIP was 20 mm and the camlock material was aluminum.
This reduction goes up to 13.8% in the same condition with four camlock systems per
square meter. McIntosh and Guthrie [19] reported that the thermal bridging at the framing
members of SIPs joint causes a 10-20% reduction in the overall R-value of the SIP wall.
Therefore, from the thermal point of view, it is better to use camlock systems to connect
the SIPs.

6. Conclusions

In this study, steady-state thermal analyses were performed on two-scale finite element
models to determine the effects of camlock systems on the thermal conductivity of SIP
walls. The main findings of this study can be summarized as follows:

e The use of the camlock system in joining SIPs reduces the thermal bridges compared
to the spline surface.

e The lower the SIP thermal conductivity, the stronger the effect of the camlock system.

e The thicker the SIP, the lower the effect of the camlock system.

e  Variations in the SIP wall through-thickness thermal conductivity were linear with
respect to the camlock density and the thermal conductivity of both the SIPs and the
camlock system.

e Changes in the through-thickness thermal conductivity of the SIP wall were exponen-
tial with respect to the SIP thickness.

o  Optimizing the embedded camlock systems density (the number of embedded camlock
systems per unit area) is critical to reduce the thermal conductivity of the SIP wall
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without jeopardizing the airtightness performance of the wall, especially with reduced
thickness SIPs.

e The reduction of the overall R-value of the SIP caused by the camlock system embed-
ded in the SIP did not exceed 13.8%.

e  Extensive experimental work is needed to evaluate the thermal and mechanical behav-
ior of SIPs with embedded camlock systems.
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Abstract: Three-dimensional printing technologies are transforming various sectors with promising
technological abilities and economic outcomes. For instance, 3D-printed concrete (3DPC) is revo-
lutionizing the construction sector with a promise to cut projects’ costs and time. Therefore, 3DPC
has been subjected to extensive research and development to optimize the mechanical and thermal
performance of concrete walls produced by 3D printing. In this paper, we conduct a comparative
investigation of the thermal performance of various infill structures of 3DPC walls. The targeted
outcome is to produce an infill structure with optimized thermal performance to reduce building
energy consumption without incurring additional material costs. Accordingly, a computational
model is developed to simulate the thermal behavior of various infill structures that can be used for
3DPC walls. The concrete composition and the concrete-to-void fraction are maintained constant
to focus on the impact of the infill structure (geometric variations). The thermal performance and
energy-saving potential of the 3DPC walls are compared with conventional construction materials, in-
cluding clay and concrete bricks. The results show that changing the infill structure of the 3DPC walls
influences the walls’ thermal conductivity and, thereby, the building’s thermal performance. The
thermal conductivity of the examined infill structures is found to vary between 0.122 to 0.17 W/m.K,
while if these structures are successful in replacing conventional building materials, the minimum
annual saving in energy cost will be about $1/m?. Therefore, selecting an infill structure can be
essential for reducing building energy consumption.

Keywords: building efficiency; energy saving; sustainable building; thermal conductivity; 3D printing;
3D-printed concrete walls

1. Introduction

Three-dimensional (3D) printing technologies are transforming various sectors with
vast technical and economic advantages. For instance, three-dimensional-printed concrete
(83DPC) walls revolutionized the construction sector with promising potential to produce
energy-efficient buildings at reduced cost and construction time. These gains are not
limited to the building owners or end-users, but they positively impact the environment
and the global community at large. The reduction of energy consumption in the residential
sector will help reduce energy-related emissions, achieve the global objective of net-zero
emissions by 2050, and limit climate change. The construction industry is responsible
for about 38% of greenhouse gas emissions [1-3]. Therefore, reducing the construction
time will directly reduce the emissions produced by the construction equipment and the
labor cost; 3D printing has been demonstrated to save up to 60% of construction waste,
70% of production time, and 80% of labor expenses when compared to conventional
concrete building methods [4]. However, 3DPC technologies are still in the early stages and
undergoing extensive research and development to utilize their full potential and realize
environmentally friendly materials that can make the future building more sustainable and
environmentally benign [5].
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https:/ /www.mdpi.com/journal/buildings
19



Buildings 2022, 12, 2267

The technology of 3D printing, scientifically named additive manufacturing technol-
ogy, is defined based on ASTM (F2792-12a) as a process of joining materials to make objects
from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing
methodologies [6]. Along with the assistance of computer-aided designing (CAD) to gener-
ate the model, this process involves three primary steps: (1) the CAD design of the product,
(2) slicing software to convert the CAD model into layers, and (3) the G-code describing
the path for printing these layers. Thus, the 3D printing machine includes a computer or
a processor responsible for executing the printing assignments in an optimized sequence.
However, to achieve the optimum concrete printing results, the combination of the concrete
mixture properties and the printing parameters must be simultaneously optimized. These
cutting-edge machines can manufacture significantly more complicated structures with
excellent precision when used in building rather than conventional formwork. In addition
to printing concrete, this technique can also be used for printing polymers, metals, and
ceramics for building [7]. Further details on the recent advances in 3DPC and concrete
materials can be found elsewhere [8-10].

The contemporary built environment relies on concrete as an essential element for
construction, which comprises the most significant share by volume due to its numerous
favorable characteristics, including its strength, high durability and design flexibility, fire
resistance, and availability at low cost [11]. Concrete is commonly prepared by mixing por-
tions of cement, fine and coarse aggregates, mineral admixtures, and water. Conventional
concrete casting methods utilize wooden or metal formwork to cast the concrete into the
desired shape. One of the major drawbacks of traditional concrete casting is the need for
wooden and metal formwork, which costs 50% of the overall concrete cost [12]. Moreover,
when it comes to building complicated geometries, conventional construction techniques
cannot do so without structural support and formwork [13], which limits the concrete
structure design [9]. However, 3DPC technology has vast potential in multiple aspects,
including enhancing material and design flexibility, reducing material and labor costs, and
improving construction agility [9]. Furthermore, the 3DPC technique enables air cavities to
be created in the wall while optimizing the structure for maximum mechanical and thermal
performances [13]. For extrusion-based 3D printing innovations, contour crafting and solid
printing have become the primary building method in the construction sector.

The numerous advantages of 3DPC has motivated many companies to invest in
and capitalize on these technologies. Accordingly, the industrial sector has witnessed a
successful demonstration with promising potential to be explored in the near future. For
example, CyBe, Apis Cor, and Winsun are examples of many companies that develop and
provide 3DPC solutions and are already in the construction market employing 3DPC in
different construction projects around the world [14]. For instance, the WinSun firm used
the contour crafting technique to build a five-story residence in China in 2015. The Acciona
Company 3D printed a pedestrian bridge using D-shape technology in 2016. Another
demonstration project is that constructed by Apis Cor, through 3D printing. It was marked
as the largest 3D-printed building with a 640 m? area and a height of 9.5 m. During this
project, it was reported that the number of workers was reduced to only three while the 3D
concrete printing machine executed most of the work [15]. Thus, the future of 3D printing
in the building of homes, bridges, and skyscrapers seems more promising in light of the
rising construction sector throughout the world.

The mechanical performance and sustainability of 3DPC are of great importance and
relevance to the development of 3DPC technologies, which were the focus of numerous
articles. For example, Han et al. [16] measured the axial loading on large-scale 3DPC walls.
Their research outcomes will contribute to the development of the Code for Design of
Concrete Structure. Additional studies considering mechanical and sustainability perfor-
mance include [17-19]. The published literature shows systematic progress in investigating
the mechanical performance of 3DPC to establish standardized codes and regulations for
construction [20]. However, a limited number of studies have been dedicated to examining
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and standardizing the thermal performance of 3DPC. Thus, the optimization of the 3DPC
wall infill structure for enhanced thermal performance is the scope of this study.

The thermal performance of the built environment is an essential parameter for improv-
ing the building’s energy efficiency. It was reported that the exterior walls are responsible
for a substantial share of heat loss that can reach as much as 25% of the total thermal energy
loss [13]. Al-Tamimi et al. [21] investigated the optimum geometry of holes within concrete
bricks to reduce the thermal conductivity of walls and thereby reduce energy consumption
in buildings for air conditioning in hot climate conditions such as in Saudi Arabia. They
considered 23 different models and used FEM to evaluate heat transfer through these
brick configurations and determine the impact on the building’s internal wall temperature.
Interestingly, their results showed that the inner temperature could be reduced by as much
as 7.18 °C when a 51% hallow ratio is utilized.

The thermal performance of conventional concrete has been widely studied and
included in many building guidelines and standards to achieve desired human comfort
and energy saving. However, 3DPC is still relatively new in the construction market,
with novel design parameters that significantly influence the thermal behavior of these
walls [22]. For example, the inclusion of air cavities or filling materials, the variation in
thicknesses, and cross-sectional structures are some techniques proposed for controlling
the thermal performance of 3DPC walls. In this regard, some researchers constructed a
3DPC wall for testing thermal performance and energy savings [23]. Yawen He et al. [24]
studied the energy-saving potential of a large-scale 3DPC building with an integrated
green wall system. They utilized 3D-printed multifunctional wall modular units to serve as
building enclosures and supports for the green wall. The results, based on a prototype of
this wall design developed in China, showed improved thermal comfort and energy-saving
potential. Sun et al. [25] experimentally tested the thermal performance of a 3DPC wall.
They reported high non-uniformity in temperature distribution, which was attributed to
the variations in the printing path and the cross-section design. They highly recommend
further studies of 3DPC walls to ensure that printed wall designs achieve the required
thermal insulation.

A limited number of studies has evaluated the effect of the cavity configurations of
3DPC walls on the overall thermal performance of the wall. Alkhalidi and Hatuqay [26]
investigated the energy performance of 3DPC walls with triangular cavities. They predicted
the effect of wall thickness and the number of rows on the thermal performance of the
printed wall. Marais et al. [27] conducted a similar study on 3DPC walls with rectangular
cavities. The main drawback of both studies is that they limited the number of cavity
shapes investigated. Suntharalingam et al. [13,28,29] have since overcome this drawback by
creating FEMs of the printed wall with four different cavity shapes at different configura-
tions, wall thicknesses, and number of rows. Unfortunately, the concrete volume fractions
in their models were not the same. Thus, their assessment of the effect of the cavity shape is
not accurate. The current study overcomes this point by constructing finite element models
of the 3DPC wall with different infill shapes with equal volume fractions. Furthermore,
it provides a comparative performance analysis between the examined shapes and the
conventional building materials.

Therefore, the contribution of this study can be highlighted in the following outcomes,
which have not been considered in previous research works:

1. Several infill structures are modeled for optimizing their geometry based on printable
shapes, while the void-to-concrete ratio of these structures is maintained constant.

2. The thermal performance of each infill structure is evaluated after determining the
effective thermal conductivity of that infill structure.

3. The thermal performance of 3DPC walls based on the studied infill geometry is
compared with conventional building materials, including concrete brick walls, red
clay brick walls, and insulated red brick walls.

4. The study also considered two cases in which steel wire joints are used in different
arrangements to reinforce 3DPC walls, which have not been considered in the litera-
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ture. Moreover, the impact of implementing these 3DPC walls in building on energy
consumption is evaluated, and the potential economic advantage is estimated and
discussed in comparison with conventional building materials.

2. Methodology and Analysis

In order to investigate the impact of the variation of the internal structure (infill
structure) of 3DPC walls on the thermal performance of these walls, several 3D drawings
of wall-sections were developed with various infill structures that should be 3D printable.
These 3DPC wall-sections were selected based on the geometries commonly reported in
the literature. For each type of infill section, a representative unit with fixed concrete to
void fraction was selected, meshed, and introduced for heat transfer modeling. In the FEM,
the model was solved subject to the boundary conditions, which will be explained in the
following section. The results determine the effective thermal conductivity of each infill
structure and to compare its thermal performance with other infill structures as well as
conventional materials. Further details and description of the approach of this investigation
are provided in the following sections.

2.1. Geometries of 3DPC Walls

One of the advantages of 3D concrete printing is the vast flexibility this technology
offers for infill structure geometry. Therefore, infill geometry can be an additional factor
that can be optimized for building energy efficiency. Thus, for example, the infill structure
of the exterior walls—which is responsible for heat losses into or out of the building
envelope—can be redesigned to minimize heat transfer for better building energy efficiency.
This can be achieved by creating interior air cavities within the wall. However, these cavities
must not compromise the walls’ strength and mechanical properties.

Furthermore, since 3D printing technology executes the printing project in a layer-
by-layer approach, repeated unit design is preferred for the current study. Therefore, in
this study, five different 3D-printed wall-sections were selected. These geometries were
selected subject to one constraint: they all must have the exact void-to-concrete fraction
(volume of concrete to volume of air per unit). Figure 1 presents the selected geometries
that were considered.

SQR . - s
DIM . HEX '

Figure 1. Isometric view of selected sections of 3DPC walls with different infill structures.

Figure 2 presents the case of 3DPC walls reinforced with steel wire joints in two
arrangements, i.e., truss type (TRS-TR) and ladder type (LDR-TR). These steel joints are
expected to enhance the strength of 3DPC walls, but they may also influence the thermal
performance of these walls. Therefore, the thermal performance of these reinforced designs
was examined and compared with that of the designs presented in Figure 1.



Buildings 2022, 12, 2267

\ TRS-TR
LDR-TR

Figure 2. Two types of reinforced 3DPC wall sections.

Hence, both infill groups have periodic structures, and it is sufficient to create a
representative unit cell for each type. This unit cell creates the structure of the printed
wall by repeating itself in the three orthogonal directions X, Y, and Z. Figure 3 shows the
different unit cells for the different types of infill structures. Figure 4 shows the unit cells of
the 3DPC wall, which are reinforced with joint reinforcement. To display the inner details,
the concrete and void were given transparent colors. The width of the wall in both groups

is 0.2 m.

A-

Figure 3. The unit cells of the 3DP concrete wall for the different shapes considered.

The concrete walls were modeled based on a repeated unit that represents the wall
structure for the shapes presented in Figure 1; a repeating unit was constructed as per
Figure 4.
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Figure 4. Isometric view of two unit cells for reinforced 3DPC wall.

2.2. Heat Transfer Analysis

In the heat transfer process between the two sides of the 3DPC walls, the three
processes of conduction, convection, and radiation are involved; however, conduction
dominates the heat transfer, considering the stagnant air within the infill and the relatively
low temperatures of the surfaces. The heat transfer by convection and radiation dominates
between the ambient air and the outer and inner wall surfaces. Accordingly, the temperature
distribution within the 3DPC wall for steady state, three-dimensional heat conduction in a
homogenous medium with constant thermal conductivity considering no heat source is
governed by the following partial differential equation [21].

°T  9*T  °T
2 + W + 2 =0, )

where the heat flux 4" along x direction is in (W/m?),
q" = —koT/ox ()
and the thermal conductivity k is in (W/m.K) and are given as
k = pacy 3)

2.3. Finite Element Modeling

The finite element models of the different types of 3D-printed concrete walls were
divided into two groups depending on the reinforcement strategy. The first group was
entirely made from printed concrete and reinforced with internal infill with different
cavity shapes. These cavity shapes were triangular (TRI), square (SQR), hexagonal (HEX),
rectangular (REC), and diamond (DIM). These models were designed carefully to have
an equal void fraction, which was 0.48. Figure 1 shows the different types of investigated
infills. The second group was reinforced with steel wire joint reinforcements, which are used
extensively to reinforce traditional brick walls. In 3D-printed walls, joint reinforcements
were placed manually between layers during the printing process. The most common types
of steel wire joint reinforcements are LDR-TR and TRS-TR. Figure 2 illustrates a printed
layer reinforced with joint reinforcements. The void and steel fractions were 0.397 and
0.014, respectively, and the steel wire diameter was 8 mm. Table 1 lists the input thermal
conductivities of all materials used in this study.

Table 1. Thermal conductivities of the materials considered in this study.

Phase Thermal Conductivity kK (W/m.K) Source
Concrete mixture 0.371 [27,30]
Steel 53 [31]
Air 0.026 [32]
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2.4. Boundary Conditions

The thermal conductivity of construction materials was measured by using the guarded
hot-plate (GHP) technique, which works on the principle proposed in the early 1900s by
Dickinson and Van Dusen [33]. In this technique, a temperature gradient is applied on two
opposing faces of the test sample, while the remaining faces are insulated. These conditions
generate a constant heat flux going towards the front with low temperature. By measuring
the total heat flux (4”), the thermal conductivity of the sample can be calculated as follows:

_ 7q// L
(That - Tcald)

where k and L are the thermal conductivity and the thickness of the sample in the same
direction as the temperature gradient is applied, respectively. T is the temperature, whereas
the subscript hot and cold represent the hot and cold faces of the sample, respectively.

The thermal conductivity of any material can be predicted numerically by applying
the same boundary conditions as the hot guarded-plate method, where hot and cold
temperatures are applied across two opposite faces of a finite element model.

These hot and cold temperatures generate heat flux flowing towards the cold surface.
The total heat flux ¢” is calculated at the cold surface by the simulation FEM software
package ABAQUS [34]. Finally, by knowing the dimensions of the FEM of the material, the
thermal conductivity is calculated by using Equation (2). The ABAQUS software is part of
the multiphysics modeling and simulation package, one of the widely used commercial
software for solving various engineering problems, including dynamic, material behavior,
and optimization problems. The software can generate the mesh, discretize the solution
model, and solve the model based on user-defined conditions [34].

)

2.5. Energy Savings and Economic Outcomes

Furthermore, the economic performance of the 3DPC wall was compared with con-
ventional brick walls considering the city of Makkah, in Saudi Arabia, as it was reported
to have the highest cooling degree-days (CDDs) value in Saudi Arabia [35]. It must be
emphasized that the CDD varies from one location to another according to the climate zone,
and a larger CDD number indicates more cooling hours required to maintain the building
interior within human comfort. The current economic analysis considered a location where
the building cooling load dominates, but this analysis is still valid for locations where
the heating load dominates. In such a case, heating degree-days (HDDs) accounts for the
number of hours when heating is required.

This implies that using the proposed 3DPC walls, characterized by low thermal
conductivity, would have a high economic advantage in territories with climate types such
as Desert, Oceanic, and Humid Continental. It would also have a moderate economic
advantage in territories with Equatorial, Mediterranean, and Humid Subtropical climate
zones. This is due to the annual variations in the temperature difference, or the CDDs, as
will be shown by the following equation.

The amount of heat transferred through the wall Q can be calculated as follows:

Q = UA(Tout - Tin) (5)

where U is the thermal transmittance of the wall, A is the wall’s surface area, and T;,, and
Tout are the indoor and outdoor temperatures set as 21 °C and 30 °C, respectively. The
outdoor temperature is the daily mean outdoor temperature of Makkah, Saudi Arabia. Wall
conductance U is the reciprocal of the total thermal resistance of the wall R and can be
determined based on the following relations:

1 AK

U=R =& ©
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where K is the overall thermal conductivity of the wall, Ax is the thickness of the wall, and

A is the surface area, which is assumed to be one square meter. The calculations for the
3DPC wall reinforced with LDR-TR and TRS-TR steel wire joint were examined at 12 cm
vertical spacing between joint reinforcement.

In order to calculate the energy saved for each case, the heat transferred through the
conventional wall, Q¢, was incorporated into the following equation:

Eop = (Qc gOQPP)At @)

Here, Eg;y is the energy saved, Qp is the heat transferred through the 3DPC wall, COP
is the coefficient of performance of the cooling system (assuming that the air conditioner

is positioned in a window), and At is the annual equivalent of full-load cooling operation
hours, which can be calculated by using the following equation:

Tout — Tin

At = O 2wt — "in_ ®)
" Tdesign =T

where Tjsiq, is the design temperature of the outdoor air, which is 37 °C, and Oy, is the
annual operation hours of the air conditioner, which is assumed to be 8760 h/y (i.e., 24 h
per day).

Finally, the annual saved energy cost Cgg can be calculated as follows:

Cps = EsCg )
where CE is the electricity cost, which is 0.08 USD/kWh. The electricity prices for the residen-
tial sector in Saudi Arabia depend on the monthly consumption, which is 0.05 USD/kWh

for consumption below 6000 kWh/month, and 0.08 USD/kWh for consumption above
6000 kWh/month.

3. Results and Discussion
3.1. Mesh Independence of Developed Model

Mesh sensitivity analysis was carried out for one of the constructed models, i.e., TRI,
to determine the optimal element size that gives accurate results with minimum computa-
tional time. Therefore, eight different mesh sizes were examined, varying from 75 mm to

2.5 mm. Figure 5 shows the TRI infill unit cell after applying the finite element model mesh
at three different mesh sizes.
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Figure 5. Three different mesh sizes of the triangular infill unit cell.

The results of the mesh sensitivity analysis are shown in Figure 6. The thermal

conductivity decreased as the mesh sizes decreased. This decrease was significant when
the mesh size was larger than 0.01 m and very minimal when the mesh size was smaller
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than 0.01 m. The computational time, on the other hand, increased with decreases in
the mesh size. However, the computational time increase was insignificant when the
mesh size was refined to 0.0075 m. At smaller mesh sizes, i.e., 0.005 and 0.0025 m, the
increase in computational time was quite significant. Therefore, a mesh size of 0.0075 m
was considered for this study.

——Thermal conductivity = —~Computational time
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Figure 6. Mesh sensitivity analysis showing variation in the thermal conductivity and computational
time versus mesh size.

3.2. Effect of Infill Shapes

Steady-state boundary conditions were applied to all the constructed models in the Z
directions to predict the thermal conductivity of each 3DPC wall unit cell in the through-
thickness direction. As evident from the results (Table 2), the infill shape influenced the
through-thickness thermal conductivity of the 3DPC walls. The lowest thermal conductivity
of 0.122 W/m.K was found in the 3DPC wall with the DIM shape infill. HEX and SQU
infills came next, with almost equal thermal conductivity values of 0.130 and 0.131 W/m.K.
The TRI infill shape had a higher thermal conductivity value of 0.146 W/m.K. The 3DPC
model with the rectangular infill exhibited the highest thermal conductivity of 0.17 W/m.K.

Table 2. Thermal conductivities of the 3DPC wall unit cell models with different infill shapes.

. L. Thermal Conductivity
Infill Shape Abbreviation (W/m.K)
Square SOR 0.131
Triangular TRI 0.146
Rectangular REC 0.170
Hexagonal HEX 0.130
Diamond DIM 0.122

Figure 7 shows the heat flux within the unit cells of different infill structures of 3DPC
walls. From Table 2 and Figure 7, it is clear that two main factors controlled the thermal
conductivity of these models, firstly, the distance needed for the heat to transfer from the
hot surface to the cold one. The 3DPC wall with DIM infill had the longest distance and the
lowest thermal conductivity. In contrast, the 3DPC wall with a rectangular infill had the
shortest distance and the highest thermal conductivity. The second factor was the existence
of branches that reduced heat transfer to the other side. This could be seen by comparing
the 3DPC wall with REC and SQR infills.
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Figure 7. Heat flux within the 3DPC walls for the various infill shapes.

3.3. Effect of Wire Joint Reinforcements

The through-thickness thermal conductivity of the 3DPC wall reinforced with LDR-TR
and TRS-TR steel wire joints were examined at various vertical spacing values between
joint reinforcements. As shown in Table 3, the 3DPC wall reinforced with a TRS-TR steel
wire joint had lower thermal conductivity than that reinforced with an LDR-TR steel wire
joint. The thermal conductivity of the 3DPC wall reinforced with the TRS-TR steel wire joint
was almost half that of the 3DPC wall reinforced with the LDR-TR steel wire joint when the
vertical spacing between the reinforcement was 6 cm. However, this difference in thermal
conductivity decreased with the increase in the vertical spacing between the reinforcement.

Table 3. Thermal conductivity of 3DPC wall reinforced with LDR-TR and TRS-TR steel wire joints at
various vertical spacings between joint reinforcements.

. . Vertical Spacing between Thermal Conductivit
Type of Joint Reinforcement Joint Reirf)forcefnent (cm) (W/m.K) Y
TRS-TR 6 0.203
TRS-TR 12 0.152
TRS-TR 18 0.132
LDR-TR 6 0.39
LDR-TR 12 0.252
LDR-TR 18 0.204

3.4. Comparison with Conventional Brick

The through-thickness thermal conductivity of conventional brick walls constructed with
different types of bricks was obtained experimentally by Ahmad and Al-Hadrami [36,37].
The thermal conductivity values of brick wall samples constructed from fired-red clay and
concrete bricks were reported to be 0.495 and 0.976 W/m.K, respectively. The 3DPC wall
exhibited much lower thermal conductivity than conventional brick walls.

Table 4 shows the values of wall conductance and heat transferred through the different
types of conventional and 3DPC walls. The various infill structures used for 3DPC exhibited
variation in their thermophysical properties include thermal conductivity, thickness, wall
conductance, and the corresponding heat transfer rate through the wall. These variations
are due to structure variation.
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Table 4. Thermal characteristics of conventional and 3DPC walls.

Heat Transferred

Thermal Conductivity . Wall Conductance
Case K (W/m.K) Thickness Ax (m) U (W/m2-K) through the Wall
QW)
Red clay brick
(Conventional wall) 0.495 02 2475 223
Concrete brick
(Conventional wall) 0.976 02 4.88 439
Insulated red clay brick
(Conventional wall) 0.262 02 1.31 118
3DPC wall (SQR infill) 0.131 0.2 0.655 5.90
3DPC wall (TRI infill) 0.146 0.2 0.73 6.57
3DPC wall (REC infill) 0.17 0.2 0.85 7.65
3DPC wall (HEX infill) 0.13 0.2 0.65 5.85
3DPC wall (DIM infill) 0.122 0.2 0.61 5.49
3DPC wall (TRS-TR) 0.152 0.2 0.76 6.84
3DPC wall (LDR-TR) 0.252 0.2 1.26 11.3

In Figures 8-13, the energy and economic performance of the 3DPC infill structures
are presented and compared with the conventional wall materials that are commonly used
in contemporary buildings, such as concrete brick walls, red clay brick walls, and insulated
red brick walls. The electricity rate for the residential sector in Saudi Arabia changes
according to the monthly consumption category, whether it falls below or above 6000 kWh
per month. Thus, the electricity rate is 0.05 USD/kWh for consumption below 6000 kWh
and 0.08 USD/kWh for consumption above 6000 kWh.
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Figure 8. Energy saved and associated electricity cost ($0.05/kWh) using different 3DPC infill
structures versus a concrete brick wall.
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Figure 9. Energy saved and associated electricity cost reduction ($0.05/kWh) using different 3DPC
infill structures versus a red clay brick wall.
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Figure 10. Energy saved and associated electricity cost reduction ($0.05/kWh) using different 3DPC
infill structures versus an insulated red brick wall.

The potential energy savings and electricity bill reductions in the case of utilizing
the various 3DPC infill structures compared with the concrete brick wall are presented in
Figure 8 based on the electricity rate of 0.05 USD/kWh. The saved energy rates were over
60 kW, except for the case of LDR-TR, which fell just below 60 kW. At the same time, the
potential annual energy cost reduction was around 3 USD/m?. It could be noticed that the
size of the building and the type of the building in terms of energy consumption have a
significant impact on the overall energy savings and potential electricity bill reduction.

In Figure 9, the energy and economic performance of these 3DPC infill structures are
compared with another building material that is widely used, especially in exterior walls,
i.e., the red clay brick wall, which is considered an excellent thermal insulator. Though
red clay brick walls appeared to perform better than concrete brick walls, the 3DPC infill
structures outperformed the red clay brick, as clearly shown in Figure 9. The various infill
structures considered achieved an energy saving rate of about 25 kW except for the LDR-TR,
which achieved over 15 kW. Nevertheless, a minimum annual energy cost reduction of
about 1 USD/m? was expected.
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Figure 11. Energy saved and associated electricity cost ($0.08/kWh) using different 3DPC infill
structures versus a concrete brick wall.
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Figure 12. Energy saved and associated electricity cost reduction ($0.08/kWh) using different 3DPC
infill structures versus red clay brick wall.

In Figure 10, the energy and economic performance of the 3DPC infill structures is
compared against the case of insulated red brick. The figure shows relative variation in
the performance of the various 3DPC infill structures. For example, the LDR-TR shows a
minimum advantage with comparable thermal performance. However, the various other
structures achieved an average of about 9 kW energy saving with an average cost reduction
of less than 0.5 USD/m?.

Figure 11 shows an average annual energy cost reduction of over 4 USD/m?, which is
achievable if 3DPC walls utilizing the proposed structures are used to replace the concrete
brick walls. However, this figure decreases to about 2 USD/m? for the case of red clay
brick, as shown in Figure 12, while in Figure 13, these 3DPC infill structures present an
average annual energy cost of about 0.08 USD/m?. In addition to the economic advantage,
the presented potential energy saving will contribute significantly to reducing carbon
emissions due to residential energy consumption and help mitigate the global challenge of
climate change.
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Figure 13. Energy saved and associated electricity cost reduction ($0.08/kWh) using different 3DPC
infill structures versus an insulated red brick wall.

Table 5 summarizes the amount of energy saved and the annual energy cost sav-
ings for the different 3DPC infill structures compared with the three conventional walls,
i.e., concrete brick walls, red clay brick walls, and insulated red clay brick walls. In this
table, the electricity rating considered for electricity cost reduction is 0.08 USD/kWh. The
table shows as high as 5 USD/m? in annual electricity bill savings. However, further
detailed studies are required to include the initial cost and provide clarification on overall
building life cycle costing. Nevertheless, the current economic evaluation reveals that the
future of 3DPC is promising to reduce building construction and energy consumption costs,
as thoroughly discussed in the preceding sections.

Table 5. Energy-saving for each 3DPC wall compared with three different types of conventional walls.

Compared with Conventional Wall

Concrete Brick Wall Red Clay Brick Wall Insulated Red Clay Brick Wall
3DPC Wall Annual Energy Annual Energy Annual Energy

Energy Saved Cost Saving Energy Saved Cost Saving Energy Saved Cost Saving

Es (kW) Es (USD/m?) Es (kW) Es (USD/m?) Es (kW) Es (USD/m?)
SQR infill 64.610 5.169 27.832 2227 10.016 0.801
TRI infill 63.463 5.077 26.685 2.135 8.870 0.710
REC infill 61.628 4.930 24.850 1.988 7.034 0.563
HEX infill 64.686 5.175 27.908 2.233 10.093 0.807
DIM infill 65.298 5.224 28.520 2.282 10.705 0.856
TRS-TR 63.004 5.040 26.226 2.098 8.411 0.673
LDR-TR 55.358 4.429 18.580 1.486 0.765 0.061

4. Conclusions

The thermal performance of various 3DPC wall infill structures was numerically
modeled to investigate the optimization of the infill shape for maximum thermal perfor-
mance with minimum variation in the added materials. The infill structure was found
to influence the thermal conductivity of the examined 3DPC walls. For example, among
the tested infill structure geometries, the DIM shape achieved the lowest thermal conduc-
tivity of 0.122 W/m.K, while the HEX, SQR, and TRI shapes achieved 0.130, 0.131, and
0.146 W/m.K, respectively. The highest thermal conductivity of 0.17 W/m.K was achieved
by the REC infill shape. Buswell et al. [38] reported testing two 3DPC wall designs with
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structures comparable to that presented in Figure 1. The thermal conductivities of the
tested structures ranged from 0.122 to 0.244 W/m.K. These values were produced based
on a UKAS-accredited EN 12667 guarded hot plate apparatus [38]. The calculated thermal
conductivities of the various infill designs considered in the current study are within this
range, i.e., 0.122-0.170 W/m.K. This serves as an experimental validation of the current
numerical work.

In addition, the study examined the impact of using TRS-TR and LDR-TR steel wire
joints to reinforce the 3DPC walls on thermal performance. The results revealed that
the thermal conductivity of the 3DPC wall with TRS-TR is almost half that of the LDR-
TR. However, the conductivities were found to decrease with increased vertical spacing
between the joint reinforcements. These results provide the construction designer with
informative options to make the choice that serves the building’s needs. However, a few
limitations should also be highlighted, including the interlayer variation in the 3DPC walls,
which may result in variation in the thermal conductivity of the concrete structure. This
point, in addition to the possibility of variation in the concrete compositions, should be
further investigated in future studies.
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Abstract: The investigation of building elements regarding energy saving is a paramount issue,
with EU Directives driving achievement goals, focusing on buildings’ energy performance and
energy efficiency. This work focuses on investigating thermal bridges in a new high-performance
window installation. This work aims to investigate the thermal properties of windows installed in the
thermal insulation layer and to compare different installation methods and thermal bridge evaluation
methodologies from the point of view of thermal physics. The results show that comparing the
obtained values of the thermal bridge according to two- and three-dimensional domain (2-D and 3-D)
calculation methods, the values show a difference of 68%. After examining the method of installing
a new high-performance window in the thermal insulation layer, the effect of installing a window
on the wall of a building is highlighted in this work. Given that windows are the most thermally
conductive elements in a building, this paper provides guidance for both the scientific community
and practitioners regarding trends in thermal bridges that change completely when using different
assessment methods.

Keywords: thermal bridges; thermal transmittance; thermal insulation; passive energy buildings;
window; building envelop

1. Introduction

The universal climate change problem has made it crucial for the European Union to
invest in energy-saving methods. For this reason, members of the European Union have
created an integrated national energy and climate plan from 2021 to 2030 [1]. The Energy
Union and the Energy and Climate Policy Framework for 2030 pledge to reduce the amount
of emitted gas, which is known to cause the greenhouse effect, by at least 40% compared to
the amount emitted in 1990. According to the data of 2014, buildings used approximately
40% of all the energy generated in the EU countries. They emitted more than a third of the
universally emitted amount of CO2 gas [2]. Hence, it was concluded that the buildings
sector has much potential to save energy.

Legal requirements for the new generation of buildings are stated in the renewed
Directive (EU) 2018/844 [3], which focuses on the energy performance of buildings and
energy efficiency. The Union’s goal to develop an effective energy system by 2050 is
difficult, since breakthroughs in energy efficiency move slowly. In 2014, about 3% of
European buildings were Nearly Zero Energy Buildings (NZEB). That means 97% of the
buildings were of low energy efficiency [4]. Currently, about 75% of buildings in the
European Union are not energy efficient, but in 2050, 85-95% of them will still be in use.
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Much effort is being put into renewing and supplementing the buildings’ funds,
because countless buildings were previously built following low energy usage efficiency
standards. Nevertheless, only 1% of buildings are being efficiently renovated each year.
For this reason, decisive action is required in order to achieve Europe’s climate-neutral (net
zero emissions) goals by 2050. According to the European Commission’s 17 September
Communication, due to Europe’s 2030 climate ambitions [5], this norm must increase twice
in order to achieve a more ambitious 2030 climate target of at least 55%. The Commission
determined that renovation would be needed at an average rate of 3% annually in order
to cost-effectively implement the Union’s energy efficiency ambitions. For this reason, on
14 October 2020, the Commission presented a new renovation strategy called “A Renovation
Wave for Europe—Greening our buildings, creating jobs, improving lives” [6].

In most European cities, buildings appeared during the past few decades and have
not been properly taken care of for a long time. In most cases, buildings cannot satisfy
modern requirements related to the quality of accommodation, energy usage efficiency,
economy, and environmental protection. Doubtlessly, to achieve sustainability, one must
emphasize the modern integrated renovation of already-built buildings and take notice
of the usage of renewable energy and building insulation, heating, ventilation, and air
conditioning (HVAC).

1.1. Thermal Bridge

One of the ways to effectively renovate buildings is to apply new high-performance
windows. However, judging from experience, the low energy efficiency is often related to
low quality of construction. Correct window installation is still one of the most difficult
hurdles that must be overcome to achieve a higher energy efficiency in buildings [7].
Thermal imaging performed by professionals clearly shows thermal bridges at window
openings (Figure 1) [8].

Figure 1. Thermal images of thermal bridges at window openings.

Thermal bridges are caused by full or partial penetration of the building envelope
by materials with different thermal conductivities, changes in fabric thickness, and/or
differences between internal and external areas, such as those found at wall/floor/ ceiling
junctions) [9]. According to a literature review, the total impact of thermal bridges on
heating energy demand is generally significant, ranging from 5% to 39% [10-13]. The
factors mentioned above are determined by weather conditions, insulation level, thermal
bridge constructive solution, building type (use and geometry), and the method used to
implement its effect within the calculation of the building energy demand [14].

Thermal bridges can impact a single point, a linear area, or an entire spatial con-
figuration. Typically, the linear thermal bridges (LTB) that occur at the junction of two
or more building envelope elements are evaluated in the calculations of the building’s
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energy demand. Several scientific studies have been conducted in which LTB was investi-
gated using various calculation and simulation methodologies, such as static/dynamic and
1D/2D/3D [15-18].

The majority of studies present empirical LTB dependences, which determine the
linear thermal transmittance value of a specific construction element [19]. On these founda-
tions, numerical calculation software and catalogues have been developed. The European
Standard EN ISO 14683 contains seventy-six cases referring to eight thermal bridge typolo-
gies (roofs, corners, intermediate floors, internal walls, slab-on-ground floors, suspended
ground floors, pillars, window and door openings), and is one of the most widely used
atlases. On the other hand, these atlases provide thermal bridge values calculated using
the 2-D method. These calculations exclude point thermal bridges (PTB), which are formed
by thermally conductive fasteners such as waxes, varnishes, etc. In terms of PTB, the effect
of PTB is often neglected in analyses aimed at defining a building’s energy performance.
This study also addresses the significance of PTB in the calculation of thermal losses from
thermal bridges in window installations.

1.2. A New High-Performance Window Installation

To partly resolve this problem, a new requirement was included in the Lithuanian
national document [20], which stated that the thermal transmittance of a linear thermal
bridge (LTB) of an NZEB or passive house must be a maximum of 0.05 W/(m-K). However,
attaining this value presents a severe difficulty for project designers and builders [21].
However, a new method of installing window frames directly onto thermal insulation
layers has been found to reduce the effect of LTB [22].

Nowadays, a few alternative installation solutions are applied in the practical area
of construction. Most window frameworks are pendent on reinforced anchor brackets
(Figure 2a) or on rectangular wooden frames (chipboard) (Figure 2b) that are installed on
a wall. However, these different cases of window mounting do not ensure that thermal
bridges at the junction of wall and window will be avoided. Insufficiently isolated joints of
window frames and facade walls increase the impact of building thermal leaks, and it does
not ensure the required value of the airtightness of passive house, which must be equal
to 0.6 air change rate at 50 Pa per hour. Furthermore, it is important to mention that the
possibility of condensation and humidity increases when using the mentioned window
mounting methods [23,24]. In this way, the building may lose its passive house status

because of window installation defects [25,26].

nlm

Eﬂmﬂiﬁmmn#r!;
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Figure 2. System of window installation in the insulation layer: (a) on anchor brackets [27]; (b) on
chipboard frame [28].

It is often incorrectly thought that by installing a window in the isolation layer, the
thermal bridge will have no impact on the building’s energy consumption. The value of
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the thermal bridge of the openings depends on the length from the load-bearing layer and
the mounting place of the window, and on the materials used to mount the window, such
as installing foam, framework, fasteners and finishing elements. The longer the length
between the wall and the window, the higher the required number of anchor brackets
attached directly to the window frame and the outer wall retaining layer. However, point
thermal bridges (PTB) appear at the points where the anchor brackets are attached. Thus,
using a lot of them is not efficient.

Anchor holders are often made of plastic, which has a much lower thermal conduc-
tivity value than metal, to reduce energy loss due to point thermal bridges. However, the
support force of this type of bracket has drawbacks: plastic is flexible. It may not withstand
heavy high-performance windows in the thermal insulation layer that have a greater length
than the load-bearing layer. The weight of the opening parts of such glass systems is a
minimum of 130 kg. Therefore, only steel brackets, whose thermal transmittance value
is 50 (W/(m-K)), are suitable for installing windows in passive houses. This means the
material of anchor brackets has a huge impact on the efficiency of high-energy-performance
buildings. To assess the real energy consumption, buildings must evaluate the additional
heat losses due to PTB. Otherwise, the energy efficiency calculations for the building might
be incorrect.

Designers and builders are looking for new ways to reduce the impact of PTB on a
building’s energy costs [29]. A new method for installing windows in a thermal insulation
layer is currently being applied in practice. A prefabricated frame, made of higher-density
stone wool boards (SWB) and auxiliary elements, is being used for the installation of
window frames (Figure 3). Practice shows that such window installation is not complicated
due to the lightness of the thermal insulation board and the simplicity of the fastening
elements. Moreover, it is suitable for installation on any retaining wall, and the thermal
conductivity of the frame made of thermal insulation material is low. Such a frame’s static
properties are sufficient for installing a high-performance window up to 350 mm away
from the retaining wall layer. Since metal fasteners do not connect, it is unlikely to create
a PTB effect. However, installing windows in this way is little studied compared to the
general thermal research context. Therefore, this work aims to investigate the thermal
properties of windows installed in the thermal insulation layer in detail and to compare
different installation methods and thermal bridge evaluation methodologies from the point
of view of thermal physics.

A major concern regarding the design and manufacturing of advanced windows is
related to their sound insulation performance. Recent studies have demonstrated the
effectiveness of porous absorbent materials in the cavity perimeter of windows [30], as well
as the effect of ventilation-enabling facade noise control devices for congested high-rise
cities [31]. Active noise control, which uses a secondary sound to cancel unwanted noise,
has been successfully implemented and is considered to be an established technique for
enhancing the sound insulation of windows [32].

2. Methodology
2.1. Research Object

The schemes of the investigated wall structure and the window frame are given
in Figure 3. Additionally, the values of the layer’s thickness and thermal conductivity

coefficient are shown in the same figure. Accordingly, the heat transfer coefficient of the
wall structure is U = 0.12 W /(m?-K).
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Figure 3. The scheme of the investigated wall structure (a) and of the investigated window frame (b).

The wooden frame of the analyzed window consists of 6 chambers, and its thickness
is 100 mm. The value of the thermal conductivity coefficient A = 0.13 W/(m-K). The
calculations were simplified and the heat exchange over the glass area was not detailed.

The installation of a window on the wall’s opening using stone wool boards (SWB)
was chosen for the study (Figure 4). The thermal conductivity coefficient of the special
rigid SWB is A = 0.059 W/ (m-K). The window frame fastener W length is 192 mm; width—
50 mm; wall thickness—2 mm; thermal insulation thickness—48 mm. The length of the
corner fastener CL of the thermal insulation panels (when the thickness of the thermal
insulation layer was > 200 mm) is 192 mm; width—192 mm (respectively 96 mm on one
side of the corner); wall thickness—2 mm. The thermal insulation board interconnect EL
length was 192 mm; width—192 mm; wall thickness—2 mm. The investigation evaluated
two wall installation fasteners measuring 80 x 100 mm. The calculations estimated one
wall installation fastener measuring 80 x 100 mm. This method of installation does not
require gaskets, as the thermal insulation material is flexible and allows the window frame
to be installed tightly.

Figure 4. System of window installation in the insulation layer using the stone wool boards (SWB)
REDAir TM LINK [33].

2.2. Thermal Bridge Evaluation Methodology

Regarding the evaluation of the thermal bridges, the standard EN ISO 14683:2017 [34]
presents three different methodologies:

e  Numerical simulation (3-D);
e Choosing from catalogues and atlases;
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e  Calculation under steady-state conditions (2-D).

This study was guided by methodologies 1 and 3, as this work investigated a new
way of connecting windows using SWB. The thermal bridge values of such a connection
between a window and the walls have not been studied so far. Therefore, these values are

not given in catalogues.
Thermal bridges may be defined according to EN ISO 10211: 2017 [9]. The calculation

scheme is given in Figure 5.

Thermal Bridge Estimation Scheme
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Figure 5. Thermal bridge estimation scheme (prepared by the authors based on [35]).

The LTB around the openings was calculated using the 2-D software THERM [36].
This method is based on the 2-D dimensions. The heat flow moves horizontally in the x-
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and y-axis directions. The linear thermal transmittance of the thermal bridges (¥) was
calculated according to Equation (1):

¥ = Lyp — ZUj 1)

where Lyp is the linear thermal coefficient obtained by calculating the 2-D component for
the two environments considered; Uj; is the thermal transmittance of the 1-D component j
separating the two environments being considered; /; is the length within the 2-D model
applied in the value of U;.
At the beginning of the study, the LTB was calculated for installation of the window in
a load-bearing layer without innovative installation elements and additional insulation;
thus, standard ¥sr. The ¥spp of the window opening with an SWB was determined in
parallel using the same calculation method. Metal fasteners were not considered at this
stage of the calculation.
To evaluate the influence of fasteners on heat loss through the window opening edge,
the software HEAT3 [37], with a 3-D temperature field calculation, was used in this study.
For installing windows in the cross-section of thermal insulation material, various
fasteners are used, and their influence on heat loss can be assessed by point thermal
transmittance x, W/(m-K). The point thermal transmittance (value—y) was calculated as
in Equation (2):
Ni Nj
Xx=Lip—) U—-A =) Y 3]
i=1 j=1
where L3p is the linear thermal coefficient obtained by calculating the 3-D component for
the two environments considered; U; is the thermal transmittance of the 1-D component [
separating the two environments considered; 4; is the area applied in the value U;; ¥; is
linear thermal transmittance; J; is the length which the value of ¥; applies; N; is the number
of 2-D components; N; is the number of 1-D components.
The partial differential equation is replaced by a discrete approximation in the numeri-
cal formulation. Values at discrete points are used to approximate the temperature field. A
computational mesh is created because of this. Ax;, ij, and Az, are the increments in the
x-, y-, and z-directions, respectively [38].
A cell (i,j,k) with the side lengths Ax;, Ay;, and Az is shown in Figure 6. Figure 6 also
indicates (i, j, k+1) directly above the cell. There are six cells next to each other.

T
A A
s

—Ax—

Figure 6. Computational cells (i; j; k) and (i; j; k+1) [38].
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The heat flow Q ; j 4172, (W), from cell (i,jk) to cell (i,j k+1) is given by the thermal con-
ductance multiplied by the temperature difference between these two cells (Equation (3)):

Qijk+1/2 = Kijr+1/2° (Ti,/',k - Ti,/',k+1) 3)

where K; j r11/2 is the conductance between the two cells (i,j,k) and (i,j,k+1), W/K; (T; jx —
T;;k+1) is the temperature difference between the two cells.
The other five heat flows pertaining to cell (i,j,k) are calculated correspondingly.
Figure 7 shows the six-thermal conductance of cell (i j,k). The conductance Kijk+1/2,
(W/K), between the two cells (i,j,k) and (i,j,k+1) is calculated as [38]:

AXI‘-A]/Z'

Azgiq R
T T

4)

Kijki172 = —5
(2Nijx)

ijk+3

where A; i is the thermal conductivity in cell (i,j,k), W/(m-K); (Ax;-Ay;) is the conductance
refers to the total heat flow through the area, m; Az is the z-direction for half of the cell
(1,j,k); R; jk+1/2 is an optional additional thermal resistance at the interface between the two

cells (i,j,k) and (i,j,k+1), (m>-K/W).

z(k)
vi) T
x(i) T

T

ij k-1
Figure 7. Thermal conductance connected to cell (i; j; k) [38].

The thermal resistance in the z-direction for half of the cell (i,jk) is the first term in the
denominator, and the resistance for half of the cell (i,j,k+1) is the second term. R; jx41/2 is an
optional extra thermal resistance at the interface between the two cells (i,j,k) and (i,j,k+1).

Equation (4) is valid for all internal cells (an internal cell has at least one cell on each
side). For boundary cells, the Equation (4) was modified in the following way. Consider
cell (1,j,k), which lies at a boundary. The conductance that couples the temperature T+ ;x
with a boundary temperature is as shown in Equation (5):

Ayi-Azy
= __J) (5)
]/ Axy +R,.
(2Aix) 2.0k

K

NI

where Ry,  is the boundary surface resistance, (m2-K/W).
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An energy balance is made for each cell. The total heat flow to cell (i, j, k) from the six
adjacent cells is put in the variable H; j, (W) (Equation (6)):

Hijge =K 1k '(Ti—l,j,k - Tz‘,j,k) + K1 (Tz’+1,j,k - Ti,j,k) K (Ti,jl,k - Ti,j,k)
+Kij1 e (Ti,j+1,k - Ti,j,k) K1 (Ti,j,k—l - Ti,j,k) + K (6)

'(Ti,j,k+l —Tijk

For a more quantitative comparison later, the average point thermal transmittance ¥,
W/(m-K), was calculating using Equation (7):

S xdl
b—a

@)

where a—starting position; b—end position; x—point thermal transmittance as a function

of length from the masonry layer. In practice, the latter is determined by fitting a function

over the graph.
At this stage of the calculation, two cases of window frame installation in SWB were

analyzed (Figure 5):

1. A part of the wall 1 m high and with three fasteners: corner fastener CL, interconnect
fastener EL, and window fastener W (Figure 4). The values xcr, XgL, Xws Were
determined;

2. A part of the wall 1 m high and with two corner fasteners CL and two window
fasteners W (Figure 4). The values X».cr, X2xw were determined.

The supplement AY to the value of the LTB was evaluated in two ways:
The supplement of the total linear thermal bridge A¥s of the separate fasteners was
calculated according to Equation (8):

A¥s = (nx)i + ((0-X)j+ - .- +(1X)m ®)

where n—average number of fasteners per meter of opening; i j,..,m—different types of
metal fasteners.
The supplement A ¢ of the LTB was calculated comprehensively for all fasteners used
in the calculation. These results were provided by the HEAT3 computer program.
Thus, the total ¥'7 of the thermal bridges using SWB and metal fasteners was calculated
from Equation (9):
Yr="swp +AY )

An analysis was also performed showing how the values of thermal bridges were
distributed by changing the installation place of the window in the thermal insulation layer.
Changing the place of the window installation was evaluated in the calculation. A value
of 0 mm means that the window is mounted next to the edge of the load-bearing layer,
and a value of 150 mm means that the window is installed right outside the wall (thermal
insulation layer). Therefore, 75 mm denotes the middle of the thermal insulation layer
(Figure 8). The values of the longitudinal thermal bridge in the thermal insulation layer
were calculated starting from a value of 0 by adding 10 mm towards the outer side of the
barrier, i, from 0 + 10; + 10/’ ... +10,, =150 mm.
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Figure 8. Schema of basic positions of the window frame in the section of the thermal insulation layer
using SWB.

3. Results
3.1. Linear Thermal Bridges at Window Openings without Considering the Influence of
Metal Fasteners

The results of the study show that the thermal bridge through the standard installation
site (old building, without insulating the window frame with SWB) gives a transmittance
of ¥s1 =0.13 W/(m-K), while using SWB for window framework insulation, the value of
the thermal bridge transmittance is ¥syp = 0.026 W/(m-K). The difference between these
values is 80%.

By analyzing the dependence of the LTB on the window installation length in the
thermal insulation material, the obtained results show (Figure 9) that the lowest value
¥ swp is obtained when the window-mounted place is at a distance of 70-80 mm from the
load-bearing layer. The thermal transmittance average slowly increases, moving along the
thermal insulation layer to the edge of the load-bearing layer.

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

The window installation distance from the supporting wall 1, mm

Figure 9. Dependence of the value of thermal transmittance on the installation length in SWB from
the place of window to the load-bearing layer.
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3.2. Thermal Bridges by Assessing the Influence of Metal Fasteners
3.2.1. Point Thermal Bridges

A computer simulation was performed to evaluate the influence of metal fasteners
on the heat loss of the building. The results (Figure 10) show that xc; = 0.0114 W/(m-K);
XeL = 0.0225 W/(m-K) and X, = 0.0181 W/(m-K) when the mounting place of the window
is 100 mm from the supported wall.

0.07
0.06
0.05
0.04

—o—CL
0.03
0.02

0.01

0
50 60 70 80 90 100 110 120 130 140 150

Point thermal transmittance x, W/K

Window installation distance from the supporting wall 1, mm

Figure 10. Dependence of the values of PTB on the window installation distance from the load-bearing
layer edge for individual window mounting elements CL, EL, W.

By assessing how the values of the xcr, XgL, Xw4s depend on the distance between the
window installation and the edge of the load-bearing layer wall for separate window mount-
ing elements CL, EL, W, the research results (Figure 10) show that using corner fastener CL
and interconnect fastener EL, the PTB is the highest at a distance of 50-100 mm from the load-
bearing layer (xcr, = 0.0313 W/(m-K) and xgr, = 0.0629 W/(m-K)). Meanwhile, the lowest
values are obtained when [ = 150 mm (x¢r = 0.0034 W/ (m-K) and xg; = 0.00606 W /(m-K)).
However, analyzing the PTB of fastener W, the results are the opposite. As the length |
(length between the installed window framework and the load-bearing layer) decreases,
the value of the PTB decreases, with a maximum value xp = 0.021 W/(m-K) and minimum
xw = 0.0067 W/(m-K) at ] = 150 mm and [ = 50 mm, respectively.

In addition, the average value of x was calculated for each fastener. The results were
xw = 0.0168 W/(m-K), x¢; = 0.0161 W/(m-K) and xg;, = 0.0319 W/(m-K). Thus, on average,
the interconnect fastener EL has twice the thermal transmittance as the corner fastener CL.

3.2.2. The Supplement of the Linear Thermal Bridges

The calculation of LTB’s supplement was performed in two ways: 1 case summing
the x of separate fasteners (Figure 11b,c) (in this case, the value of LTB’s supplement was
found to be A¥;; = 0.0521 W/(K-m)), and 2 case HEAT3 software provided the value of
all three investigated fasteners in combination (Figure 11a). The described value of LTB’s
supplement was determined for separate fasteners (the 1 case in Figure 5). In this case,
LTB'’s supplement’s value was lower, and was equal to A¥; = 0.0515 W/(K-m).
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Figure 11. Intensity of heat flows in the cross-section of fasteners: (a) set of fasteners: corner fastener
CL, interconnect fastener EL, and window frame fastener W; (b) separate W fastener; (c) separate
EL fastener.

Analyzing the 2 case (Figure 5), involving an opening edge 1 m long with 2 x CL
and 2 x W, it was found that when evaluating the influence of four metal elements in
a combination (calculation option 2), supplement heat loss through this element was
AY¥c2 =0.0591 W/(K-m). After summing (calculation option 1) the point thermal bridges
of separate fasteners (2 x CL and 2 x W), the supplement of the linear thermal bridges was
AY¥s2 =0.0592 W/(K-m).

3.2.3. Total Linear Thermal Bridge

The results reveal that the sum of the separate fasteners’ total linear thermal trans-
mittance value is ¥TS1 = 0.0781 W/(K-m). A similar result ¥TC1 = 0.0775 W /(K-m) was
obtained using the HEAT3 software, where the influence of the combination of metal
fasteners was assessed.

In the case using 2 x CL and 2 x W, the total thermal transmittance was found to be
¥TS2 =0.0852 W/ (K-m) (considering metal fasteners separately) and ¥ TC2 = 0.0852 W /(K-m)
(assessing the influence of the combined metal fasteners).

3.3. Comparison of the Values of Thermal Bridges Analyzed by Different Calculation Methods

A comparison of the values of all LTB analyzed in this study is presented in Figure 12.
The study results show that the thermal bridge through the standard installation site
(old building, without insulating the window frame with SWB) gives a transmittance of
Y¥s1 =0.13 W/ (m-K). Meanwhile, using SWB for window framework insulation, the value
of the thermal bridge transmittance is ¥ syp = 0.026 W/(m-K). The difference between these
values is 80%. However, after estimating the metal fasteners, the difference is 37%.

46



Buildings 2022, 12, 572

Method

=9 2D 3D
3 0.14 :
& : 0.13 :
e i
E 0.12 :
Eo o |
£ | 0.0852 0.0852
e i 0.0781 0.0775

< 008 :
Q '
£ = 3
= 0.06 3
4 :
-§ 0.04 0.026 i
2 0.02 . i
= i

0 i
WST WSWB WTS1 WTC1 wTS2 WTC2

The kind of thermal bridges

Figure 12. Comparison of the values of thermal bridges analyzed using different calculation methods.

If we compare the calculation results according to different methodologies, it can be seen
that when the window is mounted into the load-bearing layer (1 = 0 mm), the results of the
total thermal bridge (Y151 = 0.0781 W/(m-K); ¥ 15, = 0.0852 W/(m-K)) are almost the same
(difference 0.8% and 0%) as those for the complex thermal bridge (¥¢1 = 0.0775 W/ (m-K);
Yrco=0.0852 W/ (m-K)); therefore, the calculation results according EN ISO 10211: 2008 [9]
differ fractionally from the results provided by the HEAT3 program.

However, when assessing changes in the mounting place of the window in the thermal
insulation layer, a discrepancy appears between the results of the different methodologies
used. In this study, the distribution of the value of ¥1 was analyzed by changing the
window installation location in the thermal insulation layer and using different calculation
methods to determine the supplement thermal bridge values: complex A¥YC (calculation
option (2)) and summed A¥g (calculation option (1)). The results (Figure 13) reveal that the
summing values of the supplement thermal bridge (A¥s,) of 2 x CL and 2 x W may vary
from 26.2% to 40.9% compared to the complex values A¥ ¢, used in the same calculations
performed by the HEAT3 program. The thermal bridge values depend on the mounting
location in the opening in terms of distance from the load-bearing layer. The trends indicate
that the further away from the load-bearing layer, the bigger the difference between the
thermal bridge values determined by different methods.
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Figure 13. Dependence of the ¥1 value of the thermal bridge on the distance of the window
installation from the load-bearing layer edge and calculation method.
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The results (Figure 13) also show that in the calculations, applying the summing
(calculation option (1)) of thermal bridge values (A¥s») and the value of thermal bridges of
the window mounted in the thermal insulation layer at a length of 50-100 mm from the
load-bearing layer was 28% greater than the window mounted in the span of 100-150 mm.
The highest value of the thermal bridge (¥ 152 = 0.1122, W/(m-K)) was at a length of 70 mm
from the load-bearing layer, and the lowest value of ¥7g, (0.0820, W/(m-K)) was at a length
of 130 mm from the load-bearing layer.

The results (Figure 13) show that by applying A¥ ¢, (calculation option (2)) and
mounting the window at a length of 50-100 mm from the load-bearing layer, the values of
thermal bridges increased by 30% compared to the values of thermal bridges at a distance
of 100-150 mm from the load-bearing layer. The highest value of the thermal bridge
(¥rce =0.0861, W/(m-K)) was at 70 mm from the load-bearing layer, and the lowest value
of ¥rco (0.0484, W/ (m-K)) was at a length of 150 mm from the load-bearing layer.

4. Discussion

To meet the EU’s goals of creating a sustainable, competitive, secure, and decarbonized
energy system by 2050, the EU is stepping up the renovation process to turn old buildings
into NZEB. Following Directive (EU) 2018/844 [3], the renovation of old buildings will
mainly focus on renewable sources. However, important issues remain, namely, the insu-
lation of the building envelope, the modernization of HVAC, and similar [22,39,40]. This
work focused on the subtleties of installing new high-performance windows, which will en-
sure high energy efficiency, sufficient air thickness, and a comfortable indoor microclimate.
Several assumptions have been made in analyzing this problem, such as that installing
a window in a thermal insulation layer results in a zero thermal bridge or those metal
fasteners have a negligible effect on thermal transmittance. However, the investigation has
shown that these two assumptions were incorrect. A certain value of the thermal bridge of
the opening edge is usually obtained due to the difference in the thickness of the window
and wall structures and the different materials used at the window installation site.

The authors of this study analyzed the installation of windows using SWB. The study
results revealed that the insulation of the window frame was a very important issue related
to the energy consumption of the building. By insulating the window frame with SWB,
it was possible to reduce the value of the thermal bridge at the junction of the wall and
the window framework by 80% (but not 100%). Meanwhile, other researchers who have
examined the issue of the thermal bridge of the window opening have stated that for some
cases, placing the window in the most energy-efficient position reduces the linear thermal
transmittance by more than 50% [41].

This excellent 80% result due to the heat saving of the building is given by the 2-D
calculation method when neglecting the fasteners used in the installation scheme that are
used for fastening a special thermal insulation board to the masonry and the window. It is
always an important question what influence the attachment of metal elements (various
bolts, etc.) to the load-bearing structure and each other has on the evaluation of thermal
bridges. The study showed that using SWB and considering the metal reinforcement
details reduces the value of the thermal bridge by up to 37% compared to the standard
without the insulation option. In this case, the metal elements closer to the warm and cold
partition sides do not come into contact, so there is no continuous heat flow through the
metal elements.

The maximum value of x was achieved for the fastener W. In practice, the middle
fastener W, which is used to join the insulation boards, may be missing if the window is
not large, because the length of the insulation boards is 1500 mm. Therefore, if the window
dimension is less than 1400 mm, no joining of the panels will be required, which means
that the parts will need W either. Therefore, the total value of the thermal bridge will
change significantly.

Analysis of the different calculation methods revealed a 0.8% difference between 2-D
(calculation according to EN ISO 10211: 2017) and 3-D (numerical simulation with HEAT3).
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Comparing calculation options of the composite (2) and summing (1) models of evaluation
of the thermal bridge with the fasteners 2xCL and 2xW at a length of 1 m, the opening
edge showed no difference between the results. However, the study results showed that
different calculation methodologies could significantly skew the results if the length from
the load-bearing layer assesses. As the window mount further away from the load-bearing
layer, the thermal bridge values difference due to using the different methods is bigger.
Calculating the total thermal bridge regarding summing model of separate fasteners (A¥sp)
might change the results by 26% to 41% compared to the same calculations using composite
model (A¥ ), calculated by the HEAT3 program. The above-mentioned appears because
the heat flows of these fasteners interact with each other, even though a large thermal
insulation layer allocates these fasteners. Therefore, it would be appropriate to evaluate
the PTB of each fastener separately. It would also be easy to estimate the additional heat
loss through the opening edge of any particular window by having PTB for the individual
elements and a mounting scheme for any window. However, it is very difficult to assess
these small fasteners properly, as they can vary greatly in dimensions (length, cross-section),
numbers (depending on loads, base, technological requirements) and the materials to which
they are attached (different bases). Therefore, the calculations may differ from case to case.

3-D thermal numerical simulation is required to estimate the influence of metal fas-
teners on heat loss accurately. This study shows that evaluating the composite model of
these fasteners (using HEAT3) results in a lower additional heat flux compared to the total
heat fluxes of the summing of separate fasteners. However, to properly assess the influence
of metal fasteners, the composite thermal bridge model should be calculated using the
3-D calculation method for each window according to a separate installation scheme. For
designers, such a calculation method would become a serious challenge because, without
special software, it is impossible to do so. Therefore, in the frequent case of assessing the
energy performance of a building, the second assumption is made not to evaluate metal
fasteners and to limit oneself to the 2-D calculation method.

The authors compared the obtained values of the thermal bridge by using the 2-D
and 3-D calculation methods, and the calculation results using a 2-D environment showed
that ¥syp = 0.026 W/(m-K), while in the 3-D environment, this value was accordingly,
¥ =0.0815 W/ (m-K). The difference was 68%. From the results of this study, one can con-
clude that by ignoring PTB and using metal elements for window mounting, a significant
difference can be obtained between the calculated (2-D method) and the expected real heat
loss (3-D method). This fact is confirmed by other scientists [42].

Additionally, comparing 2-D and 3-D calculation methodologies, the arrangement of
thermal bridge values by length I took the opposite trend (Figure 7). In the 2-D temperature
field, the thermal bridge values were lowest when the window was installed in a layer
of thermal insulation material at a distance of 70-80 mm from the load-bearing layer
Y¥swp ~ 0.026 W/(K-m). The results presented in Figure 9 show that with increasing length
I, the value of the thermal bridge also increased. Similar results have been obtained by other
researchers [11,17,43]. Ilomets et al. [44] state that insulating the walls of an existing building
with a > 200-mm-thick layer of thermal insulation increases the value of the thermal bridge
at the window opening by 34%. The authors mentioned above investigated cases where
metal parts were fixed directly to the load-bearing layer or brackets. Meanwhile, the values
of thermal bridges calculated by the 3-D method were distributed with the opposite trend:
as the length [ increased, the thermal bridge values decreased. This can be explained by
the fact that when using SWB, metal fasteners do not cross the layer of thermal insulation
material directly and do not come into contact with each other—they do not act as direct
heat conductors. Therefore, it is risky to evaluate thermal bridges only using the 2-D
methodology when designing energy-efficient buildings.

In addition, looking at the results shown in Figure 14, an interpolation of the curves
can be performed to deduce the crossing point of both graphs. In this case, both curves
cross at around 180 mm with 0.0408 W /(K-m). It follows that there is no difference between
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2-D and 3-D methodologies around that point. Thus, metal fasteners do not affect the
window’s overall thermal performance.
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Figure 14. Trends in the values of thermal bridges due to the change of the installation location in the
layer of thermal insulation material, applying different calculation methodologies.

The linear thermal transmittance of the NZEB must be a maximum of 0.05 W /(K-m) ac-
cording to the Lithuanian national document STR 2.01.02: 2016 [20]. The results (Figure 15)
show that if thermal bridges are evaluated using the 2-D method, i.e., without considering
metal fasteners, then the solution for window mounting using SWB always complies with
the requirements of STR. If one considers metal fasteners, the window must be installed
no closer than 100 mm from the retaining wall for the value of the thermal bridge at the
window opening to meet the requirements of STR (Figure 15). The study results show that
the installation position of the window in the layer of thermal insulation material is a very
important issue. The results show that in NZEB buildings where the wall insulation layer
is greater than 200 mm, the windows need to be mounted using SWB. This installation
method ensures the lowest thermal bridges and sufficient static loads by extending the
window frame into the thermal insulation layer at a length of more than 100 mm from
the retaining wall. The farther from the retaining wall, the smaller the thermal bridge.
It has been mentioned earlier that other methods of installing windows show the oppo-
site results, which makes it difficult to ensure the status of an NZEB when using such
mounting methods.
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Figure 15. Compliance of the linear thermal transmittance of the investigated metal fasteners with
the normative requirements.
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References

This study focused on only one method of window installation using SWB. This
preliminary study has given rise to a focus on ever-improving design solutions. This
construction progress is influenced by energy policy, forcing us to rethink whether we
are evaluating the energy efficiency of buildings or whether the standardized values for
thermal bridges in the atlases are inappropriate. Therefore, from a prospective point of
view, it would be possible to investigate other window installation types proposed in
several atlases or in passive houses, thus providing solutions with extremely low thermal
bridging effects.

5. Conclusions

This work is another small step towards improving the assessment of the energy
performance of a building. Examining the method of installing a new high-performance
window in a thermal insulation layer is important for highlighting the effect of installing a
window on the wall of a building. Given that windows are the most thermally conductive
elements in a building, this paper guides both the scientific community and practitioners on
trends in thermal bridges that are completely changing using different assessment methods.

Comparing the values obtained by using 2-D and 3-D thermal bridge calculation
methods, the values show a difference of 68%. The investigation showed that by insulating
the window frame with SWB and not evaluating the metal fasteners, we can reduce the
value of the thermal bridge at the junction of the wall and the window frame by 80%.
However, the evaluation of metal fasteners reduces the thermal bridge value by up to 37%
compared to the standard option without insulation.

Furthermore, comparing the results of 2-D and 3-D calculation methodologies, the
arrangement of the thermal bridge values according to the length 1 from the load-bearing
layer took the opposite trend. Therefore, it is risky to evaluate thermal bridges only with
the 2-D methodology when designing energy-efficient buildings.
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Abstract: Passive houses have strong thermal insulation and airtightness of doors and windows, and
they are generally used in cold climates. This case study aims to evaluate the energy-saving potential
of this technology in the hot-summer and cold-winter areas (Cf in Képpen climate classification) of
China. The results show that after enhancing the thermal insulation and airtightness, the energy
consumption in winter significantly decreased by 62% overall. However, the energy consumption
of cooling in the transition season and summer increased, which is caused by overheating. Hybrid
ventilative cooling and shading can solve this problem. In particular, when the indoor temperature
range is set to the adaptive thermal comfort of natural ventilation, the energy consumption from air
conditioner cooling can be greatly reduced by 81% overall. Passive houses combined with ventilative
cooling has significant application value in this climate zone.

Keywords: building energy efficiency; passive house; apartment; ventilative cooling; sunshade

1. Introduction

Global warming has become an issue for all humankind, and thus, efforts should
be directed toward reducing the consumption of non-renewable energy. Among them,
building energy efficiency is an important means to reduce carbon emissions [1]. The
passive house concept started in Germany in 1988, which aims to reduce the energy
consumption for heating and cooling and CO, emissions and provide a more comfortable
indoor environment compared to the usual old building [2]. Technologies to achieve passive
houses include enhancing the thermal insulation of the envelope, improving the airtightness
of doors and windows, and recovering heat from ventilation to improve energy efficiency.

1.1. Energy Efficiency of Passive Houses

Jirgen etal. [3] compared the energy-saving effect of using passive house technology in
Yekaterinburg, Tokyo, Shanghai, Las Vegas, Abu Dhabi and Singapore through a simulation
method. The results show that passive houses have energy-saving potential in all climate
zones throughout the world, using 75% to 95% less energy than conventional buildings.
Fei et al. [4] conducted a three-year performance monitoring and evaluation of a passive
house public building located in Qingdao, China (a seaside city in a cold region), and found
that the annual energy efficiency was improved by approximately 69% compared to the
current standard. Yang et al. [5] monitored the energy system of a new passive house school
building in southern Germany for three years. The results show a two-thirds reduction
in CO; emissions. Egon et al. [6] evaluated three buildings in southern Brazil, and their
energy consumption decreased by 83.5%, 56.3% and 55.1%, while their thermal comfort
satisfaction increased significantly.
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1.2. Overheating

However, the overly high thermal insulation and airtightness of passive houses may
produce overheating in the summer and transitional seasons. For example, Ridley et al. [7]
carried out detailed monitoring of UK homes certified to passive house standards, which
experienced overheating problems in the summer, especially in living rooms. The main
reasons are higher internal gain, low sunshade and summer ventilation rate than expected.
Rohdin et al. [8] presented the experience of newly built passive houses in Sweden and
compared nine passive houses with traditional buildings in terms of the thermal environ-
ment and energy. It was also shown that there is a higher number of complaints related to
high temperatures during summer in the passive houses. Its main concern is the lack of
ventilation, and the indoor temperature is severely affected by internal gains from cooking
and showering. Paris et al. [9] measured passive house performance in Cyprus, and there
were some overheating problems in all zones during the summer period.

1.3. Ventilative Cooling and the Mixed-Mode Method

One of the methods for reducing overheating in passive houses is to use ventilation
cooling, including natural ventilation or night ventilation [8,10]. Therefore, the switch
between outdoor air cooling and air-conditioning cooling becomes a method named the
mixed-mode.

The mixed-mode combines a ventilative system with an air-conditioning system to
use as much outside air as possible to cool the building when the outside conditions are
suitable for indoor air. When outdoor air cannot meet cooling needs, machinery should be
used to lower indoor temperatures to maintain thermal comfort. Now there are a number
of classification schemes that describe the mixed-mode. Usually based on whether they
exist in the same space, or run at the same time, can be divided into three operation modes
such as Concurrent (Same space, same time), Change-over (Same space, different times)
and Zoned (Differed spaces, same time) [11]. Change-over operation mode is used in
this paper.

Regarding the thermal comfort of the mixed-mode, Max et al. [12] pointed out that
the traditional PMV-PPD theoretical model (the predicted mean vote and the predicted
percentage of dissatisfied) cannot well describe the thermal comfort of the occupants in
the mixed-mode building. Luo et al. [13] conducted a field investigation in mixed-mode
building in subtropical climate. The results show that the adaptive model is more suitable
for mixed-mode buildings than the steady-state comfort model (PMV), especially when
natural ventilation was being utilized. Ricardo et al. [14] concluded that a wider range
than PMV can be used during air conditioning operation in Brazilian temperate and humid
climate, and that the adaptive model can be used in mixed-mode buildings when air
conditioning is not operating. Many studies in different countries or climate zones have
proposed different mixed-mode control methods and comfort models, which show good
thermal comfort and energy saving effects. For example, Massimo et al. [15] (New South
Wales, Australia), development of a new comfort-oriented control strategy for a mixed-
mode building. The comfort-oriented controller was proved to be superior to the baseline
controller in terms of maintaining comfort, as well as a reduction in building energy
consumption. Elena et al. [16] (Southwest Spain) proposed an adaptive model for hybrid
buildings, and the results show that it has energy saving potential without sacrificing the
comfort of the occupants. Sherif et al. [17] (arid climates in four countries) evaluated the
potential of a range of mixed-mode cooling systems and ventilation strategies. The results
show that the mixed-mode of office buildings has great potential for energy saving, and
should be able to provide a satisfactory indoor environment. Ricardo et al. [18] (southern
Brazil) conducted field studies on thermal comfort and this was conducted in three mixed-
mode office buildings, and adaptive thermal comfort models were developed for the
natural ventilation and air conditioning mode of mixed-mode buildings. Daniel et al. [19]
(south-west of Spain) applied the adaptive comfort algorithms to mixed-mode buildings.
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The results show that energy demand is reduced by 74.6% and energy consumption is
reduced by 59.7%.

For the control strategy of the mixed-mode, the opening and closing of windows
and air conditioning are controlled according to indoor and outdoor air parameters, such
as indoor and outdoor temperature, humidity, wind speed (Gwynne et al. [20]), outdoor
pollutants (Chen et al. [21]), and indoor CO, (Katarina et al. [10]). Laia et al. [22], Hu
and Karava [23], Peter et al. [24], and Zhao et al. [25] all demonstrated that model predic-
tive control (MPC) based on future weather data and indoor factors is a more advanced
control strategy.

1.4. Shading for Cooling

Another approach to building cooling is shading, which is influenced by equipment
(e.g., Hussain et al. [26], Kim et al. [27]), user behaviour (e.g., Kevin [28], William et al. [29]),
and control strategies (e.g., Line et al. [30], Amir et al. [31], Yun et al. [32]).

1.5. Goals and Framework of the Paper

In general, passive houses are suitable for cold climates due to the longer winter
periods. In northern China, passive houses are suitable for cold climate regions and ex-
tremely cold climate regions. In central-south China, there is a climate region named the
hot-summer and cold-winter area, in which the suitability of passive house technology is
still unknown. Therefore, this paper first investigated the indoor environment of apart-
ments in that area and then predicted its energy efficiency when transformed into a passive
house. Finally, solutions to the existing problems are proposed.

2. Investigation in Apartments
2.1. Local Weather

As one of five China’s architectural climate zones, the hot-summer and cold-winter
region is located from latitude 25° to 35° north and longitude 103° to 123° east, fully or
partially including 16 provinces with a population of approximately 500 million, as shown
in Figure 1. In this zone, the average dry bulb temperature of the coldest month ranges
from 0 to 10 °C, the average temperature of the hottest month is 25 to 30 °C, the number
of days with average daily temperature <5 °C is 0 to 90 days, the number of days with
average daily temperature >25 °C is 49 to 110 days, and the average relative humidity is
30% to 80% year-round. This region belongs to Cf in Képpen climate classification.

Severe Cold Zone Cold Zona

Hot Summer Cold
Winter Zone

XiangTan @
Mild Zone

g

Figure 1. The location of the hot-summer and cold-winter climate zone and Xiangtan, from

Bing Maps.

The location of the building is Xiangtan, which is located in the middle of the hot-
summer and cold-winter area. It is located at latitude 27.83 and longitude 112.94, as shown
by the red dot in Figure 1. Figure 2 shows the local dry-bulb temperature monthly in
a typical meteorological year. The shaded boxes represent 25-75% of the temperature
distribution, and the data are from the China Meteorological Database [33]. The horizontal
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line is the median, and the small squares represent the monthly mean temperature. The
average monthly outdoor temperature in winter (December to February) is approximately
5~7 °C, and the monthly average temperature in summer (June to September) is 20~28 °C.
This results in the demand for heating in winter and cooling in summer.

40

35 F

Dry bulb temperature (C)
- e oo w
w3 m 8 8 8

— T

o
T

|
)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 2. The monthly dry bulb temperature in Xiangtan.

2.2. Building Information

This building is an apartment built in 2005. Before the publication of the new code in
2010, about 60% apartment buildings in China have adopted a similar envelope structure
and apartment type. It has a total of six floors, each floor has four households with two
ladders, and the floor height is 3.1 m, as shown in Figure 3. Figure 3a shows the floor
plan of each floor, where the four households (A-D) are exactly the same, each with an
area of 138 m?. Figure 3b shows the details of the building of household B, in which the
south-facing windows of the living room balcony are 2.1 m high and 4.2 m wide, and the
east-west windows are 1.5 m high and 0.9 m wide. Bedroom 1 has two windows, and
bedrooms 2 and 3 have one window individually, each 1.5 m high and 1.8 m wide. A photo

of the south facade is shown in Figure 3c.
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Living Room

(B Unit)

(b) Details of household B (c) Photo of the south facade

Figure 3. An apartment building in a hot-summer and cold-winter climate zone in China, households
of A, B, C, and D from left to right.
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2.3. Occupancy and Heating Equipment

The measurement is carried out in households B and C together. The thermal insulation
of their envelope structures is exactly the same, in line with the “Energy-saving Design Stan-
dards for Residential Buildings in Hot-summer and Cold-winter Areas” JGJ134-2001 [34].
The specific parameters are similar to those shown in the left column of Table 1. There is no
central heating or cooling system for the whole building. Occupants are allowed to use the
system as they like. Some owners use electric heaters and others use gas-fired wall mounted
boilers for heating. In summer, all users use split air conditioners for cooling. Household B
heats the entire house by a gas wall-hung boiler, the maximum heating capacity of the gas
boiler is 28 kW, and the temperature of the hot water provided by the boiler shall not be
lower than 60 °C, as shown in Figure 4a, and radiators, as shown in Figure 4b. Household C
has only three low-power electric ovens covered by quilts for heating, as shown in Figure 4c,
each with a power of 50 to 100 W. The total heating capacity of the electric ovens is from
150 to 300 W. This heating method is widely used in hot-summer and cold-winter areas in
China. There were four people in each family, including two adults and two children. Due
to privacy reasons, this study did not measure the exact house occupancy rate, but since
the adults were all teachers and during the winter vacation, it was assumed that the house
occupancy rate was similar.

2.4. Measurement Instruments

The environmental parameters recorded in the indoor environment were the indoor
temperature and humidity by an Onset HOBO thermometer (+0.21 °C and +2% RH)
placed on a 1.2 m table, as shown in Figure 5a. The CO, concentration was recorded
by a BoHu Indoor Air Quality Monitor (50 PPM), as shown in Figure 5b, whose time
interval was 10 min. Energy consumption was counted through smart sockets for the
statistics of electrical appliances, as shown in Figure 5c. A gas meter was used to record gas
consumption. Outdoor parameters such as solar radiation, outside temperature, humidity,
wind speed and direction were obtained from local weather stations.

Table 1. Thermal parameters of existing buildings and passive houses.

Existing Building Passive House
(O1d Standard, JGJ134-2001) (New Standard, DBJ43/T017-2021)
Main Envelope Material W/(m?-K) The Added Envelope The S‘,t";i/r(l;llazr‘i)lelt W/(m?-K)
20 mm mixed mortar
120 mm reinforced concrete
Roof 30 mm slag concrete 0.81 +160 mmEPS board 0.15~0.35 0.16
20 mm cement mortar
30 mmXPS board
40 mm waterproof layer
20 mm mixed mortar
240 mm reinforced concrete
Exterior walls 20 mm cement mortar 1.08 +140 mmEPS board 0.15~0.40 0.19
35 mm thermal insulation mortar
10 mm anti-crack mortar
20 mm mixed mortar +two sides
Interior wall 200 mm shale hollow brick 1.85 6 mmEPS 1.0~2.0 1.09
20 mm mixed mortar board
30 mm cement mortar
120 mm reinforced concrete
Floor 1.90 +10 mmEPS board 1.0~2.0 1.19
20 mm expanded glass bead
insulation mortar
Windows 4.7 Low-E vacuum glass <2.0 1
Doors 3 thermal insulation door 1.0~14 1
Number of air infiltration, h—!
Rooms 1 0.1
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(a) Gas boiler in household B (b) Radiator in household B

(c) The oven covered with a quilt, in
household C

Figure 4. Equipment for heating.

(a) Thermometer (b) Air quality monitor (c) Electricity-statistics plugs
Figure 5. Instruments for measurement.

2.5. Survey Results and Analysis
(1) Bedroom 1

The investigation lasted a total of eight days from 8 to 16 February 2022. As shown
in Figure 6a, the heating time of household B is relatively regular. The gas boiler is
turned on at about 21:00 to 22:00, and the temperature begins to rise significantly, and the
indoor temperature reaches the peak in the early morning. The gas boiler was shut down
approximately the next day between 10:00 and 12:00, after which the temperature began
to drop.

The indoor temperature of household C is between 6 and 8 °C when there is no boiler
heating, and the average value is only 6.8 °C. This average temperature is only 0.3 °C higher
than the average outdoor temperature of 6.5 °C, indicating that it is very cold indoors.
Therefore, the residents generally sit around the stove and obtain thermal comfort by
covering themselves with quilts, as shown in Figure 4c. Figure 6a also shows that the trend
of indoor temperature rises slightly with increasing outdoor temperature, which indicates
that the thermal insulation and airtightness of the building are relatively poor. However,
the average indoor temperature of household B increased to 16.2 °C when there was boiler
heating. However, the changing trend of the indoor temperature was not affected by the
outdoor conditions.

Regarding the temperature change during the day, Figure 6b shows the situation on
February 11. It is clear that bedroom 1 is only above 16 °C for part of the day, from 22:00
the previous day to 12:00 the next day. When the heating was stopped, the temperature in
room one quickly dropped below 16 °C. While this average temperature met the minimum
requirements of the Chinese heating standard “Code for Design of Heating, Ventilation and
Air Conditioning in Civil Buildings” GB 50736-2012 [35] in hot-summer and cold-winter
regions, occupants complained that the room was cold.
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(c) Average relative humidity on 11 February
Figure 6. Thermal environment in bedroom 1.

Further observation in Figure 6b shows that there was someone in the bedroom from
20:00 the night before to 12:00 the next day, and the temperature continued to rise. The
heating was turned off after 12:00, and thus the temperature dropped continuously. Heating
was started at 20:00 in the evening again.

As shown in Figure 6¢, the humidity of household C without boiler heating is higher
than that outdoors, which is caused by humidity sources such as the human body and
cooking. However, when the temperature of household B with boiler heating increases, the
relative humidity decreases.

The concentration of CO; in the two bedrooms is shown in Figure 7. The CO; con-
centration of the room with heating is significantly higher than that of the room without
heating. This is because the users of household B added sealing strips to the windows to
increase the airtightness of the room. Apartment C does not have added sealing strips.
According to the attenuation of CO, concentration to estimate, the air exchange rate of
apartment B with sealing strips is from one to three times per hour, and that of apartment C
without sealing strips is from 3 to 10 times per hour. This also explains why the temperature
of household C in Figure 6 is very low.
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Figure 7. CO; concentration in bedroom 1.

Figure 7a shows that the CO, concentration of heated bedroom 1 continues to rise
from 0:00 a.m. to 8:00 a.m. every day. The CO; concentration in the bedroom dropped
significantly when the person left the bedroom during the day. The average concentration
in heated rooms was 1085 ppm, which exceeded the limit of 1000 ppm required in China’s
norm “Indoor Air Quality Standard” GBT18883-2022 [36]. The unheated room had an
average concentration of 686 ppm.

The variation of CO; concentration during the day, Figure 7b shows the situation on
February 11.

CO; concentrations continued to rise from 22:00 the night before to 12:00 the next
day. After 12:00, CO, concentration began to decrease with human activity. The CO,
concentration of household C did not change significantly.

The situation in bedroom 2 is very similar to that in bedroom 1, and thus it is omitted.

(2) Living room

As shown in Figure 8a, compared with the bedroom 1 of household B, the heating
control strategy of household B’s living room is relatively complex. Generally, when the gas
boiler is turned on for heating at around 12:00, the temperature begins to rise significantly.
Then, around 23:00 when the gas boiler heating was turned off, the temperature started to
drop noticeably. However, during this period, the temperature rose and fell significantly,
because people went out and other behaviours to turn off the heating of the gas boiler.

The indoor temperature of the living room of household C was between 6 and 9 °C
when there was no heating, with an average value of 7.6 °C. It is 0.8 °C higher than the
temperature of bedroom 1 because, during the winter vacation, people spent a lot of time
in the living room. Another reason may be that the living room is adjacent to the kitchen,
and its cooking and other behaviours increase the indoor temperature. The temperature of
the living room of household B with heating is 11.8 °C, which is significantly lower than
that of the bedroom. This is because the living room has a large area, many windows and
more infiltrated air.

As shown in Figure 8b, the living room temperature of household B began to rise
after 12:00. The reason is that the resident just got up, went to the living room, and turned
on some heat. Starting at 20:00 at night, the heating power reaches the maximum, and
thus the maximum indoor temperature is reached at 23:00. For the unheated living room
of household C, the indoor air temperature is 6.9 °C, which is only 1 °C higher than the
outdoor temperature of 5.9 °C.
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Figure 8. Thermal environment in the living room.

For the relative humidity, as shown in Figure 8c, the unheated room is close to the
indoor humidity. The humidity of household B with heating is significantly lower than that
of household C without heating, which is still due to the increase in temperature.

Figure 9a shows that the CO, concentration of household B (with boiler heating) is
higher than that of household C (without boiler heating), which is due to the addition of
sealing strips to the windows of household B’s living room, which enhances the airtightness.
However, compared to bedroom 1 (Figure 7), the time with a concentration over 1000 ppm
is much less because the living room has more windows and more infiltrated air.

As shown in Figure 9b, the CO, concentration of household b increased significantly
from 12:00 to 18:00, and its average value obviously exceeded 1000 ppm. CO; levels start
to fall after 6:00 but start to rise again at 9:00.

(3) Energy consumption

In household C (no boiler heating), the power consumption of the electric oven
covered with a quilt (Figure 5¢) is counted through the power socket (Figure 3c). The
energy consumption of household B (boiler heating) is calculated by gas meter, excluding
domestic hot water and cooking gas. For comparison, the gas consumption is converted
into electricity consumption (the conversion factor is 0.342) according to the Source Energy
Conversion Factors in EnergyPlus, and the results are shown in Figure 10. The energy
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consumption of household B in a week was 725 kWh, while household C only used 28 kWh
of electricity, and the ratio of the two was about 19:1.
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Figure 9. CO, concentration in the living room.

700

I Energy consumption
600 -

o

S

3
T

Energy consumption (kWh)
= :
(=]
T

28

Boiler heating No boiler heating
Figure 10. Energy consumption.

3. Building Models
3.1. Building Geometry and Envelope

The model of this apartment is modeled by SketchUp, with a total of six floors and
four households on each floor, as shown in Figure 11. Then, the envelope parameters
are set by OpenStudio, as shown in Table 1. The parameters in the left column of Table 1
are from the architectural drawings. The building was designed to composite” Design
Standard for Energy-saving Residential Buildings in Hot Summer and Cold Winter Areas”
JGJ134-2001. If it is converted into a passive house, its thermal parameters come from the
“Hunan Province Passive Ultra-low Energy Residential Building Energy Saving Design
Standard” DBJ43/T017-2021 [37] and the “Design Standard for Energy Efficiency of Resi-
dential Buildings in Hot-summer and Cold-winter Zone” JGJ134-2010 [38], as shown in the
right column of Table 1. Obviously, the indicators of thermal insulation and airtightness
in the new standard are significantly enhanced. Finally, the model was exported from
OpenStudio V2.9.1 to EnergyPlus V9.2 software for the setting of ventilation and shading
control strategies.
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Bedroom2

Bedroom1

(a) Axonometric view of the entire building (b) Rooms in each household
Figure 11. The apartment model in SketchUp.

The occupations of the two surveyed families are teachers, and they are on winter
vacation. According to the weekend situation in the new standard DBJ43/T017-2021,
settings such as the occupancy rate, utilization rate of electrical equipment, and lighting
turn-on time are shown in Figure 12. Among them, the personnel density is 32 m?/person,
the electrical equipment power density is 8 W/m?, the lighting power density is 5 W/m?,
and the per capita fresh air volume is 30 m3/ (h.p).
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Figure 12. Occupancy rate and equipment power.

3.2. Model Calibration

The temperatures of bedroom 1 in household B from simulation and measurement
are shown in Figure 13. There is a difference between the two in the details, which is due
to the difference between the occupancy rate in the simulation and the actual situation.
Nonetheless, the trends of the two are very similar, and the averages are almost the
same. The simulated temperatures of other rooms are also very close to the measured
temperatures. Coefficient of Variation of the Root-Mean-Square Error (CV[RMSE]) is 22.2%.
Normalized Mean Bias Error (NMBE) is 10.6%.

3.3. Control Strategies for Ventilation and Shading

Natural ventilation is calculated using the airflow network model in EnergyPlus [39].
The infiltration ventilation is mainly carried out through the windows on the outer wall, the
air mass flow exponent is set to 0.667, and the air mass flow coefficient is set to 0.001 kg/s.
The module for the air-conditioning system was the ideal loads air system, which is used
for prediction for building performance but does not require full modelling. The ideal load
air system is usually the only air conditioning component, and the user does not need to
specify the air loop, water loop, etc. [39].
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Figure 13. Simulated and measured temperatures of bedroom 1 in household C.

This study proposes four control strategies:

Control strategy 1, air-conditioning + infiltration wind. The ideal air conditioning
system is chosen for 24-h continuous control of the room. The indoor temperature is main-
tained at 2026 °C, and the windows are closed at all times. When the indoor temperature
is >26 °C, the air conditioner is used for cooling. Heating is started when the indoor
temperature is lower than 20 °C, and the per capita fresh air volume is 30 m3/ (h.p).

Control strategy 2, hybrid ventilation + infiltration wind. It is based on control
strategy 1, which increases natural ventilation. Natural ventilation is performed when the
indoor temperature met the following three conditions: 20 °C < indoor temperature < 26 °C,
indoor temperature > outdoor temperature, and 15 °C < outdoor temperature < 30 °C.

Control strategy 3, hybrid ventilation with adaptive thermal comfort model in ASHRAES5.
Richard et al. [40] proposed that the acceptable mean outdoor temperature is between 10 °C
and 33.5 °C under natural ventilation. Based on the suggestion from Chen et al. [41], the
acceptable indoor operative temperature for 90% of the month was set in Table 2 by the
hybrid ventilation availability manager in EnergyPlus. It can be seen that the local period
from March to November is suitable for hybrid ventilation. When the indoor operative
temperature is within the range in Table 2, natural ventilation is performed. Otherwise, the
window is closed and heating or cooling is performed.

Table 2. Indoor operative temperature for adaptive thermal comfort under natural ventilation, °C.

Month Monthly Mean 90% Acceptance

on Outdoor Temperature  [ower Temperature Limit ~ Upper Temperature Limit
1 5.5

2 6.9

3 10.1 18.4 234
4 16.4 20.4 254
5 21.5 22.0 27.0
6 25.6 23.2 28.2
7 28.5 24.1 29.1
8 27.3 23.8 28.8
9 23.3 225 27.5
10 23.3 225 27.5
11 13.4 194 244
12 7.0

Control strategy 4, automatic sunshade. Based on control strategy 1, the automatic
sunshade of the outer roller blind is added, which is opened when the indoor temperature
is higher than 22 °C from 9:00 a.m. to 5:00 p.m. It has no natural ventilation, but the
infiltration air volume is 0.1 h~1, which is the same as that of control strategy 1.
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3.4. Cases for Simulation

Based on the existing buildings and the four control strategies above, as shown in
Table 3, the following five scenarios are summarized for the energy simulation in the

next chapter.

Table 3. Description of cases for simulation.

. Control Strategy,
. . Insulation of N .
Scenarios Description Envel Infiltration
nvelope and Sunshade
g Control strategy 1
Binggamet  Odedls ain 1
& No shading
. Control strategy 1
Passive apartment New standards, " . 1
Case2 +air-conditioning DBJ43,/T017-2021 Infiltration, 0.1 h
No shading
Passive apartment New standards, Control strategy 2
Case 3

+hybrid ventilation

Passive apartment

DBJ43/T017-2021

New standards,

Infiltration, 0.1 h~!
No shading
Control strategy 3

Case 4 +hybrid ventilation with

Infiltration, 0.1 h!
adaptive thermal comfort

No shading
Control strategy 4
Infiltration, 0.1 h~!
Automatic shading

DBJ43/T017-2021

Passive apartment
Case 5 .
+automatic sunshade

New standards,
DBJ43/T017-2021

4. Simulation Results and Analysis
4.1. Effect of a Passive House

As shown in Figure 14, Case 1 represents an existing building, which is similar to the
apartment investigated above. Case 2 represents a passive house, which is equivalent to
adding thermal insulation and airtightness to Case 1. The heating energy consumption
of Case 1 is 14 times that of Case 2, but the cooling energy consumption of the former is
4% lower than that of the latter. Obviously, the enhancement of thermal insulation and
airtightness is very significant for the reduction of heating energy consumption, but it has
the effect of increasing the cooling energy consumption.
et Pl
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Energy Consumption (kWh/m?)

Heating Cooling

Figure 14. The impact of a passive house on energy consumption, Case 2 (passive apartment +air-
conditioning) vs. Case 1 (existing apartment +air-conditioning).

To further analyse the composition of energy consumption, Figure 15 shows the
monthly average energy consumption of the living room, bedroom 1 and bedroom 2. The
heating energy consumption of the living room dropped significantly in January, February,
March, November and December, with an average drop of 92%. Among them, the heating
energy consumption in April was reduced to 0, which means that the indoor comfortable
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temperature can be maintained completely relying on the thermal insulation of the building
envelope. October’s fall weather temperatures drop significantly, and thus there is a small
amount of heating demand.
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(c) Bedroom 2

Figure 15. Monthly energy consumption, Case 1 (existing apartment + air-conditioning) vs. Case 2
(passive apartment + air-conditioning).
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May, June, September, and October are typical transition seasons in the region, and
their cooling energy consumption rose by 67%. This shows that the building is overheated
due to the enhancement of thermal insulation and airtightness. Even during the hotter
days of November, there was a need for cooling. July and August are the summer months
in the region, and cooling energy consumption dropped by 29%.

The changing trends and proportions of the living room and bedroom 2 are similar, as
shown in Figure 15b,c, respectively.

Therefore, passive house renovation has a significant reduction effect on heating
energy consumption. The cooling energy consumption in summer is slightly lower, but
the overheating in the transition season causes the air conditioning energy consumption to
increase. The combined effect of the two is a slight increase in cooling energy consumption.
Therefore, to solve the problem of the overheating of passive houses, the cooling effect of
hybrid ventilation and automatic shading will be discussed below.

4.2. Hybrid Ventilation

It can be seen from Section 4.1 that, after the enhancement of thermal insulation and
airtightness, the building has overheated, and thus Section 4.2 discusses the energy-saving
effect of adding automatic window ventilation, namely, Case 3. Among them, the apartment
limits the indoor temperature between 20 °C and 26 °C by opening windows for natural
ventilation. Since the trends and proportions of energy consumption changes in the three
rooms are similar, the next analysis is only for the data of bedroom 1, as shown in Figure 16.

B8 Case2 heating B Case3 heating
BB Casc2 cooling B Case3 cooling

Energy consumption (kWh/m?)

~10 L L L L L L L L L L L L
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 16. Monthly energy consumption, Bedroom 1, Case 3 (passive apartment + hybrid ventilation)
vs. Case 2 (passive apartment + air-conditioning).

As seen from Figure 16, compared to Case 2 (passive apartment + air-conditioning),
in Case 3 (passive apartment + hybrid ventilation) in the transition season (May, June,
September, October, and a few days in November), the average energy consumption for
cooling decreased by an average of 72%. Furthermore, in summer (July and August),
the cooling energy consumption decreased by an average of 15%. However, the energy
consumption for heating hardly changed.

To determine the reasons for the cooling energy consumption in the transition sea-
son and summer, we chose two typical months, July (transition season) and September
(summer), and gave the curves of indoor and outdoor temperature changes. As shown
in Figure 17a, the local outdoor temperature in July was much higher than 26 °C, and the
temperature was lower than 26 °C on only a few days. Therefore, the indoor temperature
of the two cases is higher than 26 °C most of the time, and the natural ventilation cooling
potential is very small.
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Figure 17. Hourly temperature, Bedroom 1, Case 2 (passive apartment + air-conditioning) vs. Case 3
(passive apartment + hybrid ventilation).

As shown in Figure 17b, the outdoor temperature was lower than 26 °C more than 50%
of the time in September, and thus the ventilation cooling potential was obvious. The aver-
age temperature of Case 3 is 1.5 °C lower than that of Case 2 after using hybrid ventilation.

According to statistics, the annual cooling energy consumption of the entire house is
reduced by 43% on average. The Section 4.3 advances the discussion of larger temperature
ranges when considering adaptive thermal comfort.

4.3. Hybrid Ventilation with Adaptive Thermal Comfort

According to the statistics of Richard et al. [39], the thermal comfort range of the
human body under natural ventilation is significantly larger than that in an air-conditioned
environment or heating environment. Case 4 uses the temperature range for adaptive
thermal comfort in ASHRAES5S. As shown in Figure 18, the average energy consumption
for cooling during the transition season (May, June, September, October, and a few days in
November) decreased by an average of 90%. Furthermore, in summer (July and August),
the cooling energy consumption dropped by an average of 76%. Even in winter, heating
energy consumption dropped by 24%. Obviously, this is due to the broadening of the
temperature range.
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Figure 18. Monthly energy consumption, Bedroom 1, Case 4 (passive apartment + hybrid ventilation
with adaptive thermal comfort) vs. Case 2 (passive apartment + air-conditioning).
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Figure 19 shows the indoor and outdoor dry bulb temperatures for bedroom 1 in
summer (July) and in the transition season (September). Figure 19a shows that in July,
the indoor temperature of Case 4 was higher than 26 °C but less than 30 °C. The average
temperature of Case 4 was 1.9 °C higher than that of Case 2.
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Figure 19. Hourly temperature, Bedroom 1, Case 4 (passive apartment + hybrid ventilation with
adaptive thermal comfort) vs. Case 2 (passive apartment + air-conditioning).

As shown in Figure 19b, in September, the cooling effect of Case 4 was more obvious,
which was 1.5 °C lower than that of Case 2. Compared to Case 3, Case 4 makes full use of
natural ventilation for cooling.

In summary, the annual cooling energy consumption drops even more when the
temperature range is the natural ventilation thermal comfort temperature range.

4.4. Automatic Sunshade

In addition to ventilation, shading is another means of eliminating overheating in
a building. On the basis of Case 2, Case 5 adds an automatic sunshade. As shown in
Figure 20, in bedroom 1, the energy consumption of Case 5 is reduced compared to that of
Case 2 in the transition season and summer, and the reduction is 22.7%.
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Figure 20. Monthly energy consumption, Bedroom 1, Case 5 (passive apartment + automatic sun-
shade) vs. Case 2 (passive apartment + air-conditioning).
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As shown in Figure 21, the average temperature drops of Case 5 under shading
control in summer (July) and the transitional season (September) were 0.05 °C and 0.07 °C,
respectively, compared to Case 2.
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Figure 21. Hourly temperature, Case 5 (passive apartment + automatic sunshade) vs. Case 2 (passive
apartment + air-conditioning).

After calculation, the annual cooling energy consumption of the entire apartment
has been reduced by 17%. Thus, shade-controlled automatic shades have some cooling
potential but are not as good as hybrid ventilation locally.

4.5. Airflow Rate

As shown in Figure 22, the monthly ventilation volumes of Case 1, Case 2, Case 3, and
Case 4 are drawn on a graph, as shown in 22. Compared to the existing building (Case 1),
the ventilation volume of the passive house (Case 2) is reduced by one tenth. After the
use of hybrid ventilation (Case 3), the ventilation volume increased significantly in the
transition season and summer. When considering the adaptive thermal comfort of natural
ventilation (Case 4), the fresh air volume is further increased. However, ventilation is still
low during the four winter months.
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Figure 22. Monthly airflow rate, Bedroom1, Case 1 vs. Case 2 vs. Case 3 vs. Case 4.
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5. Discussion

This paper first investigates the indoor thermal environment of two existing apartment
buildings in winter. Two typical heating models in the existing building were investigated.
One is high energy consumption and not warm enough, and another is low energy con-
suming but cold. The survey data show that the average indoor temperature is only 6.8 °C
in the apartment without boiler heating. When there is boiler heating, the average tempera-
ture can only reach 16.2 °C. This shows that the thermal insulation and airtightness of the
existing buildings are very poor.

Based on the survey data, this study established a similar model (Case 1) in Energy-
Plus and enhanced the thermal insulation and airtightness of the envelope (Case 2). The
predicted results show that when the thermal insulation and airtightness of the envelope
structure are enhanced, the heating energy consumption in winter is reduced by 93%. How-
ever, the energy consumption of cooling in the summer and transitional seasons increased
by 4%. This shows that the building has overheating problems, which came from the side
effect of strengthening the thermal insulation and airtightness.

The overall energy consumption is reduced by 62%, which is similar to the results
obtained in the Qingdao passive house located in a cold region of China (with an annual
energy efficiency improvement of about 69% compared to current standards) [4]. In the
concept of optimized passive house located in Brazil, the energy demand can be reduced
by 55% to 83% [6]. If the passive house model in this study is optimized, further energy
saving potential can be achieved.

As for the problem of overheating, we have adopted hybrid ventilation measures
to solve it. When the indoor temperature range is set to 18-26 °C (Case 3), the cooling
energy consumption can be reduced by approximately 40% compared to Case 2. When the
temperature range is set in the thermal adaptation range (Case 4, approximately 10-33 °C),
the cooling energy consumption can be reduced by 81% compared to Case 2.

Proof in reality is that the occupants need to turn on the air conditioner to cool down
the house during the transition season in another apartment that has been converted into a
passive house. In fact, according to our living experience in these areas of China named
hot-summer and cold-winter, people are very accustomed to natural ventilation by opening
windows. The reason for overheating was that the openable area on the windows was too
small, which caused complaints from residents, as shown in Figure 23. These overheating
phenomena and complaints are similar to findings in the literature [7-9].

—

Figure 23. The openable area of the window is very small in a local passive house for experiments.
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In addition, the case of an automatic sunshade (Case 5) is also discussed. The results
show a reduction in cooling energy consumption of approximately 17% relative to Case 2.
Shading has a certain cooling effect, but it is not as good as natural ventilation by 76%.

In summary, the energy-saving effect of passive house technology in China’s hot-
summer and cold-winter regions is mainly reflected in winter. In the summer and tran-
sitional seasons, natural ventilation and shading are required for cooling; otherwise, the
building will overheat.

Limitations of this study: The heat transfer coefficient and airtightness settings of the
envelope are too simplified, and only two types of hybrid ventilation strategies and one
shading control strategy are simulated. The effect of heat recovery is not discussed in this
paper, and more field measurements are needed to validate the predictions. This article is a
case study, the parameters are also approximate, and the results may have certain errors.
Nonetheless, the simulated energy efficiency rate of change is similar to the real situation.
The results provide a basic direction for local passive house reconstruction and provide
a reference for the construction of passive houses in similar climate regions throughout
the world. As a preliminary study, we have only made a short-term simulation forecast,
and the conversion of apartments to passive houses is in progress. Due to the difficulty in
adding too thick of an insulation structure in old buildings and the difficulty in ensuring
air tightness during construction, the renovation of passive houses may not reach the level
predicted by simulation. In the next step, we will study the renovated passive houses.
Additionally, we try to simulate and predict the optimal envelope structure in the region
through sensitivity analysis to reduce energy consumption.

6. Conclusions

In China’s hot-summer and cold-winter areas, there is a large number of old apart-
ments. Upon converting them into passive houses, the energy saving potential is still
unknown. This study investigated the existing apartment building and then simulated the
energy saving potential of the building with enhanced thermal insulation and airtightness
through EnergyPlus. The results show the following;:

1.  The thermal insulation and airtightness of the existing local apartments are very
poor. Enhancing the thermal insulation and airtightness of doors and windows can
significantly reduce the energy consumption in winter by 62% overall. However,
overheating will occur in transitional seasons and summer, which will increase the
energy consumption for cooling.

2. Hybrid ventilation can solve the problem of overheating well, especially considering
the adaptive comfort range for natural ventilation. The energy consumption will
reduce by 81% overall.

3. Automatic shading has a certain cooling effect by 17% reducing of energy consumption
of cooling, but it is lower than ventilation cooling by 76% reducing.

In future research, we will conduct measurements in an apartment which has just
been refurbished as passive house to determine air quality, thermal comfort, and energy
consumption in this area, and study the optimum level of the thermal insulation for the
retrofit building.
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Abstract: With the goal of carbon peak and carbon neutrality, fossil energy is becoming increasingly
exhausted. Optimizing energy structure and saving energy and reducing consumption are the top
priority. With the rapid development of modern science and technology, vacuum refrigerator has been
greatly applied and popularized in various fields, such as food production, medicine and biology.
However, in the actual operation process, the energy consumption of vacuum refrigerator is high,
which does not meet the concept of energy conservation and environmental protection. The inner
and outer push—pull structure of the sealing door makes it occupy too much space when opening the
door, which is very inconvenient. In this paper, a vacuum refrigeration energy-saving device and
the TRNSYS 16 software are used to simulate the energy-saving device. The results show that the
device can reduce the number of vacuum refrigeration pumps and greatly reduce the loss of energy
consumption. In addition, the new sealing door structure can also reduce the space occupied during
its expansion and improve the utilization of space.

Keywords: carbon peak; carbon neutrality; energy consumption; vacuum refrigerator; sealing door;
TRNSYS 16

1. Introduction

In January 2021, at the dialogue meeting of “Davos agenda” of the world economic
forum, China proposed to accelerate the adjustment and optimization of industrial structure
and energy structure, advocate a green and low-carbon way of production and life, and
strive to reach the peak of carbon dioxide emission by 2030 and achieve carbon neutrality
by 2060 [1]. At present, China is still the largest energy consumer in the world, and energy
consumption is the main carbon dioxide emission source in China [2], accounting for about
88% of all carbon dioxide emissions [3]. With the massive consumption of energy, the
energy problem has become one of the common concerns of people. Energy resources
are an important material basis for people’s survival and development in society [4]. The
utilization and development of energy is related to the development of the whole national
economy and the production and life of human beings [5]. Therefore, how to effectively
use energy and save energy is the focus of attention now.

Vacuum refrigerators are widely used in vacuum coating, surface treatment, opto-
electronics, aerospace, Shi Ying crystals, solar collector tubes, scientific research institutes,
biopharmaceuticals, food production, electronic industry, metal processing and other in-
dustries [6,7]. A vacuum refrigerator is a piece of refrigeration equipment equipped for
vacuum system, which can provide cold source. It has the following characteristic: fast
adsorption of water, oil and steam, which can shorten the extraction time by 60-90% and in-
crease the production capacity of the existing vacuum system by 20% to 100%, etc. Roughly
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speaking, vacuum means that the air pressure in a region is much less than the atmo-
spheric pressure. The energy consumption of processing is the main problem of vacuum
freeze-drying technology at present, so it also increases the production cost. Zhou et al. [8]
of Shanghai University of Engineering Science put forward that a freeze-dryer system
using solar absorption refrigeration in combination with buildings can effectively reduce
energy consumption. Through the solar absorption refrigeration system, the cold energy
is supplied to the freeze-dryer and buildings at the same time, so that the cold energy
can be used step by step. Zhang et al. [9] of Zhejiang University think that the traditional
freeze dryer has high running cost and high energy consumption, which limits the wide
application of freeze-drying technology. They put forward a freeze dryer based on a closed
regeneration loop of hygroscopic solution, made thermodynamic analysis and concluded
that the new freeze dryer has high energy saving potential in a wide operating range.
Liu et al. [10] of Xi’an Jiaotong University established a mathematical model for exergy
analysis of freeze-drying process. The model considered five operations: freezing, primary
drying, secondary drying, steam condensation and vacuum pumping, among which the
energy consumption loss under freezing and vacuum operation was low. Luo et al. [11]
of Shandong Jianzhu University analyzed the energy saving of food freeze-drying, which
provided a theoretical basis for how to carry out pretreatment and pre-freezing in the
process of freeze-drying and how to control temperature and pressure to shorten the drying
time. Rahman et al. [12] of University of Sharjah developed a new air freeze-drying system,
evaluated its parameters and compared the drying characteristics and physical quality
between vacuum freezing and traditional AFD. The results showed that the system was a
suitable and feasible alternative without affecting the quality. Through the vacuum cooling
experiment, Han Houde [13] of Shanghai Maritime University obtained that the power
consumption of compressor, vacuum pump and other equipment accounted for 68%, 18%
and 14% of the total energy consumption respectively and pointed out that about 10 min
after the flash, if the compressor was unloaded by 25%, the total energy consumption of
the unit could be reduced by about 8%. Several small capacity vacuum pumps are selected
for the vacuum device, which are all put into operation before flash, accelerate the vacuum
pumping rate, shorten the no-load operation time of the compressor, save the total energy
consumption of the compressor, reduce the number of vacuum pumps put into operation
after flash and reduce the total energy consumption of the vacuum pump.

However, in the existing studies, there is little research on vacuum freeze-drying
driven by a single vacuum refrigeration pump. In the prior art, each vacuum freezer
has a separate refrigeration system [14], and when multiple vacuum freezers need to be
used at the same time, multiple refrigeration systems need to be equipped at the same
time, which leads to higher energy consumption [15]. The market application of vacuum
freeze dryer has been seriously hindered by the production projects with high energy
consumption in the world, and many environmental problems have followed, which do not
conform to the concept of energy conservation and environmental protection. Therefore, it
is necessary for us to analyze the energy consumption of vacuum freezers to reduce the
energy consumption as much as possible [16]. In addition, the sealing doors of general
vacuum refrigerators are of push—pull structure inside and outside, which easily occupies
a large space when opening the door. Especially in places where the installation space
of vacuum refrigerators is limited, the push—pull design of sealing doors [17] inside and
outside is very inconvenient to use. Therefore, the research focus of this paper is to study
and analyze the energy consumption optimization of a vacuum refrigerator energy-saving
device which only needs a single vacuum refrigeration pump to realize the refrigeration
of multiple vacuum refrigerators at the same time. This energy-saving device can reduce
the use of vacuum refrigeration pumps [18], optimize the system configuration, effectively
reduce its energy consumption and achieve the environmental protection concept of energy
saving and emission reduction.

The general idea of this paper is: according to the analysis of the total energy consump-
tion of the vacuum refrigerator, the energy-saving transformation of the general vacuum
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refrigerator with high energy consumption in the actual operation process is carried out,
and a new energy-saving device which can use a single vacuum refrigeration pump to drive
multiple vacuum refrigerators through the air-conditioning transmission box is designed.
Furthermore, the simulation connection diagrams of four schemes are simulated and de-
signed by TRNSYS 16 software for comparison, setting the simulation parameters and the
simulation running time to 8760 h (i.e., one year) for energy consumption analysis and
comparison and finally obtaining the results. At the same time, the sealing door structure
of the vacuum refrigerator device is creatively designed. The flexible movement of the
sealing door is realized through the design of the box door locking mechanism and the
box locking mechanism, which can effectively reduce the occupied space and improve the
space utilization rate.

2. Energy Consumption of Refrigeration System of Vacuum Refrigerator

The vacuum freezer is the key piece of equipment for the production of freeze-
dried preparations, and the refrigeration system is one of the key systems of the vacuum
freezer [19]. The refrigeration system mainly provides the low temperature required by
freeze drying for the vacuum refrigerator in normal production. The physical state of the
refrigerant changes through the action of the compressor, so as to absorb the external heat
or release its own heat and achieve the effect of low temperature control.

The measurement of energy consumption of refrigeration system is mainly carried out
from the following two aspects [20]: one is the measurement of refrigeration capacity, that
is, the measurement of refrigeration capacity produced by refrigerator; the second is the
measurement of energy consumption, that is, the energy consumed by the refrigerator to
produce these cold quantities. Through the test results of refrigerating capacity and energy
consumption, the working condition of the refrigerator is analyzed, and the factors leading
to higher energy consumption of the refrigerator in operation are found. The refrigeration
system is diagnosed and measures are taken to make the refrigerator run with energy
saving and high efficiency.

The measuring method of refrigerating capacity of refrigeration unit is to measure the
flow rate of cold water and the temperature of inlet and outlet and calculate the refrigerating
capacity by the following Formula (1) [21]:

Qo = cm(tiy — tout) €]

Qo—refrigeration capacity produced by refrigerator, (kW);

c—specific heat capacity of cold water, (kJ/(kg-°C));

m—cold water flow, (kg/s);

tip—cold water inlet temperature of refrigerator, (°C);

tour—cold water outlet temperature of refrigerator, (°C).

The energy consumption of the refrigerator is calculated according to the follow-
ing Formula (2) by measuring or reading the current, voltage and power factor of the
refrigerating unit:

P = Ulcosg 2)

P—power consumption of refrigerator, (kW);

U—ac voltage value, (V);

[—ac current value, (A);

cosgp—power factor.

Among them, ac voltage is measured by voltmeter on distribution cabinet; ac current
is measured by ammeter on distribution cabinet; and power factor is measured by power
factor meter.

In the proportion of total energy consumption of vacuum refrigerator, the power
consumption of compressor, vacuum pump and other equipment accounts for about 68%,
18% and 14% of the total energy consumption respectively [13]. From the above analysis,
it can be seen that the compressor and vacuum refrigeration pump are the main energy
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consumption parts. Therefore, the current main energy-saving measures are mainly aimed
at the compressor and vacuum refrigeration pump. The adjustment of cooling capacity
and energy consumption of vacuum refrigeration pump can be achieved by controlling
the pumping speed of vacuum refrigeration pump or the number of vacuum refrigeration
pumps. Therefore, the following will introduce a new energy-saving device of vacuum
refrigerator to explore the impact of the number of vacuum refrigeration pumps on the
total energy consumption of vacuum refrigerator.

3. A Novel Energy-Saving Device of Vacuum Refrigerator

In this paper, an energy-saving device of vacuum freezer is introduced, which can
realize refrigeration of multiple vacuum freezers at the same time with only one vacuum
refrigeration pump. The energy-saving device has applied for Chinese patent (national
application number: CN202110091271.2), and its structure diagram is shown in Figure 1.
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Figure 1. Energy saving device of vacuum refrigerator. 1—base, 2—vacuum freezing storage tank,
3—cold air conveying box, 4—vacuum refrigeration pump, 5—sealing door, 6—conveying pipe,
7—air duct.

3.1. Composition of Energy-Saving Device

The energy-saving device of vacuum refrigerator is shown in Figure 1. The energy-
saving device consists of a base, a cold air delivery box, a vacuum refrigeration pump, a
delivery pipe and an air duct and a number of vacuum refrigeration storage tanks, etc.

The device comprises a base. The upper surface of the base is fixedly connected with
a vacuum freezing storage tank in a circumferential direction. The center of the upper
surface of the base is fixedly connected with a cold air conveying box. A conveying pipe is
arranged at the top of the cold air conveying box. One end of the conveying pipe penetrates
through the inner wall of the vacuum freezing storage tank. A vacuum pump is fixedly
arranged on the upper surface of the base. The output end of that vacuum pump is fixedly
connected with an air duct. A first mounting plate is symmetrically fixed on the outer wall
of the vacuum freezing storage tank. One side of that first mount plate is provided with a
mounting groove. A sealing door is clamped inside the installation groove.
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3.2. Connection Mode of Energy-Saving Device Components

The connection mode of each component is as follows: a cold air delivery box is
arranged at the center of the base. A vacuum refrigeration pump is arranged on the base
and connected with the cold air delivery box through an air duct. A number of vacuum
freezing storage tanks are circumferentially distributed on the base around the outside of
the cold air conveying tank, and each vacuum freezing storage tank is connected with the
cold air conveying tank through a conveying pipe.

3.3. Specific Embodiments of Energy-Saving Devices

In this embodiment, it is preferred that the base is in the shape of a disc, the cold air
conveying box is arranged at the center of the disc, one end of the air duct is connected
with the top of the cold air conveying box and the other end is connected with the vacuum
freezing storage tank. The cold air in the cold air conveying box can be transmitted to each
vacuum freezing storage tank to realize the low temperature control inside the vacuum
freezing storage tank. As shown in Figure 1, there are four vacuum freezing tanks, which
are evenly distributed near the edge of the disc. The vacuum refrigeration pump is installed
on the upper surface of the base and communicates with the cold air delivery box through
an air duct. In this embodiment, it is further preferred that both the cold air delivery box
and the vacuum freezing storage tank are provided with insulation layers.

As shown in Figure 2, in which Figure 2a is a schematic side view of the energy-saving
device of the vacuum freezer with the sealing door closed, we can see the base located
below, and the sealing door is arranged on the outward side of the vacuum freezer tank.
Figure 2b is a partially enlarged schematic diagram of the area A in Figure 2a, which is
a part of the box locking mechanism. The area A is arranged on the vacuum freezing
storage tank and includes a positioning plate, a first mounting plate perpendicular to the
positioning plate, a second mounting plate parallel to the positioning plate and a limit clip
passing through the mounting plate.

@

(@) (b)

Figure 2. Schematic side view of energy saving device of vacuum refrigerator. (a) schematic side
view of energy-saving device of vacuum freezer with closed sealing door; (b) partial enlarged
schematic diagram of area A. 1—limit clip, 2—first mounting plate, 3—second mounting plate,
4—positioning plate.
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As shown in Figure 3, in which Figure 3a is a structural schematic diagram of the
energy-saving device of the vacuum freezer without the sealing door, we can clearly see
the situation inside the vacuum freezer. It can be seen that the chute is composed of an
annular chute (a section of arc chute) which is arranged outside the vacuum freezing
storage tank and runs along the circumferential direction of the cold air delivery tank,
and a radial chute which is arranged between the outward side of the vacuum freezing
storage tank and the annular chute. Furthermore, preferably, one end of the circumferential
chute is located in front of the outward side of the vacuum freezing tank, and the radial
chute is connected with the end of the circumferential chute. Figure 3b is a partially
enlarged schematic diagram of area B in Figure 3a, which is also a part of the box locking
mechanism. The area B is arranged on the vacuum freezing storage tank and includes a
first mounting plate perpendicular to the positioning plate and a second mounting plate
parallel to the positioning plate. The first mounting plate is provided with a mounting slot
for the positioning plate to pass through, and the second mounting plate is provided with
a second limiting hole.

(a) (b)

Figure 3. Schematic diagram of the structure of the energy-saving device of the vacuum refrigerator
(the sealing door is not shown). (a) Structural schematic diagram of the energy-saving device of
the vacuum freezer without the sealing door; (b) partial enlarged schematic diagram of area B.
1—circumferential chute, 2—radial chute, 3—first mounting plate, 4—mounting groove, 5—second
mounting plate, 6—second limiting hole.

As shown in Figure 4, in which Figure 4a is a schematic diagram of the front structure
of the sealing door, it is preferred that the sealing door is composed of a sealing door
body for sealing with the vacuum freezing storage tank and support plates symmetrically
arranged on both sides of the sealing door body. This constitutes a door locking mechanism,
which includes a positioning plate and a first limiting hole provided on the positioning
plate. Figure 4b is a left structural diagram of the sealing door, which is also a part of the
locking mechanism of the box body. Preferably, the chute assembly consists of a chute
arranged on the base and a limit slider arranged at the bottom of the sealing door and
slidably connected with the chute. Further, it is preferable that the sealing door body is
filled with an insulating layer, as shown in Figure 4c,d.
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(a) (b)

(©) (d)

Figure 4. Schematic diagram of related structure of sealing door. (a) Front view; (b) side view;
(c) interior view; (d) top view. 1—support plate, 2— positioning plate, 3—first limit hole, 4—limit
slider, 5—insulation layer.

From the above Figures 14, it can be seen that the sealing door is arranged on the
outward side of the vacuum freezing storage tank, and the sealing door can move in the
circumferential direction relative to the cold air delivery tank on the base through the
chute assembly to realize opening and closing and can be locked with the vacuum freezing
storage tank in the closed state through the locking assembly. Preferably, the locking
assembly comprises door locking mechanisms arranged on two supporting plates and box
locking mechanisms symmetrically arranged on both sides of the vacuum freezing storage
tank and matched with the door locking mechanisms. The locking assembly also includes a
limiting clip penetrating through the first limiting hole and the second limiting hole (from
top to bottom), which is used for realizing the stable attachment between the sealing door
and the vacuum freezing storage tank.
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3.4. Working Principle of Energy-Saving Device

In use, the samples to be stored are placed in each vacuum freezing storage tank, and
then the sealing door slides along the circumferential chute. When the limit slider at the
bottom of the sealing door slides along the circumferential chute to the radial chute, the
sealing door is pushed along the radial chute toward the vacuum freezing storage tank
until the positioning plate on the sealing door is inserted into the mounting groove on
the first mounting plate. At this time, the first limiting hole is just opposite to the second
limiting ole, and the limiting clip is inserted into the first limiting hole and the second
limiting hole, so that the sealing door is fixedly installed on the vacuum freezing storage
tank and the interior of the vacuum freezing storage tank is insulated. When all the vacuum
freezing storage tanks are in a sealed state, the vacuum refrigeration pump is started, and
the cold air in the cold air conveying box is delivered to each vacuum freezing storage tank
through a number of delivery pipes.

4. Simulation Design of Energy Saving Device

In order to analyze the energy-saving effect of the vacuum refrigerator energy-saving
device, this paper adopts the software TRNSYS [22] developed by the Solar Energy Labora-
tory of the University of Wisconsin in the United States. Among them, TRNSYS 16 version
is used in this paper.

4.1. Simulation Modeling of Energy-Saving Device of Vacuum Freezer

Using TRNSYS 16 real-time simulation software, this energy-saving device is simu-
lated throughout the year. In order to make a better comparison and get the results, we
designed four schemes. The four schemes are as follows: in Scheme 1, a group of absorption
refrigeration units corresponds to a single vacuum refrigeration pump; in Scheme 2, one
set of absorption refrigeration units corresponds to four vacuum refrigeration pumps; in
Scheme 3, two groups of absorption refrigeration units correspond to a single vacuum
refrigeration pump; in Scheme 4, a group of absorption refrigeration units corresponds to
two vacuum refrigeration pumps.

The TRNSYS 16 simulation connection diagram is constructed according to the struc-
ture shown in Figure 1. This is the first scheme, which has a set of absorption refrigeration
units and a single vacuum refrigeration pump, and the simulation connection diagram is
shown in Figure 5.
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Time start-stop Cooling return pump Cooling tower

Figure 5. Scheme 1: simulation connection diagram of energy-saving device of vacuum refrigerator.
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As shown in Figure 5, the blue road map is the refrigerant water road map, the red
road map is the cooling water circulation road map and the rest of the dotted lines are the
data output routes.

In order to reflect the energy-saving characteristics of this device, a simulation connec-
tion diagram of the control device is constructed according to the same principle. This is the
second scheme, which has a set of absorption refrigeration and four vacuum refrigeration
pumps, and its simulation connection diagram is shown in Figure 6.
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Figure 6. Scheme 2: simulation connection diagram of control device.

Then, the simulation connection diagram of Scheme 3 and Scheme 4 is constructed.
Scheme 3 has two groups of absorption refrigeration units and a single vacuum refrigeration
pump, and its simulation connection diagram is shown in Figure 7 below. Scheme 4 has a set
of absorption refrigeration units and two vacuum refrigeration pumps, and its simulation
connection diagram is shown in Figure 8 below.
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Figure 7. Scheme 3: simulation connection diagram of a single vacuum refrigeration pump.
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Figure 8. Scheme 4: simulation connection diagram of two vacuum refrigeration pumps.

4.2. Simulation Parameter Setting

The absorption refrigeration unit used in this paper is lithium bromide water absorp-
tion refrigeration unit. Because the selection of lithium bromide absorption refrigeration
unit should consider the refrigerant itself and the cooling capacity loss of water system,
it should generally be 10-15% larger than the calculated cooling load of air conditioning.
To simulate the energy-saving effect of vacuum refrigeration pump, through the online
survey data and referring to the model parameters of units on the market, this paper takes
xz-30 refrigeration unit as the cooling supply of the simulation system. In the simula-
tion connection diagrams shown in Figures 5-8 above, the refrigerating capacity of the
absorption refrigeration unit is 348.8 kW, and the evaporation consumption is less than
900 kg/h. So the rated COP value is set to 2.58, and the inlet temperature of cooling water
is 32 °C; the flow rate of refrigerant water and cooling water is set at 90,000 kg/h. Each
absorption refrigeration unit is equipped with one cooling tower, the maximum flow rate is
324,000 m®/h and the maximum power of fans is 7.5 kW. The rated power of each vacuum
refrigeration pump is set to 15 kW, and the rated power of the cooling water return pump
is also set to 15 kW. The time start/stop device controls the start/stop state of the vacuum
refrigeration pump and the cooling water return pump and is set to work from 10:00 a.m.
to 10:00 p.m. every day.

4.3. Selection of Simulation Module

In this paper, the absorption refrigeration unit adopts type-107, the vacuum refrigera-
tion pump and cooling circulating water pump adopt type-114, the vacuum refrigeration
storage tank adopts type-682, the time starter and stop adopts type-14 h, the real-time
display and power adopt type-65c, the cooling tower adopts type-51b and the type-11 h is
the combined three-way valve, which is used to transfer the chilled water in the absorption
refrigeration unit. Furthermore, the shunt flows through the vacuum freezing storage tank
and then recombines together to achieve the purpose of chilled water circulation.

4.4. Simulation Running Results

The running time of the simulation connection diagram of this energy-saving device
is set to 8760 h (i.e., one year), and the daily working time is from 10:00 a.m. to 10:00 p.m.
TRNSYS 16 software can generate the following simulation data diagram by clicking the run
button through the simulation module adopted by the user and the set parameter values.
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Rated Power
— Rated

According to the simulation Scheme 1 of TRNSYS 16 software, when the rated power
of a vacuum refrigeration pump is 15 kW, it can be concluded that the annual cumula-
tive energy consumption of a group of absorption refrigeration units corresponding to
a single vacuum refrigeration pump is 54,750 kWh, as shown in Figure 9. At the same
time, it can be concluded that the annual refrigerating capacity of a single vacuum
refrigeration pump is 32,400 kW, as shown in Figure 10.
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Figure 9. Scheme 1: annual cumulative energy consumption of a single vacuum refrigeration pump
(unit: KWh).
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Figure 10. Scheme 1: annual cooling capacity of a single vacuum refrigeration pump (unit: kW).

2.

According to the simulation Scheme 2 of TRNSYS 16 software, when the rated power
of one vacuum refrigeration pump is 15 kW, that is, the total power of the four vacuum
refrigeration pumps is 60 kW, it can be concluded that the annual cumulative energy
consumption of a group of absorption refrigeration units corresponding to the four
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vacuum refrigeration pumps is 219,000 kWh, as shown in Figure 11. At the same
time, it can be concluded that the annual refrigerating capacity of several vacuum

refrigeration pumps is 64,800 kW, as shown in Figure 12.

Figure 11. Scheme 2: annual cumulative energy consumption of several vacuum refrigeration pumps
(unit: KWh).
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Figure 12. Scheme 2: annual cooling capacity of several vacuum refrigeration pumps (unit: kW).

3. According to the simulation Scheme 3 of TRNSYS 16 software, when the rated power
of a vacuum refrigeration pump is 15 kW, it can be concluded that the annual cumula-
tive energy consumption of two groups of absorption refrigeration units correspond-
ing to a single vacuum refrigeration pump is 54,750 kWh, as shown in Figure 13. At
the same time, it can also be concluded that the annual refrigeration capacity of a
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single vacuum refrigeration pump is 64,800 kW, and its refrigeration capacity is the
sum of refrigeration capacity 1 and refrigeration capacity 2, as shown in Figure 14.
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Figure 13. Scheme 3: annual cumulative energy consumption of a single vacuum refrigeration pump
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Figure 14. Scheme 3: annual cooling capacity of a single vacuum refrigeration pump (unit: kW).

4.

According to the simulation Scheme 4 of TRNSYS 16 software, when the rated power
of one vacuum refrigeration pump is 15 kW, that is, when the total power of the two
vacuum refrigeration pumps is 30 kW, it can be concluded that the annual cumulative
energy consumption of a group of absorption refrigeration units corresponding to the
two vacuum refrigeration pumps is 109,500 kWh, as shown in Figure 15. At the same
time, it can be concluded that the annual refrigerating capacity of several vacuum
refrigeration pumps is 64,800 kW, as shown in Figure 16.
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Figure 16. Scheme 4: annual cooling capacity of two vacuum refrigeration pumps (unit: kW).

4.5. Analogue Data Analysis

According to the above Figures 9-16, in Scheme 1, when a single vacuum refrigeration
pump works all year round at rated power of 15 kW, the accumulated energy consumption
is 54,750 kWh, and the refrigerating capacity provided by a single vacuum refrigeration
pump is 32,400 kW. In Scheme 2, it can be seen from the data diagram that several vacuum
refrigeration pumps work all year round at rated power of 15 kW, that is, when the total
power is 60 kW and the accumulated energy consumption is 219,000 kWh. On average,
the accumulated energy consumption of many vacuum refrigeration pumps is the same
as that of a single vacuum refrigeration pump, but the refrigerating capacity of many
vacuum refrigeration pumps is 64,800 kW, and the average refrigerating capacity of each
vacuum refrigeration pump is 16,200 kW, which is 50% less than that provided by a single
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vacuum refrigeration pump when working. Scheme 3 also works in the whole year with
the rated power of 15 kW, and the accumulated energy consumption is 54,750 kWh, but
in this scheme, when two absorption refrigeration units correspond to a single vacuum
refrigeration pump, the refrigeration capacity provided by them is 64,800 kW. In Scheme 4,
two vacuum refrigeration pumps work at rated power all year round, and the accumulated
energy consumption is 109,500 kWh. Compared with Scheme 2, the refrigeration capacity
provided is also 64,800 kW. The difference is that Scheme 4 can provide refrigeration for
four vacuum refrigeration tanks.

Therefore, under the same energy consumption, the same load conditions and the
same power and energy consumption, when a number of refrigeration pumps operate,
the refrigeration capacity provided by a single refrigeration pump is worse than that
provided by a single refrigeration pump. This causes some of the refrigeration pumps
to be in a working state of wasting energy consumption, resulting in excessive energy
consumption, unnecessary consumption and increased operation cost. Therefore, under
the same circumstances, using a single vacuum refrigeration pump can reduce the use of
vacuum refrigeration pumps, thus reducing the number of vacuum refrigeration pumps
put into operation, reducing the energy consumption of vacuum refrigeration pumps,
effectively reducing the total energy consumption loss of the energy-saving device and
finally achieving the effect of energy saving and emission reduction.

5. Discussions

1. According to the simulation of the whole-year operation of the energy-saving device
of the vacuum refrigerator by TRNSYS 16 software, it can be seen from the simulated
data that compared with the original existing technology, when the rated power is
15 kW, the energy consumption accumulated by a single vacuum refrigeration pump
in the whole year is the same as that accumulated by each vacuum refrigeration
pump averaged by a number of vacuum refrigeration pumps, which is 54,750 kWh.
However, the refrigerating capacity of a single vacuum refrigeration pump is 50%
higher than the average refrigerating capacity of each vacuum refrigeration pump,
which is 32,400 kW. Therefore, the vacuum freezer avoids the waste of energy taste
and can achieve the effect of saving energy and reducing consumption.

2. Comparing the third scheme with the first scheme, it can be seen that when a single
vacuum refrigeration pump corresponds to two refrigeration units, the refrigeration
capacity provided is 64,800 kW, and cold air is provided for four vacuum refrigeration
tanks. For comparison, Scheme 1 of two groups need two vacuum refrigeration
pumps to supply cold air to four vacuum refrigeration tanks. It can be seen from
the comparison between Scheme 1 and Scheme 3 that only one vacuum refrigeration
pump is needed in Scheme 3 to supply refrigeration to four vacuum refrigeration
storage tanks, which effectively reduces the use of vacuum refrigeration pumps and
greatly reduces the energy consumption in operation.

3.  Comparing Scheme 4 with Scheme 2, in Scheme 4, only two vacuum refrigeration
pumps are needed, which can provide refrigeration for four vacuum refrigeration
storage tanks under the condition of reaching the same refrigeration capacity of
64,800 kW. So it can be seen that in Scheme 2, two of the four vacuum refrigeration
pumps operating all year round are in a no-load state, which undoubtedly increases
the operation energy consumption and working cost. However, there is also a problem
in Scheme 4 that the average distribution of refrigeration capacity of each vacuum
freezing storage tank is not as much as that in Scheme 2, which may result in the
technological requirements of frozen materials not being able to be met. Therefore,
the relationship between advantages and disadvantages in Scheme 4 still needs to be
judged separately.

4. Intoday’s technology, each vacuum refrigerator, i.e., vacuum refrigeration storage
tank, has a separate refrigeration system. However, when multiple vacuum refrigera-
tion storage tanks are required for production at the same time, multiple refrigeration
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systems need to be independently connected with multiple vacuum refrigeration
pumps to transport chilled water to achieve the purpose of refrigeration. In this way,
increasing the use of multiple refrigeration pumps will lead to high energy consump-
tion. The refrigeration capacity of the system is provided by the chilled water of the
absorption refrigeration unit, and the vacuum refrigeration pump is used to transport
the chilled water to the vacuum refrigeration storage tank. Compared with Scheme 1
and Scheme 3, although Scheme 3 can meet the premise of reducing energy consump-
tion with one vacuum refrigeration pump, the refrigeration capacity provided is twice
that of Scheme 1. However, there is the question as to whether increasing the use
of pumps will really affect the cooling capacity. According to Schemes 1, 2, and 4, it
is not that increasing the number of vacuum refrigeration pumps can affect the rate
of conveying chilled water and improve the refrigeration capacity. On the contrary,
it may make the transportation speed of chilled water too fast and affect the heat
exchange with the materials in the vacuum refrigeration storage tank. The contact
time is too short, resulting in poor refrigeration effect, futile increase in the number of
refrigeration pumps and increased energy consumption.

6. Conclusions

1.  Compared with the prior art, the energy-saving device can realize the refrigeration of
a number of vacuum freezers at the same time with only one vacuum refrigeration
pump, thereby greatly reducing the use of the vacuum refrigeration pump, greatly
reducing the energy consumption and meeting the environmental protection concept
of energy conservation and emission reduction.

2. According to the device, the sealing door can slide along the circumferential chute and
the radial chute through the design of the circumferential chute, the radial chute, the
sealing door, the second limiting hole, the first limiting hole and the limiting clamping
strip, so that the flexible movement of the sealing door on the base is realized, the
occupied space of the sealing door is greatly reduced and the utilization rate of space
is greatly improved.

3. Compared with conventional devices, the energy-saving device has remarkable
energy-saving effect and can save energy and reduce consumption and refrigeration
operation cost by reducing the use of vacuum refrigeration pumps put into operation.

4. The limitation of this work is that it is currently in the stage of simulation theory ex-
periment. At present, there are few relevant studies on reducing energy consumption
by driving multiple vacuum refrigeration storage tanks by a single vacuum refriger-
ation pump. The simulation content of this paper may have some deviation in the
actual situation, and the results need to be verified through further research, analysis
and practice.
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Abstract: The hospitality industry is an important energy consumer and carbon emitter. Behaviour-
driven energy conservation is a strategy with great promise to strengthen the energy efficiency of
hotel buildings. The aim of this study is to explore the driving psychological factors of hotel guests’
energy-saving intentions and behaviours. This paper constructs two extensions of the theory of
planned behaviour (TPB) with personal norms, past behaviours, and self-determined motivation
to explain the guests’ energy-saving behaviour in hotel buildings. This research compares the
explanatory power of the original TPB and two extensions with structural equation modelling.
The analysis is based on 530 valid, self-reported data from 827 surveyed hotel guests in Shanghai.
The analysis suggests that the extended model gains greater explanatory power in predicting the
behaviour patterns by employing the above three additional factors. In addition, self-determined
motivation presents a more significant impact than other more developed TPB predictors, such as
intention and perceived behaviour control. Aside from that, past behaviour replaces attitude as
the most critical predictor of hotel energy-saving intention in the extended models. In addition
to the existing interventions in office and residential buildings, the research highlights the role of
self-determination in hotel energy conservation and further emphasises the long-term benefit of
encouraging pro-environmental behaviours in hotel guests. The findings expand the existing research
on pro-environmental behaviours and will contribute to energy-saving behaviour intervention in
hotel buildings and policy formulations for sustainable hotel operation and maintenance.

Keywords: hotel energy conservation; TPB; personal norms; past behaviour; self-determination;
guest behaviour; pro-environmental behaviour

1. Introduction

The hospitality industry has been recognised as an important energy consumer [1].
Upadhyay and Vadam [2] reported that 60% of carbon emissions from the hospitality
industry come from energy consumption, which increased by 25-30% over the last few
decades. The excessive energy use burdens hotel operators with operating costs of an
additional 3-6% [2]. Governments have promoted policies to reduce the energy use and
environmental impacts of the hospitality industry [3]. However, the existing policies
aimed at improving hotels’ energy efficiency tend to operate by punishing their owners
rather than by modifying end users’ resource consumption, contributing to 75% of hotels’
environmental impacts [4]. Such approaches to regulation have increased the burden on
hotel operators but achieved little in energy conservation [4,5].

There are also some other strategies to support sustainable hotel building operation.
In addition to promoting eco-friendly energy systems and design (e.g., [6,7]), various em-
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pirical studies have examined behaviour-driven energy conservation in family (e.g., [8,9]),
office [10], and campus buildings [11] and reported that interventions, such as normative
setting and energy-saving tips, can reduce building energy demand by 10-25% [12,13].
As guests tend to consume even more energy in hotels than at home [14], promoting
conservation behaviours among hotel guests could be another promising energy-saving
and carbon-reduction strategy in the hospitality industry. According to Liu et al. [8] and
Lopes et al. [15], behaviour-driven energy conservation strategies presented remarkable
feasibility in the previous studies. Particularly, these energy-saving strategies show two ob-
vious advantages for the hospitality industry: (1) they require less capital investment, and
(2) they can achieve energy-saving goals relatively quickly. However, there is a critical lack
of a systematic understanding of the behavioural factors as energy efficiency promoters [16]
and the potential leverage of policies [15].

Some previous studies have looked at hotel guests” waste reduction and water con-
servation behaviours [17-19]. For example, Han et al. (2020) explored the influence of
normative, affective, and habitual factors on guests” water conservation and towel reuse
intentions, and another study revealed the impact of environmental awareness on young
vacationers’ recycling and conservation intentions [19]. These studies have significant
contributions to both promoting sustainable behaviour (e.g., [20]) and building and urban
energy performance modelling (e.g., [21,22]). However, the psychological mechanisms
behind hotel guests” energy conservation behaviour remain underexplored. An in-depth
understanding of guests” energy conservation behavioural processes could therefore boost
the development of effective interventions.

To bridge these gaps, this study aims to explain hotel guests’ energy conservation
behaviours from a psychological perspective. The researchers surveyed 827 hotel guests in
Shanghai and invited the respondents to report their psychological information and four
typical hotel energy conservation behaviours during their stays. The study first reviews
the existing literature on the green hotel visiting and pro-environmental behaviours of
hotel guests. Next, this research employs the theory of planned behaviour (TPB) and
two extended models as the theoretical frameworks and conducts structural equation
modelling analysis to gauge how psychological factors impacted energy conservation
intentions and behaviours. The Section 3 then discusses the data collection and analysis
method. The Section 4 presents the data analysis results in detail. This study is expected to
shed new light on understanding the critical psychological factors of hotel guests on their
energy-saving behaviours and inform the design of psychological interventions for hotel
guests for sustainable hospitality sector development.

2. Literature Review
2.1. Green Hotels and Guest Behaviours

Over the past decade, the hotel industry has paid increasing attention to environmental
responsibility and sustainability. In addition to promoting eco-friendly construction and
high-efficiency building services, some studies have advanced the concept of green hotels
and sustainable hotels [23]. As well as attaching great importance to environmental
responsibility in a general sense [24], green hotel operation strategies encourage hotels to
reduce unnecessary services through more environmentally friendly room and catering
management [25]. This operating mode can also potentially boost profits, not only by
reducing operating costs, but also by attracting guests who value environmental protection.

Some scholars have explored the behavioural dimensions of visiting green and sustain-
able hotels. For example, an empirical study employing self-reported data from the United
States sought to explain sustainable hotel visiting intention using the theory of reasoned
action (TRA) and TPB (for details, see Section 2.2) [26]. Similarly, Rahman and Reynolds
(2019) investigated the effect of environmental value on sustainable hotel visiting intention
and guests” willingness to make sacrifices when staying in such hotels. In addition, some
studies have analysed the characteristics of guests visiting green hotels. For example, em-
pirical evidence found that business and leisure travellers held different attitudes towards
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green hotel visiting [27], and a few studies have proposed and implemented behavioural
interventions to promote green hotel visiting [28]. However, the operation of green hotels
also faces challenges. Barber [29] examined individual preferences about hotel offerings of
products and services and found that less than a quarter of green hotel guests were willing
to accept reduced services.

Some researchers argued that hotels should encourage guests to actively reduce
their wasteful behaviour rather than passively endure reduced levels of service [18,19,30].
Based on the above research, the conservation behaviours of hotel guests can be usefully
subdivided into energy conservation, water conservation, and the reduction of unnecessary
hotel services, and some studies have provided psychological explanations of the latter
two behavioural categories. Untaru et al. [17], for instance, developed an extended TRA
to explain hotel guests” water conservation behaviour, while Han et al. [18] highlighted
the contributions of environmental value, concerns, and awareness to two hotel guests’
pro-environmental behaviours. Additionally, a few studies have developed psychological
interventions to promote towel reuse behaviour. Reese et al. [31] observed that social
normative information significantly enhanced towel reuse during 132 visits to 2 hotels,
and Gossling et al.’s large field experiment in Spain established that normative messages
increased towel reuse by 6.8% and bed linen reuse by 1.2% [32].

Behaviour-based hotel energy conservation shows strong potential in the hospitality
industry. Ayoub et al. [33] analysed a hotel case in Qatar and found that the energy con-
sumption could be cut down by 2.74-15.80% through energy-saving behaviour promotion,
while the energy-saving potential of envelope redesign was only 7.50%. An empirical
study in China also reported that by adjusting guests” usage of air conditioning, hotels
in the Yangtze River region in China could save up to 20% on energy consumption [34].
The above studies divided the hotel energy-saving behaviours into four categories: (1) sus-
tainable use of air conditioning; (2) sustainable use of other hotel appliances; (3) hot water
conservation; and (4) persuading others to save energy. Although the above studies thor-
oughly discussed sustainable behaviours in hotels, there is a critical lack of a systematic
understanding of energy-saving behaviours of the guests in hotels. As a result, industry
and research community interest in behaviour-driven hotel energy-saving approaches has
thus far been minimal.

2.2. Theory of Planned Behaviour and Its Extension

Over the past half-century, several psychological models for explaining individual
behaviours have been proposed. In the case of voluntary behaviours, Ajzen and Fish-
bein [35] developed and elaborated the TRA, which assumes that people’s decision-making
processes are based on rationality and can yield reasonable choices, but a variety of factors
may affect behaviour indirectly via behavioural intentions [36]. Ajzen subsequently pro-
posed the TPB [37], an extension of the TRA aimed at a more extensive explanation and
better prediction of both voluntary and involuntary behaviours. The TPB employs three
psychological variables to explain behavioural intentions: attitude, subjective norms, and
perceived behavioural control (PBC). According to Ajzen [38], attitude describes a person’s
general evaluation of a specific behaviour; subjective norms reflect his or her perceptions
of the feelings of others about that behaviour, which often have a major influence on
individual decision making; and PBC is the individual’s perception of how easy or hard
it would be to engage in the behaviour. In addition to intention, PBC is another factor
potentially related to behaviour and decision.

According to Han and Yoon [39,40], the TPB remains one of the most influential
behaviour frameworks in the field of environmental psychology. Previous studies have
employed it to explain common green behaviours, including but not limited to recy-
cling (e.g., [41,42]), using public transportation (e.g., [43]), consumption of organic food
(e.g., [44]), sustainable consumption and investment (e.g., [45]), and household energy con-
servation (e.g., [8,46]). Some scholars have used the TPB for predicting pro-environmental
behaviours in the specific sphere of hotel management, whether for employees (e.g., [47]) or

97



Buildings 2021, 11, 401

guests (e.g., [18,48,49]). Others (e.g., [50,51]) have used the TPB to predict consumers’ green
hotel visiting intentions. Some studies, however, found that the TPB’s variables do not
contribute significantly to certain pro-environmental behaviours, such as Hameed et al. [52],
who found a non-significant correlation between the attitude towards green products and
eco-conscious behaviour. Similarly, Ates [53] reported that subjective norms could not
predict pro-sustainability behaviour, and Liu et al. [8] discovered that the relevance be-
tween subjective norms and household energy-saving behaviour was non-significant. After
considering the above literature comprehensively, this study puts forward the following
four hypotheses in the first theoretical model:

Hypothesis 1 (H1). Attitude is positively correlated with hotel energy-saving intention.
Hypothesis 2 (H2). Subjective norms are positively correlated with hotel energy-saving intention.

Hypothesis 3 (H3). Perceived behavioural control is positively correlated with hotel energy-
saving intention.

Hypothesis 4 (H4). Perceived behavioural control is positively correlated with hotel energy-
saving behaviours.

Hypothesis 5 (H5). Intention is positively correlated with hotel energy-saving behaviours.

The TPB can be extended or otherwise modified for use in various contexts [54]. Par-
ticularly, many studies have added moral-normative factors to it as a means of boosting its
explanatory power (e.g., [50,55]). Klockner [56] provides a widely accepted definition of
moral norms: “The reflection of a personal value system in a given situation (p. 1030).” Un-
like subjective norms, moral norms (also called personal norms) emphasise the behavioural
effects of personal, internalised emotions. The evidence thus far suggests that moral norms
can significantly influence people’s intentions to engage in green behaviours. For example,
Gao et al. [57] found that the strength of their participants’ ethics was positively and
significantly correlated with their household energy conservation intentions. Through case
studies in Taiwan and India, Chen and Tung [50] and Verma and Chandra [51] all demon-
strated the critical role of moral norms in decision making for patronizing green hotels.

Past behaviour is another critical factor potentially contributing to the socio-psychological
theorical framework [58,59]. Past behaviour refers to the “studied behaviour that the
participants had performed in the past” [60]. There are several studies that posited and
empirically tested the vital role of past behaviour in individuals’ pro-environmental de-
cision formation (e.g., [61-63]). In the hospitality industry, Han et al. ([26,58]) provided
empirical evidence showing the significant correlation between past behaviour and green
hotel visiting intention and bicycle touring. Aside from that, Hu et al. [64] also evidenced
the significant impact of past behaviour on zero-litter initiatives in tourism areas. The meta-
analysis results of Kunssen et al. [65] suggest that integrating the factor of past behaviour
can greatly improve the capability and effectiveness of models predicting and explaining
decision making or behavioural processes.

Therefore, the discussion above then leads to two more hypotheses in extended model
I (see Figure 1):

Hypothesis 6 (H6). Personal norms are positively correlated with hotel energy-saving intention.

Hypothesis 7 (H7). Past behaviour is positively correlated with hotel energy-saving intention.
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Figure 1. The employed theoretical model and hypotheses in extended model I.

In addition to moral norms and past behaviour, much empirical research suggested
self-determined motivation as another potential predictor (e.g., [14,66,67]). Self-determined
motivation is an item from the self-determination theory (SDT) and the model of goal-
directed behaviour [68]. This item covers these internal driving sources of motivation,
such as a need to gain skill, knowledge, and independence [69]. Some recent works
have observed the significant roles of self-determined motivation in pro-environmental
behaviours (e.g., [70,71]). Several studies that connect the self-determined motivation
factor to the conventional TPB model (or extended models) have advocated the synthesis of
self-determination (e.g., [67,72,73]), which is also supported by Hagger et al.’s review con-
necting the TPB and SDT [74]. Aside from that, further substantial evidence supporting that
self-determination can influence both intentions (e.g., [67,75]) and choices or behaviours
(e.g., [76]). Miao et al. [14] especially examined the impact of self-determination motivation
on several pro-environmental behaviours of hotel guests. Considering the above evidence,
this research puts forward two more hypotheses in extended model II (see Figure 2):

Hypothesis 8 (H8). Self-determined motivation is positively correlated with hotel energy-
saving intention.

Hypothesis 9 (H9). Self-determined motivation is positively correlated with the energy-saving
behaviours of hotel guests.

Attitude Personal Norms
H1 HE
Subjective Norms Intention Past Behaviour
H2 H7
l H5
. H3 H8 .
Perceived Hotel Energy- | Self-Determined
Behaviour Control H4 Saving Behaviour Ho Motivation
,:I Psychological Factors in TPB Model D Extended Psychological Factors D gnergty-Saving Behaviour of Hotel
uesis

Figure 2. The employed theoretical model and hypotheses in extended model II.
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3. Methodology
3.1. The Procedure and the Measures

This research employed a questionnaire-based survey to collect self-reported data
from hotel guests. The questionnaire is one of most commonly used methods in pro-
environmental behaviour research (e.g., [46,57,77]), which makes it more efficient and
more clearly tailored to understanding the characteristics of the target groups than other
approaches, such as focus group interviews and government statistics. The researchers
convened a three-round pilot study with purposely selected participants. The researchers
invited the pilot study participants to provide their feedback via face-to-face discussion, and
the researchers then revised the wording, level of detail, and order of some questionnaire
items based on those participants’ suggestions. Before distributing the questionnaire on a
large scale, the researchers conducted a second and third pilot with sample sizes of 30 and
63 guests, respectively, and made further small adjustments to the instrument based on
the additional feedback they received. After three rounds of a pilot study, the researchers
conducted the questionnaire survey in Shanghai, a representative of the rapidly developing
mega cities of Mainland China. In the end, the researchers received 827 completed and
partially completed questionnaires, including 530 deemed to have valid data.

The questionnaire had three sections on the respondents’ psychological characteris-
tics, energy-saving behaviour evaluation, as well as sociodemographic information. The
Section 1 comprised 21 items adapted from previous studies, including [18,26,46,78], cov-
ering the psychological variables of the extended TPB in 6 dimensions: attitude, subjective
norms, PBC, moral norms, past behaviour, and intention. The Section 2 evaluated the
self-reported performance of guests’ four typical energy-saving behaviours in hotels. In
both of these sections, all the items were responded to with the same 5-point Likert scale,
ranging from 1 (completely disagree) to 5 (completely agree). Lastly, the Section 4 of the
questionnaire focused on demographic information, including gender, age, education, and
income. The items in Sections 1 and 2 are presented in Table 1.

Table 1. Questionnaire design of Sections 1 and 2.

Construct Code Item
ATT-1 I think that conserving energy when staying in hotels is useful for protecting the

Attitud environment

ttitude ATT-2 I think energy conservation behaviours in hotels are wise.
ATT-3 I think energy conservation behaviours in hotels are valuable for alleviating energy
shortages.
SIN-1 I think my family members want me to save energy in hotels.
Subjective Norms SJN-2 I think my boss and colleagues want me to save energy in hotels.
SJN-3 I think that people who are important to me want me to save energy in hotels
Perceived Behaviour PBC-1 It is difficult for me to engage in energy conservation behaviours in hotels.
Control PBC-2 Whether to engage in energy conservation behaviours in hotels is entirely up to me.
PMN-1 Saving energy when in hotels is a moral imperative for me.
Personal Moral Norms PMN-2 Guilty feeling will appear if I did not save energy when in hotels.
PMN-3 My ethics do not allow me to waste energy when in hotels.
PBH-1 1 did energy saving behaviours when I visited hotels in the last year.
Past Behaviour PBH-2 I'made efforts to save energy when I visited hotels in the last year.

PBH-3 My efforts to save energy in hotels has increased in the last year.
INT-1 I am willing to save energy in hotels.

Intention INT-2 I am willing to make efforts to save energy in hotels.
INT-3 I am willing to abide by the energy-saving guidelines of the hotels that I am staying in.
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Table 1. Cont.

Construct Code Item

SDM-1 T'will feel pleased if I can contribute to the environment.
. SDM-2 I'will gain recognition from others by performing energy-saving behaviours in hotels.
Self—Dgtermlned SDM-3 Doing energy-saving behaviour in hotels is an integrate part of my life.

Motivation SDM-4 I'will feel guilty if I do not do energy-saving behaviour in hotels.
SDM-5 I fulfil energy-saving behaviour to avoid be criticised by the public.
HEB-1 I performed well in sustainable A /C use behaviour during this hotel stay.

. HEB-2 I performed well in sustainable appliance and lighting use during this hotel stay.

Behaviour HEB-3 I performed well in hot water conservation during this hotel stay.

HEB-4 I performed well in persuading and encouraging others” energy conservation during
this hotel stay.

In practice, participants completed an online survey for a small financial incentive (in
the form of a hotel breakfast or voucher). The survey had a time limit of 30 min, and the
screen displayed only one question on the screen at a time. The introduction of each section
presented a sentence “There is no preferred answer, only your opinion matters” to reduce
the potential social desirability bias. Before the start of the survey, the system presented an
explanation of the research aim with an e-letter at the beginning of the questionnaire and
confirmed their confidential and voluntary participation.

3.2. Data Analysis

This research employed structural equation modelling (SEM) to exam the path coeffi-
cient between the factors. SEM has been widely employed in pro-environmental behaviour
research, such as that on household energy conservation [46], smartphone recycling [77],
sustainable tourism [79], and green hotel visiting [26]. In this study, we employed par-
tial least squares SEM (PLS-SEM) instead of co-variance-based SEM (CB-SEM). In this
study, the researchers adopted PLS-SEM for its suitability in explorative research and the
targets’ prediction and significant flexibility in handling a relatively small sample size in
questionnaire-based surveys [80]. This study followed the instructions of Anderson and
Gerbing [81] to conduct a two-step analytical procedure (i.e., measurement modelling and
structural modelling). SmartPLS 3.0 was employed as the tool in this process.

4. Results

This section reports the respondent profile and the SEM analysis results. The presenta-
tion of the SEM analysis results took place in two stages: (1) measurement modelling and
(2) structural modelling.

4.1. Respondent Profile

This research collected 530 valid responses, and Figure 3a,b illustrates the sociodemo-
graphic information of the respondents who provided valid responses.

Figure 3 presents the demographic characteristics of the 530 questionnaire respon-
dents. The gender ratio of the respondents was basically in line with the local demographic
characteristics; female and male respondents accounted for 42.26% and 57.74% of the total,
respectively. Aside from that, the age distribution of the respondents also followed the
characteristics of the local hotel guests, where customers under the age of 40 made up the
majority. It is worth noting that most of the respondents had received a college degree,
diploma training, or more, which was higher than the local demographic statistics. In
addition, 31.51% of the respondents’ income levels ranged from RMB 100,000 (approxi-
mately USD 14,285) to RMB 150,000 (approximately USD 21,428), and 25.09% were below
RMB 100,000.
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Figure 3. The respondent profiles.

4.2. Measurement Modelling Evaluation

This research conducted analysis by employing SmartPLS 3.0. Measurement mod-
elling was conducted to determine whether the measurement items and structures satisfied
the degree of reliability and validity. This study’s measurement modelling was divided
into the following procedures: (1) a convergent validity (CV) test and (2) a discriminant
validity (DV) test. The PLS algorithm method was used to evaluate the internal reliability
and consistency of the test items. It had four common criteria: (1) that the factor loading
of each item should be greater than 0.5; (2) that the Cronbach’s alpha coefficients of each
construct should be reported to be 0.5 or above [82]; (3) that the composite reliability
of each construct should be larger than 0.7; and (4) that the average variance extracted
(AVE) of each construct should be larger than 0.5. Table 2 presents the CV test results
and demonstrates that all the constructs in the questionnaire satisfied the CV standard
of statistics.

The Heterotrait-Monotrait (HTMT) ratio for DV assessment is also examined in Table 3.
The HTMT criterion should be below 0.9 to achieve discriminant validity. The HTMT ratio
results in the table suggest that the measurements satisfied the statistical requirements.
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Table 2. Convergent validity results of the three models.

y TPB Model Extended Model I Extended Model 11
i o
ATT 3 %;%43 0.694 0.830  0.620 %;Z)‘é‘ 0.694 0.830  0.620 %Z)‘é‘ 0.694 0.830  0.620
SIN 3 %;66?3" 0.763 0.861  0.674 %;%%‘ 0.763 0.861 0.674 %;(’6%" 0.763 0.861 0.674
PBC 2 %_78425;’ 0739 0762 0.616 %g‘i’ 0739 0762 0616 %‘684253’ 0739 0762 0616
PMN 3 %689237‘ 0.627 0.801 0.574 %%9237‘ 0.627 0.801 0.574
PBH 3 %673969‘ 0.566 0776  0.538 %‘%%‘ 0.566 0776  0.538
SDM 5 %.576527 0.705 0.803  0.542
INT 3 %2155‘ 0.733 0.848  0.652 %;‘fo‘ 0.733 0.849  0.652 %;‘1339‘ 0.733 0.849  0.652
HEB 4 %?242‘ 0.526 0732 0.509 %izz‘é‘ 0.526 0732 0.509 %25775‘ 0.526 0736 0512
Table 3. Discriminant validity results.
ATT SN PBC PMN INT PBH HEB SDM
ATT
SIN 0.652

PBC 0.838 0.490
PMN 0.609 0.835 0.592
INT 0.752 0.507 0.532 0.701
PBH 0.557 0.310 0.442 0.451 0.882
HEB 0.619 0.745 0.787 0.823 0.694 0.476
SDM 0.554 0.704 0.606 0.806 0.645 0.583 0.688
Note: S]N refers to subjective norms, PBC refers to perceived behaviour control, PMN refers to personal moral

norms, PBH refers to past behaviour, HEB refers to hotel energy-saving behaviour, and SDM refers to self-
determined motivation.

4.3. Hypotheses Testing and Structural Modelling

The structural model was assessed for its collinearity issues, coefficient of determi-
nation (R?), predictive relevance (Q?), effect value (f2), and whether the relationship of
the indicators was significant to the structural model. The Variance Inflation Factor (VIF)
was employed to evaluate the collinearity statistics, with values suggested to be above
0.20 and 5 [83]. The R? value was used to explain the predictive accuracy of the variables,
and a value above 0.2 was considered highly accurate [84]. The construct cross-validated
redundancy measured the predictive relevance of the variables, and a Q? value above 0
indicated acceptable relevance [85]. The effect of a latent predictor was suggested to use the
included and excluded R? values of the structural model and adopt the formula 2 = (R%pq
— R?%,q)/ (1 — R%,) for calculation [86]. The small, medium, and large effect sizes used
the values of 0.02, 0.15, and 0.35 as bounds, respectively [86].

Table 4 shows the results of the collinearity assessment. The VIF value of the constructs
of the model was between 1.058 and 1.653, which indicates that the structure had no
collinearity issues.

The results of the coefficient of determination (R?) and predictive relevance (Q?) of
the three models and f? of the two extended models are presented in Table 5. The results
indicate that all the R? and Q? values met the accuracy requirement, and the R? increased
from 0.419 to 0.545 and 0.553 from the TPB model to the other two extended models,
respectively. The value of Q? remained at 0.221 for the TPB model and extended model I
and grew to 0.263 for extended model II. Thus, the explanation of the three models showed
an upward trend from the TPB model to extended model II. The effect value () for the
path to hotel energy-efficient intention and behaviour in extended model I were 0.277 and
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0.000, respectively, which indicated a medium and lack of effect, respectively. The value
of the effect (f2) of the hotel energy-efficient intention and behaviour in extended model
IT rose to 0.300 and 0.057, respectively, which revealed a medium-to-large effect and a
small effect, respectively, after adding additional paths. Table 5 presents the coefficient of
determination (R?) and predictive relevance (Q?) of the three models and the effect value
(f?) of the extended models.

Table 4. Collinearity assessment for the model.

Constructs VIF Constructs VIF Constructs VIF Constructs VIF Constructs VIF
ATT-1 1.332 PMN-1 1.159 SDM-1 1.339 INT-1 1.543 HEB-1 1.126
ATT-2 1.349 PMN-2 1.370 SDM-2 1.247 INT-2 1.593 HEB-2 1.094
ATT-3 1.372 PMN-3 1.290 SDM-3 1.222 INT-3 1.321 HEB-3 1.126
SIN-1 1.515 PBH-1 1.201 SDM-4 1.468 HEB-4 1.125
SJN-2 1.653 PBH-2 1.272 SDM-5 1.336
SJN-3 1.511 PBH-3 1.113
PBC-1 1.058
PBC-2 1.058

Note: ATT refers to attitude, SJN refers to subjective norms, PBC refers to perceived behaviour control, PMN refers to personal moral
norms, PBH refers to past behaviour, SDM refers to self-determined motivation, INT refers to intention, and HEB refers to hotel energy-
saving behaviour.

Table 5. The results of the coefficient of determination (R2), predictive relevance (Q?), and effect value (f2).

Latent TPB Model Extended Model I Extended Model II
Variables R Square Q? R Square Q? 2 R Square Q? 2
Intention 0.419 0.267 0.545 0.347 0.277 0.553 0.353 0.300
Behavior 0.221 0.083 0.221 0.083 0.000 0.263 0.101 0.057

After reliability and validity testing, this study employed the bootstrapping method
with 5000 resamples to test the significance for structural modelling. The structural mod-
elling results of the three models are summarised in Table 6 and illustrated in Figures 4-6.

Table 6. Structural modelling analysis results.

TPB Model Extended Model I Extended Model II
Path Coefficients N . .
B T Values Sig. B T Values Sig. B T Values Sig.
ATT -> Intention 0.326 6.662 i 0.229 5.179 i 0.220 5.198 i
SIN -> Intention 0.135 2.928 0.003 ** 0.036 0.872 0.383 0.007 0.158 0.874
PBC -> Intention 0.356 9.074 xoex 0.213 5.137 ook 0.204 5.101 ook
PBC -> Behaviour 0.183 4.074 ook 0.184 4.135 ook 0.144 3.330 0.001 **
Intention -> Behaviour 0.346 7.650 o 0.346 7.661 wHE 0.230 4.438 HEE
PBH -> Intention 0.334 8.808 . 0.308 8.064 i
PMN -> Intention 0.215 5.625 . 0.181 4.622 i
SDM -> Intention 0.120 3.038 0.002 **
SDM -> Behaviour 0.259 5.444 HHE

Note: (1) ATT refers to attitude, SJN refers to subjective norms, PBC refers to perceived behaviour control, PMN refers to personal
moral norms, PBH refers to past behaviour, SDM refers to self-determined motivation, INT refers to intention, and HEB refers to hotel
energy-saving behaviour. (2) *** p < 0.001; ** p < 0.001.
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Figure 6. Structural modelling results of extended model II. Note: *** p < 0.001; ** p < 0.001.

The TPB model (Figure 4) included three attributes of the original TPB model. The
coefficient of determination explained 41.9% of the variance in intention to perform hotel
energy-conservation behaviour and 22.1% of the employed hotel energy-saving behaviour.
In Figure 4, the results of the analysis present that all TPB attributes influenced the hotel
energy conservation intention. Among the three TPB attributes, PBC (3 = 0.356, p < 0.001)
had the greatest effect on hotel energy conservation intention. Additionally, attitude
(B =0.326, p < 0.001) was the second-greatest influence on customers’ energy conservation
intention. However, the relationship between subjective norms (3 = 0.135, p = 0.003) and
intention was very small. The results suggest that intention (3 = 0.346, p < 0.001) had a
high positive correlation with hotel energy-saving behaviours. At the same time, a smaller
correlation between PBC (3 = 0.183, p < 0.001) and hotel energy-conservation behaviour
was presented.

Extended model I (Figure 5) included two additional attributes: personal moral
norms and past behaviour. The explanation of the intention increased to 54.5%, and the
explanation of behaviour remained the same at 22.1%. The analysis results reported that
past behaviour (3 = 0.334, p < 0.001) had the strongest impact on hotel energy conservation
intention. As a second influencing factor, attitude (3 = 0.229, p <0.001) positively influenced
customers’ energy conservation intention. Figure 5 shows that personal moral norms
(B =0.215, p < 0.001) and PBC (3 = 0.213, p < 0.001) had a strong influence on hotel energy
conservation intention. On the contrary, subjective norms (3 = 0.036, p = 0.396) were not
statistically significant to hotel energy conservation intention. The relationship between
PBC (3 = 0.184, p < 0.001) and hotel energy-saving behaviour was similar to that of the
conventional TPB model (3 = 0.346, p < 0.001).

Extended model II further considered self-determined motivation as an attribute.
The SEM analysis results of extended model II are illustrated in Figure 6. The extended
model explained 55.3% of the variance in intention, and the explanation of hotel energy-
conservation behaviour rose from 22.1% to 26.3%. Table 6 reveals that past behaviour
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(B =0.308, p < 0.001) produced the greatest effect on hotel energy conservation intention.
In extended model II, attitude (3 = 0.220, p < 0.001), PBC (3 = 0.204, p < 0.001), personal
moral norms (f = 0.181, p < 0.001), and self-determined motivation ( = 0.120, p = 0.002)
significantly and positively related to respondents’ hotel energy-efficient intentions. Self-
determined motivation (3 = 0.259, p < 0.001) had a greater impact on hotel energy-saving
behaviour than intention (3 = 0.230, p < 0.001) and PBC (3 = 0.144, p = 0.001).

5. Discussion

This research employed the TPB and two extended models to explain the energy-
saving behaviours of hotel guests. The analysis suggests that the conventional TPB model
could explain hotel energy-saving behavioural patterns well. All three TPB factors showed
significant influence on the energy-saving intentions of hotel guests. However, extended
model I illustrated an enhanced explanatory power of hotel energy-saving intention by
employing two additional psychological variables (i.e., moral norms and past behaviour).
Extended model II further improved the explanatory powers of both hotel energy-saving
intention and behaviour by considering self-determined motivation.

It is worth noting that the statistical correlations between the subjective norms and
hotel energy-saving intention became significant in both extended models. There are two
potential explanations. First, hotels provide a more private environment than a home or
office. In hotels, guests are less disturbed by families or colleagues. Therefore, guests’
attitudes and behaviour controls, instead of pressure from families, friends, or the public,
play a more important role in their energy-saving intentions. Previous studies have found
similar effects in homes (e.g., [87]), offices (e.g., [57]), and campuses (e.g., [88]). The
temporary nature of the hotel stay may further reduce the impact of subjective norms.
Second, the socio-economic backgrounds of the respondents may provide another possible
explanation. The average age of the respondents was younger than (and their average
education and income levels were higher than) the local demographic characteristics.
This means that they were more exposed to environmental knowledge in compulsory
education and internet propaganda. At the same time, previous research suggests that
more educated and younger people are more likely to rely on rational thinking when
making decisions [57,89], which might have caused the insignificant impact of subjective
norms on the guests” willingness to save energy in hotels.

Consistent with previous studies on pro-environmental behaviour (e.g., [26,64]), our
analysis also shows the important role played by past behaviour in hotel energy-saving
behaviour. The individual’s previous actions and experiences often have an impact on
subsequent choices and behaviours. Some past behaviours have the potential to be trans-
formed into habits and also produce emotional traces that affect individual choices [60].
This finding has important policy significance; the significant impact of past behaviour
should be considered to promote hotel energy conservation. Therefore, hotels or the gov-
ernment may consider encouraging energy-saving behaviours by providing subsidies to
guests who engage in energy-saving behaviours at an early stage. The changes in energy
consumption behavioural pattens may have a long-term positive impact on the sustainable
development of the hotel industry.

Extended model II evidenced that both the energy-efficient intentions and behaviours
of hotel guests were significantly associated with self-determined motivation. These
findings are consistent with previous behavioural research (e.g., [67,72]), which suggests
the meeting of individuals’ basic psychological needs for autonomy and their motivation.
It is worth noting that the influence of self-determined motivation on hotel energy-saving
behaviour transcends that of intention and PBC, which further highlights the role of self-
motivation and self-efficacy in hotel energy conservation. Therefore, the hotel industry and
the government might explore hotel energy-saving strategies based on autonomous motives
by paying attention to the social structural environmental factors and the characteristics of
hotel consumers.
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In line with most of the existing pro-environment studies (e.g., [90,91]), this research
also observed the important roles of attitude, behaviour control, and personal moral norms
in hotel energy-saving behavioural patterns. Among them, behaviour control presented a
stronger impact on the energy-saving intention of hotel guests. The hospitality industry
can promote hotel energy conservation by increasing energy-saving convenience and
reducing the perceived behavioural difficulty. For example, some commonly used low-cost
interventions in home and office energy-saving schemes (e.g., energy labels [92] and energy-
saving tips [93]) can also be applied in hotel energy conservation as well. However, there
might be obstacles to applying some special energy-saving interventions in hotel buildings.
First, hotel stays are generally much shorter in their time periods than in situations with
homes and offices. This unique nature makes it difficult to enhance guests” environmental
attitudes and personal norms through environmental education. Second, compared with
household residents and employees, hotel guests are less manageable and tend to provide
less personal information. Therefore, there is still some difficulty in determining the energy
consumption baseline of each guest and providing customised energy-saving interventions
in hotel operations.

The authors acknowledge that this study has a few limitations. First, the energy-saving
behavioural performance of hotel guests came from self-reported data rather than objective
observations. There were many factors potentially affecting the subjective evaluation
process of their behaviours, and social desirability bias may have existed. Therefore,
further studies would benefit from real-time energy-saving behaviour records and objective
evaluations. The rapid development of sensors, smart meters, and the internet of things
(IoT) make it possible to record hotel guests’ electricity and energy consumption behaviour.
However, it is worth noting that hotel guests’ privacy and data security must be considered
more carefully in the collection of actual behaviours. Second, only surveying hotels in the
urban area of Shanghai limited the generality of the findings. Although Shanghai shares
common characteristics with many cities and regions, there are also differences in cultural
and demographic characteristics among the cities and areas. Therefore, the results of this
study may only be valid in certain situations and not applicable to other situations. In
future studies, researchers can consider obtaining data from multiple regions and countries.

6. Conclusions

This study employed the TPB and two extended models to examine the driving
factors of the energy-efficient intentions and behaviours of hotel guests. This research
extended the TPB model by adding personal norms, past behaviour, and self-determined
motivation. We first found that all three TPB factors could predict hotel energy efficiency
intentions. However, the statistical link between subjective norms and intention became
weak and insignificant in the extended models. The researchers observed a significant
enhanced explanatory power after employing the three additional variables. Significantly,
the analysis suggests that past behaviour replaces attitude to be the most critical predictor
of hotel energy-saving intention, and self-determined motivation also presents a stronger
correlation to hotel energy-saving behaviour than behaviour control and intention. The
analysis suggests that some widely used interventions in family and office energy-saving
schemes (e.g., energy-saving tips, a normative setting, and energy saving bonds) can be
employed in hotel buildings as well. This study further emphasises the long-term benefit
of encouraging hotel guests” pro-environmental behaviours and highlights the role of
self-determination in hotels’ sustainable operation and energy conservation. The findings
would contribute to understanding the driving factors and psychological patterns of hotel
energy-saving intentions and behaviours. These works are critical to the formulation of
energy-saving policies and interventions, as well as occupant typology studies for hotel
building energy simulation and modelling.
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Abstract: The building sector accounts for over 40% of global energy consumption. The utilization of
renewable energy systems such as the solar-assisted heat pump (SAHP) in buildings has been shown
to improve building energy efficiency and achieve carbon neutrality. This paper presents a review of
the research and development of solar-assisted heat pumps for buildings in China. It firstly introduces
the different stages of solar-assisted heat pump research. Secondly, the research on different types of
heat pumps, the core components of heat pumps, the computer software used, and the economic
feasibility evaluation of solar-assisted heat pumps are presented. Thirdly, the application of SAHPs in
practical projects is examined and relevant regulations, standards, and policies for solar-assisted heat
pump development in China are highlighted. Finally, recommendations for the future development
of solar-assisted heat pumps in China are suggested.

Keywords: solar-assisted heat pump (SAHP); energy efficiency; research and development; China

1. Introduction

Since the energy shortage and oil crisis in the 1970s, it has been evident that any
development at the expense of environmental deterioration is not sustainable [1]. The
increase in building energy consumption is one of the most important factors that contribute
to energy shortages, as buildings consume up to 45% of the primary energy globally [2].
With rapid urbanization, the total energy consumption in China continued to grow since
2005 and surpassed the United States in 2009 [3]. According to the statistics from the China
Building Energy Conservation Association, the total building energy consumption reached
2.233 billion tons of standard coal in China in 2019, accounting for 46% of the total national
primary energy consumption [4]. In addition, carbon emissions in the building sector
were 50% of the national carbon emissions [4]. To reduce carbon emissions from fossil
fuels, China has increased its investment in renewable energy, such as solar energy. It has
been at the forefront of the utilization of renewable energy for sustainable development.
Since 2013, China surpassed Europe as the investment leader in the renewable energy
industry. In 2017, China’s total installed solar power generation capacity reached 53 GW,
accounting for half of the global total solar power generation [5]. In addition, China’s
total investment in renewable energy reached $8.34 x 109, far exceeding the $5.55 x 1010
investment in the USA, ranking China first in the world [5]. According to the World Energy
Statistics yearbook, the world’s solar power generation capacity has increased by 127 GW
in the past 20 years [6]. China is the largest contributor to the growth of renewable energy
(1.0 EJ /year), followed by Europe (0.7 EJ /year) and the United States (0.4 EJ /year). Figure 1
presents the comparison of solar power generation in China, the United States, Europe, and
Japan. It can be seen that, since 2017, China has become the largest solar power-generating
country in the world, with an installation capacity reaching 253.8 GW in 2020.

Buildings 2022, 12, 1435. https://doi.org/10.3390/buildings12091435

https:/ /www.mdpi.com/journal/buildings
113



Buildings 2022, 12, 1435

300
250

204.6
200

253.8
150 130.8
100

175
7.8 ‘
50 l I |77 |s.4 |3'5 I - - | |
b b Bl all
0 7_I —-_*--_ll II I

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

PV eletricity generation(GW)

= Japan mUS  ®Total Europe ™ China

Figure 1. Solar photovoltaic power generation from 2010 to 2020 in various countries [6].

Since the issue of the “Green Building Evaluation Standard” in 2006, building energy
efficiency has received wide attention in China [7]. In particular, renewable energy ap-
plication in buildings is regarded as one of the focuses in the future [8]. Professor Jiang
proposed the transition to a low-carbon energy system based on renewable energy in
2017 [9]. China has set a target to reach the peak of carbon dioxide emissions by 2030
and carbon neutrality by 2060 [10]. Therefore, it is critical to adopt clean energy sources
in the building sector to reduce carbon emissions. Of many sources of carbon emission,
the heating, ventilation, and air-conditioning (HVAC) system accounts for 50%—-70% of
building energy consumption [11]. Therefore, it is an important area to be considered in
building energy reduction. Since many emerging energy resources come from solar energy,
the rational development and utilization of solar energy resources are essential to solving
future energy shortage problems [12]. The application of the solar-assisted heat pump in
buildings can reduce building energy consumption by utilizing solar energy to power the
HVAC system/improve the HVAC system’s efficiency.

The solar heat pump technology was developed with the breakthrough in monocrys-
talline silicon cells and selective solar absorptive coatings in the 1950s using solar energy
as the heat source [13]. Since then, the concept of the direct expansion solar-assisted heat
pump (DX-SAHP) and other types of solar-assisted heat pump systems (SAHP) with single
or multiple heat sources including solar energy have been proposed [14,15]. Typically, a
SAHP system is an integration of a traditional heat pump and solar thermal panels, which
function as a low-temperature heat source. The heat produced is used to feed the evapo-
rator. Due to a higher evaporator temperature, their coefficients of performance (COPs)
are much higher than those of traditional heat pumps. In addition, with multiple heat
sources, SAHPs can work stably under different climatic conditions [16]. A large number
of experimental and theoretical studies and system optimizations have subsequently been
conducted in developed countries [17-19]. By comparison, China’s research on SAHPs
started later in the 1980s [20]. At the beginning of the 21st century, Ji and Pei et al. [15]
conducted comprehensive research on photovoltaic electric/thermal heat pumps. Since
then, many universities and research institutes have carried out studies on SAHPs leading
to great progress theoretically and practically [21].

China has a vast territory with rich solar energy resources [22]. There are five climatic
regions in China: the severe cold region, cold region, hot summer and cold winter region,
mild region, and hot summer and warm winter region [23]. The total annual solar irradia-
tions vary in the range of 3340 M]/ m2~8400 Mj/ m? across the countries, with a median
value of 5852 MJ /m?. High solar irradiations are distributed across different climatic re-
gions including Qinghai (severe cold region), Xinjiang (severe cold region and cold region),
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southern Ningxia (cold region), Gansu (cold region), southern Inner Mongolia (severe
cold and cold region), northern Shanxi (cold region), Liaoning (severe cold region), south-
eastern Hebei (cold region), southeastern Shandong (cold region), southeastern Henan
(cold region), western Jilin (severe cold region), central and southwestern Yunnan (mild
region), southeastern Guangdong (hot summer and warm winter region), southeastern
Fujian Guangdong (hot summer and warm winter region), eastern and western Hainan
Island (hot summer and warm winter region), and Qinghai-Tibet Plateau(severe cold region
and cold region). Although they have abundant solar energy resources, in most areas their
economy is less developed. In the more developed regions of China, the advantages of solar
energy resources are not obvious, and SAHP development is driven by the local heating
energy demand and financial support for clean energy systems from governments [24].

The research and development of SAHP and its application in buildings in China are
quite different from that of other countries due to China’s complex climatic conditions
and economic situation. Therefore, it is important to carry out a comprehensive and
systematic review of the research and development of SAHP in China. Firstly, this paper
introduces the different stages in the research and development of SAHP for buildings in
China. Secondly, the research on different types of heat pumps, the core components of
heat pumps, the computer software used, and the economic feasibility evaluation of solar-
assisted heat pumps is presented. Thirdly, the application of SAHP in practical projects
is examined and the relevant regulations, standards, and policies for solar-assisted heat
pump development in China are highlighted. Finally, recommendations for the future
developments of solar-assisted heat pumps in China are suggested.

2. Stages of SAHP Research in China

Developed countries such as the United States, Japan, and Denmark have conducted
a large number of studies on SAHP since it was first proposed in 1955. The research on
SAHP started late in China, and the renewable energy applications in China are still in a
rapid development stage [25]. The following section summarizes the publication trend for
SAHP research in China in recent decades and divides it into four stages according to the
research topics and timelines.

2.1. Research Publication Trend from 1981 to 2021

This review searched the literature published in databases including CNKI, Web of
Science, Baidu, and Google Scholar and focused on SAHP research in China from 1986 to
2021. A total number of 1224 publications were found (Figure 2), and after careful selection
within the areas of the building environment, energy consumption, numerical simulation,
experimental and theoretical analysis, policy and system optimization, based on the quality
and authority, e.g., from core collections of the Chinese literature database, government
official websites, and the Science Citation Index (SCI) database, 153 representative papers
and electronic documents were selected. It should be noted that the primary purpose of
this review is to focus on the research and development of SAHPs in the building sector,
and therefore theoretical analyses of the application of heat pumps in other areas such as
drying and dehumidification were excluded.

From Figure 2, it can be observed that fewer than ten papers were published annually
before 2000, meaning renewable energy resources did not receive much attention during
that time period. In 2005, the enactment of the Law of Renewable Energy of the People’s
Republic of China greatly supported the large-scale application of solar, thermal, and pho-
tovoltaic electric power in China [26]. This appears to have stimulated research on SAHP
with relatively steady growth in publications. With the implementation of the National
Tenth Five-Year Plan, the development of clean energy represented by solar, thermal, and
photovoltaic power generation was formulated as an important national energy devel-
opment strategy. With governmental support, more and more studies were devoted to
SAHPs [27]. The rapid rise of the solar industry in China was attributed to the favorable
world economic environment and government policies. However, during the period from
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Figure 2. Publication trends from 2010 to 2021.

2.2. Research Topics in Different Periods

From the literature survey, it was found that Chinese scholars began to carry out
experimental studies on the SAHP manufactured by Hitachi in 1985 and then gradually
conducted some theoretical research on SAHP [30]. According to the research topics and
timelines, the SAHP research can be divided into four stages.

The first stage of the study lasted from 1985 to 2000. The main research topics and
timelines are shown in Figure 3. At this stage, the research mainly focuses on direct
expansion heat pumps. Although few research outcomes were presented during this period,
they did provide important references for future theoretical and experimental research.
The representative research results of the first stage are the performance outcomes of the
DX-SAHP system. The technical difficulty of this research stage is that, in conventional
SAHPs, the solar collector and heat pump are used to operate as two separate units with
high energy losses.

Operation
optimization and
thermodynamic

Refrigerant and

System operating Energy balance of
numerical

parameters and

analysis of DX system theoretical research the system optimization
([ ) [ ] ()
19911994 19951997 1998 1999

Figure 3. Timeline of SAHP research between 1985 and 2000.

The second stage was from 2001 to 2005 when the research on the SAHP system
expanded considerably. Figure 4 categorizes the areas of research during this period. It
can be seen from Figure 4 that the research primarily focuses on the collector and other
heat pump components of the direct expansion system [31]. At the same time, preliminary
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research was carried out on different types of SAHPs, such as multiple heat sources and non-
direct expansion heat pumps, which lays good foundations for subsequent studies [32]. The
representative research results of the second stage are the optimization of the heat exchanger
and solar heat collector. The technical difficulties of this research stage are the lack of more
environmentally friendly refrigerants, standard system application specifications, and
fixed heat sources, which make it impossible to greatly improve the thermal efficiency of
the system.

Number of articles selected: 31

m Solar collectors and related heating
characteristics

-

m Heating system and heat pump system

= Combination of multi-heat sources and
heat pump

Analysis and Optimization on the
Operation of Direct Expansion System

Figure 4. Categories and contribution proportions of SAHP research between 2001 and 2005.

The third stage is from 2006 to 2015, which is a period of development with some
fluctuation. During this period, fruitful theoretical achievements were made in the types,
theories, project applications, and simulations of SAHPs. The main research categories
and corresponding contributions are presented in Figure 5. It can be observed that a
large proportion of the studies still focus on direct expansion systems and a small propor-
tion of them concentrates on experimental research on non-direct expansion systems. In
addition, multi-functional SAHPs such as the photovoltaic thermal (PV/T) system, the
photovoltaic solar energy system, ground source auxiliary, and other new types of SAHPs
have become the focus of research in this period due to their high efficiency and ability to
meet different operating conditions [33,34]. The representative research results of the third
stage are the design of multiple heat source systems, e.g., solar-assisted ground source
heat pumps (SGHP), and the emergence of various high-efficiency heat and electricity
cogeneration systems. The technical difficulties of this research stage are the low system
thermal efficiency and low system application rate due to cost factors such as material
prices, inadequate information to gather collectors’ lifespans and performances under high
temperature operating conditions, and the experimental verification of numerical models.

Number of article selected: 118

m Non-direct expansion solar heat
pump system

m Direct expansion solar heat pump
system

m Experimental and theoretical
optimization studies
PV/T solar heat pump

m Other types of solar heat pump

® Numerical simulation and
performance optimization

Figure 5. Categories and contribution proportions of SAHP research between 2006 and 2015.

The fourth stage is from 2016 to now, which is again a period of rapid development.
Figure 6 presents the research categories and contribution proportion during this time.
It can be observed that the research focuses switched to different types of heat pumps,
multi-functional heat pumps, and the intelligent control of heat pumps. Based on the
direct-expansion system, new systems with different connections on the main components
of the heat pumps and combinations with various heat sources have been explored, such as
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the PV/T system, the sewage source heat pump system, the air and solar energy heat pump
compound machine, etc. [35-37]. In addition, during this period, significant achievements
have been made in the application of refrigerants, and many practical projects on SAHPs
were carried out. Furthermore, the optimal control of SAHPs has gradually become the
research focus. The representative research results of the fourth stage are on the enhance-
ment of the efficiency of the photovoltaic/thermal (PV/T) collector, e.g., micro-channel
heat pipes and concentrating heat collectors, as well as automated and intelligent control
of the SAHP system. The technical difficulties of this research stage are the integration
of wind and geothermal heat sources into SAHP systems and optimization of the system
configuration, the integration of terminal units and the SAHP system, and a lack of specific
guidelines for SAHP application in the residential sector.

Number of article selected: 162

B Theoretical research on heat exchange
components such as microchannels

m Operation analysis and optimization of
different types of SAHP heating system

m Refrigerant and its flow characteristics

Composite heat pump systems such as
PV/T and other photothermal system
m Photothermal components such as
collectors and heat pipes
m Intelligent and automatic control

Figure 6. Categories and contribution proportions of SAHP research between 2016 and 2021.

The research progress on SAHP systems in China can be summarized in Figure 7. It can
be concluded that SAHP research in China has undergone significant advancements in heat
source selection, theoretical optimization, numerical simulation, etc. New types of systems
such as PV/T-SAHP and geothermal auxiliary SAHP systems were developed based on
direct expansion and non-direct expansion SAHP systems. Excellent achievements were
made after 2015 when the Chinese government proposed a continuous transformation of
energy structures and high-quality development with the “Paris Agreement” being signed
in December 2015 [38].

Preliminary Collector and Typef, Multi-type,
study on withEr theories, multi-heat
application & components of BECIECE source,
thermodynam DX-SAHP, applications, parallel-

ic analysis of [\ preliminary I:> and connected heat
DX-SAHP _l/ simulations of pump  under

research  on

system other types solar heat intelligent
pumps control
\ /L /N DN Y,
[ Before 2000 ] [ 2001~2005 ] [ 2006~2015 ] [ After 2015 ]

Figure 7. Research progress on SAHP in China.

More research publications and diverse topics on SAHP can be expected in the next
decade as the Chinese government has proposed its goals of achieving carbon peak and
carbon neutrality at the United Nations Climate Conference in 2020. Meeting the carbon
neutrality targets will bring significant investment in new renewable energy research and
projects, which will stimulate Chinese researchers to carry out more in-depth research on
SAHP.
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3. Research on SAHP
3.1. Research on the Types of Heat Pumps

SAHP technology is an effective combination of solar collectors and traditional heat
pumps. The SAHP is based on the transformation of the heat exchanger of the tradi-
tional heat pump by utilizing solar energy as the heat source, or combined with other
energy sources, to improve the coefficient of performance of the heat pump. From the
ways of solar energy utilization, SAHP systems can be divided into photovoltaic-solar-
assisted heat pumps (PV-SAHP), photothermal-solar-assisted heat pumps (PT-SAHP), and
photovoltaic/thermal-solar-assisted heat pumps (PV/T-SAHP).

The PV-SAHP systems can be divided into direct solar-assisted heat pumps (DX-
SAHP), indirect solar-assisted heat pumps (IX-SAHP), and PV /T-SAHP systems, according
to the different connection methods and heat collection media. In the DX-SAHP system,
the refrigerant flows into the solar collector directly and is heated. The collector is the
heat source for evaporation. In the IX-SAHP system, the solar collector and the heat
pump evaporator operate independently, and heat is absorbed through a heat exchanger.
According to the differences in the connection between the solar heat collection cycle
and the heat pump cycle, they can be classified as series, parallel, and dual heat source
heat pumps [39,40]. The PV/T-SAHP system simultaneously utilizes solar energy, electric
energy, and other forms of ambient energy. PV/T modules are used as a heat collection
evaporator combined with an SAHP cycle to realize the comprehensive utilization of solar
energy, photoelectricity, and heat, and improve the overall efficiency of the heat pump
system [41]. The PV/T system will be one of the focuses of future research.

Table 1 lists the main components for the different types of SAHP systems.

Table 1. Classification and system components of SAHP systems.

Classification System Components Ref.
PV evaporator (photovoltaic and heat pump evaporation), photovoltaic conversion device
PV-SAHP (inverter), auxiliary evaporator, heat pump system (evaporator, condenser, compressor, [39]
expansion valve), public grid, building heating, and domestic hot water system.
Solar collector, heat exchanger, pump, heat pump system (evaporator, condenser, compressor,
DX-SAHP . ! . [40]
expansion valve), domestic hot water system, and hot water storage tank (optional).
IX-SAHP Flat plate collector, compressor, condenser, evaporator, expansion valve, pump, and domestic [42]
(Series) hot water system.
IX-SAHP Flat plate collector, compressor, condenser, expansion valve, water pump, hot water inlet, hot [42]
(Parallel) water outlet, evaporator, and hot water tank.
IX-SAHP Flat plate collector, compressor, condenser, evaporator, expansion valve, water pump, hot [42]
(Hybrid) water inlet, and hot water outlet.
Solar air collector (photovoltaic module, heat absorption plate, airflow channel, edge and
PV/T-SAHP back insulation layer, metal frame), compressor, hot water storage tank with a built-in [41]

condensing coil, and expansion valve.

The SAHP system combines solar energy utilization and building energy supply
through the heat pump cycle. In the DX-SAHP system, the refrigerant flows directly
through the collector/evaporator and then passes through various components such as
the compressor to complete a cycle [39]. For IX-SAHP, the solar collector absorbs heat and
transfers it to the system evaporator through the heat exchanger. The refrigerant absorbs
heat in the evaporator, evaporates, and then passes through the compressor, condenser,
and throttle valve to complete a cycle [42]. Compared with IX-SAHP, the application of the
collector in the DX-SAHP system makes the system structure more simplified and compact
for the following reasons: (1) the refrigerant in the solar collector directly absorbs heat and
vaporizes, leading to higher thermal performance; (2) at the same time, the working fluid
in the collector is refrigerant instead of water, which can prevent the freezing problem of
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solar collectors on cold nights [39]; (3) for the collector, the refrigerant absorbs heat and
evaporates in the collector, which can maintain a low collector temperature and effectively
improve the efficiency of the collector. The disadvantage of DX-SAHP is that the thermal
performance of the system is closely related to the change in solar radiation intensity.
As the daily solar radiation intensity can vary from 0 W/ m? to 800 W/m?, the thermal
performance of the system fluctuates greatly [43]. Figure 8a-d display the system diagrams
for DX-SAHP and IX-SAHP in series, parallel, and hybrid connections. In a series system,
the solar collector and the heat pump evaporator are connected in series and exchange heat
through an intermediate medium. In the parallel system, the solar heat collection system
and the heat pump system are connected in parallel, and both can produce hot water [43].
Figure 8e presents the system diagram of a PV/T-SAHP system. Compared with normal
photovoltaic-assisted solar heat pumps, the PV /T systems address both the cooling need
of photovoltaic modules and the heat absorption need of the evaporator. The solar energy
utilization efficiency is significantly improved when the photoelectric and photothermal
conversions are carried out at the same time. In addition, the working temperature of
the photovoltaic cell is decreased, and the photoelectric efficiency is increased. As the
heat source of the heat pump, the PV/T heat collection module increases the evaporation
temperature and evaporation pressure of the working fluid of the evaporator so that the
coefficient of performance of the heat pump can be improved [44].
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Figure 8. Different types of SAHPs. (a) Schematic diagram of DX-SAHP; (b) Series connection of
IX-SAHP; (c) Parallel connection of IX-SAHP; (d) Hybrid connection of IX-SAHP; (e) PV/T-SAHP [43].

3.2. Research on the Core Components of Heat Pumps

The SAHP system follows the basic reversed Carnot cycle, assuming that the refriger-
ant gas compression is adiabatic and reversible, so that there is no pressure loss outside
the compressor and throttling device, and there is no heat exchange with the ambient
environment except with the evaporator and condenser. The theoretical cycle of DX-SAHP
can be described as two isobaric heat transfer processes of isentropic compression and
adiabatic throttling [42]. In practice, due to the complexity of the system and environmental
factors, overheating, subcooling, and pressure drops exist during the refrigerant cycle;
therefore, it is much more complicated than the reversed Carnot cycle [40]. The solar
collector/evaporator, compressor, and piping system are the core parts of the SAHP. Their
performance directly affects the operating efficiency of the entire system. Therefore, they
will be separately discussed in the following sections. Meanwhile, the research on heat
exchangers and refrigerant flow characteristics will be presented.

3.2.1. Solar-Collector/Evaporator

Current PV/T collector/evaporator research focuses on the heat exchanger where the
bare-plate structure is common for most evaporators [45-51]. As the finned tube structure
has the advantages of material saving, lightweight, and high heat exchange efficiency, the
tube-fin structure heat collecting evaporator receives wide attention [43]. Figure 9 provides
a schematic diagram of a solar collector module. Figure 10 is the cross-sectional view of
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(a)

a heat pipe of a PV collector/evaporator, with Table 2 summarizing the investigations
on evaporator-related components by Chinese scholars. Based on the comparison of the
systems’ COP, a significant improvement in the system performance can be found after the
optimization of the materials and structural configurations of the evaporator.

Glazing cover
Ethylene-vinyl acetate (EVA)

=
B8 Photovoltaics (PV)
]
]

Tedlar
Inflator
Insulation

(b)

Figure 9. Structure layered diagram of PV /T collector/evaporator [40]. (a) Structure diagram; (b)

Sectional view.

. ™~
Copper coil PV Aluml?um alloy plate Glazing cover

< w 2 Insulation
Figure 10. Cross-sectional view of the heat pipe of the PV collector/evaporator [41].

The collector/evaporator is responsible for heat collection. At the same time, the
working fluid evaporates in the collector/evaporator and absorbs heat from solar thermal
conversion and ambient air which increases the evaporator temperature and improves the
system COP. Therefore, they are the key components to exploit solar radiation to improve
the system’s efficiency. The technical difficulties in the research on collector/evaporators
lie in how to improve the absorptivity of the collector/evaporator and their heat transfer
performance. The corresponding solutions are to use finned tube structures with high heat
exchange efficiency and selective absorption coating for the collector/evaporator.

The above literature survey shows that the improvement of the collector/evaporator
and the load matching between the evaporator/condenser and the compressor have always
been the focus of the research. Many studies have been carried out on the structural
arrangement of vertical copper—-aluminum finned tube collector evaporators and fins.
Moreover, investigations have been conducted on the arrangement between the heat-
absorbing plate and the evaporator, refrigerant selection, and structural optimization of
the collector/evaporator. The evaporator structure and material selection have a great
influence on the operation of the whole DX-SAHP system.
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Table 2. Investigations on evaporator components of the SAHP system.

Author

Year System Type

Note

Average COP

Ref.

Jietal

2009 PV/T DX SAHP

The system can produce electricity and heat at the same
time. The performance of the heat pump was tested, and
the numerical model was validated. The photovoltaic
efficiency (instantaneous rate of conversion from solar
energy to electricity) of the system was >12% during the
period of measurement (from 8:00 a.m. to 16:00 a.m.),
which was higher than other types of
photovoltaic/thermoelectric systems.

3.5

[45]

Song

DX SAHP with Novel
Fresnel Photovoltaic +
Triethylene Glycol (TEG)
Hybrid Evaporator

2020

Experimental investigation was conducted, and it was
shown that under the irradiation of 800 W/m?, the
maximum photovoltaic power generation can be
increased by 43.77 W, and the electrical efficiency can be
increased by 1.40%. Meanwhile, the COP of the hybrid
system can reach 7.89.

7.89

[44]

Xuetal.

2006 Dual-source DX-SAHP

Simulation was performed for a system with a tube-fin
structure evaporator, and it was shown that the overall
energy efficiency for hot water heating was improved,
and the system worked properly even during rainy days
and produced hot water at 55 °C under all
weather conditions.

4.6~5

[46]

Qin et al.

New Direct Expansion
Variable Frequency
2018 Fin-tube Solar/Air
Assisted Heat Pump
Water Heater

System performance was tested with a solar simulator in
the enthalpy difference laboratory, and the results show
that the energy consumption of the compressor was
almost not affected by ambient temperature, solar
irradiation, and operating mode. Energy consumption of
the evaporator and COP increases with the increase in
ambient temperature and solar irradiation. It was
recommended to operate the compressor at 60 Hz under
ambient temperatures of 20 °C to 30 °C and average
solar irradiation of 900 W/m?.

<4.15

[47]

Long et al.

New Water Refrigerant

2019 SAHP System

The system is configured with a tube-fin evaporator. It
can obtain heat from low-temperature water easier than
the traditional water refrigerant evaporator and,
therefore, has better performance in utilizing air sources
and solar energy through heat pumps in cold seasons.

3.87~4.45

[48]

Cai et al.

2019 Series DX-SAHP system

The system is configured with a tube-fin structure
evaporator and a bare plate structure collector in series.
The average COP increases from 2.78 to 3.31 with the
ambient temperature rising from 5 °C to 30 °C and from
2.71 to 3.22 with solar radiation increasing from
100 W/m? to 300 W/m?.

2.71*

[49]

Jietal

DX-SAHP system with
tube-fin structure
heat-collecting
evaporator

2020

The influence of environmental parameters on the
operation of the system is compared with that of the bare
plate structure system. It was found that the COP of the

bare-plate type system and the finned-tube type
DX-SAHP increased by 6.6% and 16.2%, respectively,
with the ambient temperature rising from 5.0 °C to
15.0 °C. Under frost conditions, the COP of the
finned-tube type system decreases from 1.72 to 1.54 with
relative humidity rising from 50% to 90%, while the COP
of the bare-plate type system increases by 16.3%, with
the relative humidity rising from 70% to 90%.

2.56~2.58

Wang and
Quan

Dual-source heat pump

2015 (DSHP) system

The whole system is equipped with two evaporators,
and the heat of the evaporators can be provided by an air
source or solar energy. It was found that COPs of the
dual-heat-source operating mode and single-heat-source
operating mode varied in the range of 1.70 to 3.27 and
1.45 to 3.18, with mean values of 2.49 and 2.24,
respectively.

[51]

* At an ambient temperature of 10 °C and solar irradiation of 100 W/m?.

123



Buildings 2022, 12, 1435

3.2.2. Operation and Thermal Characteristics of the Compressor

The operating frequency, solar irradiation intensity, and ambient air temperature are
the three most important factors that affect the performance of the SAHP. In particular,
the performance of the compressor plays a key role in the system’s performance [52]. The
matching between different components is very important, especially the matching between
the area of the collector/evaporator and the compressor capacity [53]. Table 3 lists the
theoretical investigations on the characteristics of the compressor by Chinese scholars. It
can be found that the system COP can be improved by adjusting the compressor speed
under different working conditions.

Table 3. Theoretical investigations on the characteristics of the compressor.

Scholar

Year

System Type Note Average COP Ref.

Cai and Li

2019

Experiment was conducted on a new type of air-source hybrid
SAHP and results from the experiment show that the compressor 5.02 [49,54]
has the largest exergy loss in the heat pump system.

New air source
hybrid SAHP

Kong et al.

2020

Under steady state and actual working conditions, the influence

of different compressor speed adjustment methods on system

DX-SAHP hot water performance is analyzed, and it is shown that the compressor
heater system speed has little effect on the heating power demand of the system,
and a reasonable compressor speed adjustment method will help
improve the energy efficiency and stability of DX-SAHP systems.

46 [55]

Pei and Ji

2007

High-frequency mode helps improve the condensing capacity
and photovoltaic and thermal efficiency. Low-frequency mode
results in a reduction in compressor power consumption and the
compression ratio. Therefore, the compressor frequency should
increase with the increase of solar radiation intensity to improve
the thermal efficiency of the system.

Photovoltaic SAHP 3.8-4.2 [56]

Li and
Huang

2021

The effect of compressor speed on the performance of the SAHP
system under different operating conditions was studied
experimentally, and it was shown that when the solar radiation
intensity was low, increasing the compressor speed could
significantly improve the heating capacity of the system. When
the ambient temperature is low, increasing the compressor speed
will slightly reduce the system’s COP, but it can help improve the
system’s heating capacity.

SAHP 7.7 [57]

He

2019

The effect of compressor frequency on system heating
performance and system power generation under different
PV-SAHP test bench weather conditions was Ver}flgd. The r8§ults show that thg 4447 58]
average value of solar irradiation intensity and ambient air
temperature does not have an obvious impact on the compressor

operation frequency and average COP.

Dong

2015

System performance was obtained via a data acquisition and
DX-SAHP water monitoring system in Qingdao. It is concluded that the COP of ~ 4.0-4.38 in winter
heater test bench the SAHP system can be above 6.0 in summer, and the COP in mode
cold winter can be above 4.0.

[59]

Dong et al.

2013

Variation of the compressor capacity with solar radiation
intensity was simulated, and the authors concluded that the
adjustment of the compressor frequency can greatly improve the
system performance of the SAHP.

DX-SAHP >3.0 [60]

Qin et al.

2017

The effect of compressor frequency on system performance and
frost formation under different modes was tested. It was shown
that when the compressor frequency is 60 Hz, the system COP
under the air energy mode are greater than that in the
dual-source mode and vice versa when the compressor frequency
is 45 Hz or 30 Hz.

Up to 3.54,45 Hz,
dual-source [53]
mode.

DX-SAHP test bench

Lietal

2007

Simulation and validation of the system performance under
various operating conditions were carried out in Shanghai. The
results show that, due to the use of the capacity adjustment
method of the inverter compressor, the COP of the system can
reach 5.29 ~6.93 on sunny days in autumn, and the COP of the
system can reach 3.11 on a rainy night with an ambient
temperature of 17.1 °C.

New DX-SAHP hot
water system

Up to0 5.29~6.93

in autumn [61]
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The compressor is a fundamental component of the SAHP system, as it is responsible
for circulating the refrigerant throughout the system. The choice of the compressor may
deeply affect the system’s performance and reliability. The technical difficulties of the
research on compressors are how to match the compressor with solar heat gain under
different climatic conditions while improving the system performance and also avoiding
short-cycling under low load conditions. The solutions are to use variable frequency
compressors and using dynamic frequency control.

The above literature survey demonstrates that lots of work has been carried out on
the variation of working conditions of the SAHP under ambient environments. It can be
summarized that (1) the dynamic matching of the compressor, collector/evaporator, and
other components affects the overall performance of the SAHP system, and it is crucial
for the improvement of the system COP; (2) the dynamic frequency adjustment strategy
on the performance of the compressor is highly sensitive to regional environmental and
weather factors. Simply adjusting the operating frequency of the compressor does not lead
to a significant improvement in the thermal performance of the system. Further research
can be carried out to obtain the optimal variable capacity control strategy by considering
multiple influencing factors. In addition, more in-depth experimental tests are needed to
optimize the operation modes of multi-functional composite heat pumps such as PV and
PV/T heat pumps.

3.2.3. Refrigerant and Its Flow Characteristics

Chlorofluorocarbons (CFCs) are widely used in refrigeration cycles due to their ex-
cellent thermodynamic and chemical properties. Considering the ozone depletion poten-
tial and the impact of chlorofluorocarbon-containing refrigerants, including CFCs, Hy-
drochlorofluorocarbons (HCFCs), and Hydrofluorocarbons (HFCs), on the atmospheric
environment, the search for suitable environment-friendly and high energy performance
refrigerants has been one area of the research focus [62]. Many studies have been conducted
on the characteristics of refrigerants in DX-SAHP systems. In China, the production of R11
and R12 has been prohibited, and the production of R22 is based on a quota and will be
prohibited in 2030 [63]. Potential alternative refrigerants for R12 include R134A, R152A,
R142B, etc., among which R134A is widely used in heat pump air conditioners [64]. Studies
have shown that SAHP systems using R-12 and R-22 have the highest COP, and R-134A
has the best performance among all the alternative refrigerants. Compared with R-134A,
the COPs of all mixed azeotropic refrigerants can be lower by up to 20% [65]. An important
research direction in China is to study the use of environmentally friendly refrigerants
and their flow characteristics in the heat pump system. Among them, the refrigerant mass
flow rate adjustment is of great importance for the efficient operation of the heat pump
system [65]. Table 4 shows the recent investigations on the refrigerant of SAHP by Chinese
scholars. It can be found that most of the studies focus on R134a, R290a, and R410a. The
systems with R134a have the highest COPs under different working conditions. Therefore,
it can be considered the best refrigerant and will be widely used in SAHPs.

Table 4. Recent investigations on the refrigerant of SAHP by Chinese scholars.

Author

Year

System Type Note Average COP Ref.

Zhao et al.

2000

Simulation was performed for the system with R134a and R12

as refrigerants, and the results show that the COP of the R134a

system could reach 4.0~6.5 with a discharge temperature of the
compressor lower than that of the R12 system.

DX-SAHP 40~65 [66]

Kong et al.

2018

The control strategy of the DX-SAHP system with R134a as the
refrigerant was developed by adjusting the degree of
superheating and the control method of the DX-SAHP system
with variable frequency compressor was also developed.

DX-SAHP 3.9-5.22 [67]
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Table 4. Cont.

Author

Year

System Type

Note

Average COP

Ref.

Kong et al.

2020

DX-SAHP

Experimental investigation was carried out on two DX-SAHP

systems with R134a and R290 as the refrigerants, respectively.

The results show that the average COP of the system using the

R290 refrigerant is higher than that of the R134a system under
winter conditions.

2.72

[68]

Wang et al.

2018

SAHP

Theoretical analysis was performed on the system performance
of the SAHP using R1234yf and R134a as the refrigerants. The
results show that the COP of the dual-source heat pump
system using R134a is about 2% to 3.4% higher than that of the
R1234yf system. R1234yf as an alternative refrigerant of R134a
has broad application prospects.

5.61 (R1234yf)
6.68 (R134a)

[69]

Yang et al.

2020

DX-SAHP

An experimental study was carried out for a DX-SAHP using
R290 as refrigerant under actual weather conditions for a
whole year. The annual average heating power was found to be
1358.6 W. The maximum, minimum, and annual average
system COP were found to be 5.99, 2.04, and 3.88, respectively.

[70]

Ouyang

2012

Dual-source CO2
heat pump

A theoretical analysis and optimization study of a dual heat
source solar-assisted transcritical CO; heat pump system
suitable for winter conditions in north China was performed.

4.97

[71]

Kong et al.

2010

DX-SAHP

A DX-SAHP experimental system using propane as the
refrigerant was developed.

42

[72]

Lietal

2020

new solar-assisted
heat pump
multifunctional
composite machine
(SAHPMCM)

The working principle of the new solar-assisted heat pump
multifunctional composite machine (SAHPMCM) is
introduced. The PID control method on the expansion valve,
system setting, and experimental results on the corresponding
COP were given.

4.5

[36]

Zhang

2014

DX-SAHP

A study was carried out on the effects of refrigerant charge and
system design parameters on the performance of the heat
pump. It was found that when the area of the solar collector is
6.0 m?, the length of the condenser tube is 70 m, and the inner
diameter of the condenser tube is 9 mm, 70-80% of the
refrigerant is distributed in the evaporator and condenser, and
the most suitable refrigerant charge is 1.65-1.75 kg.

3.5-5.5

[73]

Kong et al.

2017

DX-SAHP

A simulation program of the DX-SAHP water heater system
using R410a was developed, and the influence of five
parameters, including the refrigerant charge on the thermal
performance of the system, was analyzed under fixed
superheat at the collector/evaporator outlet.

4.1-6

[74]

Zhang et al.

2013

DX-SAHP

A mathematical model of the refrigerant charge was developed,
and the simulation results show that most of the refrigerant
exists in the heat exchanger, of which over 50% remains in the
condenser. In order to avoid refrigerant leakage, a refrigerant
charge of 1.65-1.75 kg was recommended.

3.8

Qietal.

2014

Solar-air energy
dual-source
integrated heat pump
system

A Tandon cavitation coefficient calculation model was
developed under a Maple environment and the R134a
refrigerant charge was obtained which was close to the actual
optimum refrigerant charge.

3.7-4.5

[75]

Kong et al.

2021

DX-SAHP

A neural network model was developed to predict the mass
flow rate of the R290 refrigerant. It was found that the increase
of solar radiation intensity leads to an overall increase in the
mass flow rate of R290; however, with the increase in ambient
temperature, the influence of solar radiation intensity on the
mass flow rate of refrigerant decreased.

4.38-5.69

[76]

Wang

2021

DX-SAHP

A new subcooling control system was proposed, and the
influence of the subcooling degree on the new system was
studied. The results show that, with the increase in subcooling
degree, the heat supply per unit of refrigerant mass flow will
increase, and the heating coefficient will increase first and then
decrease. When the subcooling degree is 4 K, the heating COP
is the highest. When the subcooling degree is controlled within
the range of 2 K~ 5 K, the heating COP is maintained at the
high-level range.

4.0~6.5

[77]

126



Buildings 2022, 12, 1435

The refrigerant is the working fluid in the refrigeration cycle and, as such, is highly
important. The technical problem of the research is to find refrigerants with a low environ-
mental impact that leads to high system COP. Environmentally friendly refrigerants are the
potential solutions to solve these problems.

Based on the above literature survey, it can be seen that due to the environmental
problems caused by HCFCs refrigerants such as R22 and R12, searching for new green
and environmentally friendly refrigerants to replace traditional refrigerants has become
the focus of the research. Alternative refrigerants including R134a, R152a, R142b, R410a,
etc., have been proposed as replacement refrigerants. Among these, it is worthwhile to
mention that many studies focused on the application of the R134a refrigerant in the
DX-SHAP, especially its influence on energy consumption and system COP. In addition,
theoretical and experimental studies on the application of new refrigeration cycles such
as transcritical CO, to SAHP systems, as well as research on the flow characteristics of
new environmentally friendly refrigerants in PV /T-SAHP systems, are relatively few in
China. As the physical properties, charging capacity, and type of refrigerant are important
factors affecting the COP and energy consumption of the system, more investigation on its
operating performance and system optimization are needed.

3.2.4. Performance of the Dual-Source Heat Pump

The heat exchange performance of the heat pump system is very important to improve
the operation performance of the heat pump and antifog in cold winter. Chinese scholars
have carried out experimental and theoretical studies on the heat exchange performance
for different types of SAHPs, including solar-assisted air source heat pumps, solar-assisted
soil-source heat pumps, solar-assisted water source heat pumps, etc. [78,79]. Table 5 lists
the relevant studies on the performance of the dual-source SAHPs by Chinese scholars.

Table 5. Relevant studies on the heat exchange performance of SAHPs by Chinese scholars.

Author Year System Type Note Ref.
Solar-assisted air The mathematical model of the solar collector was developed.
Huang et al. 2017 The study shows that the energy efficiency ratio of the system [78]
source heat pump . . L
can be improved by 1~2 with solar radiation.
Through theoretical analysis and experimental validation, it
Air source was concluded that with the increase in solar radiation
Cai 2019 solar-assisted heat intensity on the collector/evaporator side, the system COP can [49]
pump (AS-SAHP) be significantly increased with a relatively small increase in
power consumption.
Solar and air dual heat The component model and the. thermal physical property
parameter model of the refrigerant were developed.
source two-stage Simulati Its show that when the flow rate of solar hot
Wan et al. 2020  compression CO; heat Lpruation reiu S SO a N . . o [80]
water is 0.6 m” /h and the outdoor environment is 15 °C, the
pump water heater system COP increase by 11.6%, compared with the air source
system heat pump.
Economic analysis was performed for SAHPs with air source
and three conventional energy sources as auxiliary heat
Hou 2008 SAHP sources. The results show that in Lanzhou, the air source heat [81]
pump water heating system has economic advantages over
other systems.
The heat storage characteristics of soil for the U-shaped buried
tube heat exchanger were carried out through simulation and
Yang et al 2008 Solar-assisted experimental validation. It was shown that the intermittent 182]
' soil-source heat pump heat storage method is beneficial to the recovery of soil
temperature and further improves the heat storage efficiency
of soil.

127



Buildings 2022, 12, 1435

Table 5. Cont.

Author

Year

System Type

Note

Ref.

Wanget al.

2008

Solar-ground coupled
heat pump system
(SGCHPS)

Through experiment and computer simulations, it was
concluded that the underground heat storage performance of
SGCHPS strongly depends on the intensity of solar radiation

and the ratio between the volume of the water tank and the

area of the solar collector. It is suggested that the reasonable

ratio of the volume of the water tank to the area of the solar
collector should be within the range of 20~40 L/m?.

[83]

Han et al.

2008

SGCHPS

A computer program on the SGCHPS was developed, and the
simulation results show that the annual average heating
performance coefficient of the system under combined solar
and soil source energy operation mode was 2.674.

[84]

Xu et al.

2015

SGCHPS

The computer model was developed under the TRNSYS
environment, and the heating mode operation was validated
with an experiment. It was concluded that under the combined
heating mode, the soil temperature at different buried depths
mainly depends on the solar radiation intensity, and a high
soil temperature can ensure high system energy performance.

[85]

Gao et al.

2020

SGCHPS

The imbalance efficiencies of ground source heat pumps
(SGHP) were analyzed, and Beijing, Harbin, and Zhengzhou
were selected as representative cities from cold regions, severe

cold regions, and hot summer and cold winter region analysis.

The results show that the operating time for SGCHPS was
shorter than SGHP, with more energy reduction, and it can
keep the unbalance rate at 1% after system optimization.

[86]

Yi

2009

Solar-assisted water
source heat pump

The experimental study shows that under the testing
conditions, the COP of the system in the heating and cold
storage mode was in the range of 5.8~6.2.

[87]

Qu

2015

Solar-assisted water
source heat pump

A computer model was developed to simulate the application
of the system in a villa in Beijing under the TRNSYS
environment. The results show that when the temperature
difference between the supply and return water of the
collector was at 7 °C, the COP of the system can reach 2.47.

[88]

2011

Solar-assisted
underground water
source heat pump

An economic analysis for the application of a solar-assisted
underground water source heat pump system in a residential
building in Shenyang was performed. Compared with
oil-fired boilers and electric boilers, the proposed system is
more energy efficient. However, it is less economical than
coal-fired boilers but with minimal environmental pollution.

[89]

2020

Solar-air-wastewater
multi-energy
complementary heat
pump system

Through computer simulation and experimental validation, it
was shown that the system is applicable in hot summer and
cold winter regions. When there is not enough space for a
solar collector or the heating capacity of the system is not
enough to meet the demand of the building, it can be
considered to add a sewage water source as auxiliary energy.

[90]

Based on the above survey of the literature, it can be concluded that the coupling of
solar energy and other heat sources needs to take advantage of the abundance of energy
sources in the specific region. This is because multi-energy-source heat pumps usually
have higher COPs than that of single-source heat pumps. Few papers have focused on the
intelligent control of the SAHPs; although, it is very important to match the dynamic user
demand and achieve energy saving in practice. More studies are needed to optimize the
capacity matching among all the components of the heat pump to achieve high system

energy efficiency.
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3.3. Research on the Performance of SAHP

Different commercially available software and programming language have been used
by scholars to conduct simulations of the performance of the SAHP system, among which
TRNSYS was most favored by the researchers due to its ability to dynamically simulate the
annual building thermal load, heating/air conditioning system operation, solar energy sys-
tem, ground source, hybrid connection SAHP performance, etc. Table 6 lists representative
numerical studies on SAHP systems and the programs used by the researchers.

Table 6. Numerical studies on the SAHP system by Chinese scholars.

Author Year System Program and Results Ref.
. A computer model was developed under the MATLAB environment
PV /T-assisted heat pump ine the Simulink platf lidated with . | data i
Cai 2015 water heating system using the Simulink platform. It was validated with experimental data in [91]
(PV/TA + HPWH) June 2013 and showed sufficient confidence under fluctuating solar
radiation conditions.
. . A computer program was written to simulate the performance of the
Ssl{ﬁzﬁig}; (c)lti):(?hilecat PV-SALHP /HP system. The results show that, on typical sunny days in
Dai et al. 2017 ipe/heat pum f stem spring and autumn, the operation under the hybrid LHP /HP mode [92]
PP (PV-S AELIiIPI/)H}i’) leads to 40.6% energy saving compared with the operation under the HP
mode. Note: Software platform not specified.
. A unified calculation computer program was written in C language to
Micro-channel PV/T simulate the annual performance of a novel DX-SHAP system with
modules based p Y
Zhou et al. 2020 direct-expansion SAHP microchannel PV modules for space heating. The results of the [93]
sp stem simulation were validated with daily experimental data with a
4 maximum error of 7.2%.
. . A computer program was written under the TRNSYS environment to
Non-direct expansion . ) . . . .
R X simulate the performance of the system installed in residential houses in
Luo et al. 2020 solar-assisted air source Sh i-La. The relationship b he h . d th [94]
heat pump angri-La. The relations! ip etween the gat pump capacity and the
heating area was obtained.
A computer program was written under the TRNSYS environment to
Wang 2020 SAHP hot water system evaluate the energy and economic performance of the system with an [95]
energy-efficient conservation operation strategy.
A computer model was developed under the TRNSYS environment for
Shen 2015 Parallel SAHP system the parallel SAHP system, and the annual operation performance of the [96]
system was simulated.
Mathematical models for each component of the system were developed,
and a computer program was written under the TRNSYS environment.
X The performance of different system connection methods was analyzed,
Yin 2013 SGCHPS and it was recommended to set the location of the solar energy 71
supplement hot spot between the outlet of the heat pump unit and the
inlet of the buried pipe.
Solar-assisted air source A computer program was written under the TRNSYS environment to
heat pump inteerated simulate the performance of the SASTHPDHW system, and it was
Li 2017 domest}i)c holt) wategr system validated with experimental results with a difference of less than 10%. [98]
© ASIHPDHW)Y The annual average COP of the system was found to be 4.12, which is
11.7% higher than that of an air-source heat pump.
A computer program was written under the MATLAB environment
Wei et al. 2019 SAHP using the Simulink platform, and the impact of solar radiation intensity, [99]
area of the collector/evaporator, etc. were analyzed.
A computer model was developed under the TRNSYS environment to
Solar-storage and ground optimize the solar water heating system of a demonstration project in
Guan et al. 2009 source heat pump hot Tianjin. The results show that solar energy and renewable energy (solar [100]
pump ) 134 134

water supply system

energy + ground source energy) accounted for 62.8% and 86.5% of the
total heat supply, respectively.

Figure 11 lists the simulation platforms/programming languages adopted by the
researchers. It can be found that a large proportion of the computer models were developed
under the TRNSYS/MATLAB environment. TRNSYS is most favored by researchers for
whole system performance analysis, while MATLAB is welcome for analyzing the oper-
ating characteristics of a certain component in the SAHP system and the dynamic energy
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performance under different environmental conditions. The CFD software, such as ANSYS
and Fluent, is used to perform analysis of indoor thermal and humidity environments.

From the literature survey, it can be concluded that current studies focus on whole
system operation performance or component level simulation, or indoor environmental
condition analysis. Few studies have been conducted to investigate the optimal control
strategies and their impact on indoor thermal and humidity, which could be the future
direction of research.

B TRNSYS
122
66 B MATLAB
8 W C&C++
6
7 FORTRAN
3
I 3 ANSYS
H Fluent
0 40 60 80 100 120
H Other
Number of publications
Figure 11. Simulation platforms/programming languages adopted by the researchers.
3.4. Economic and Feasibility Evaluation
The economic and feasibility evaluation of the SAHP system is also an important area
of research. Although the SAHP systems utilize renewable energy, the installation of such
systems requires extra costs [100,101]. In addition, the SAHP system might not be able to
provide enough cooling and heating when solar radiation is low. In this case, an auxiliary
heating/cooling system would be needed, which would result in additional investment
costs. Therefore, the economic and feasibility evaluation of the SAHP system is critical.
Table 7 lists the relevant studies of SAHP from Chinese scholars.
Table 7. Economic and feasibility evaluation of SAHP.
Author Year Focus Conclusion Ref.
It was found that after the introduction of the
environmental protection tax, the price of coal power
Ya 2007 Environmental benefits of ~ will rise significantly, the economy of SAHP will become [102]
SAHP worse due to the need of electricity for auxiliary heating,
and the environmental benefits of SAHPs are worse than
natural gas boilers.
Economm and . PV-SAHPWH has the highest initial cost and lowest
Environmental Benefit Tatin, t in the Nanjing ar mpared with other
Feng 2012 Evaluation of PV-SAHP ~ OP¢ratmg cos € Nanng area compared with othe [103]
hot water systems, leading to the lowest lifecycle cost
Water Heaters and highest environmental benefits
(PV-SAHPWH) & :
Thermal performance Through reasonable component size matching, the COP
evaluation and economic  of the air source heat pump unit can still reach 2.5 to 3.3
Luoetal. 2009 analysis of air source heat  in the coldest month. The use of the system can lead to [104]
pump-assisted heating great energy saving potential compared with other
solar hot water system cold/heat sources and is economically feasible.
Energy saving potential,
envilfeocri)rizrr?t{aclael;n aallldsis of Compared with oil-fired and gas-fired hot water boiler
Jing 2015 Y systems, the energy consumption and dynamic annual [105]

the air source heat
pump-assisted solar water
heating system

cost of this system are both the lowest.
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Table 7. Cont.

Author Year Focus Conclusion Ref.
Economic and Compared with other conventional hot water systems,
environmental benefits of the air source heat pump-assisted solar water heating
Liu 2011 air source heat system led to the lowest annual operating energy [106]
pump-assisted solar water ~ consumption and the best economic and environmental
heating system benefits in Chongqing.
Economic and Compared with other conventional water heating
environmental benefits of systems applied in the Yangze River and the Huai River
. region, the solar energy guarantee rate is 46%, and the
Peng 2010 air source heat L . [107]
. energy consumption is the lowest. The environmental
pump-assisted solar water 4 ’
heating system benefits of the system are comparable to the gas-fired
&Y boiler system.
Compared with the other three alternative conventional
Fconomic impact factors of solar energy auxiliary heat source systems, while
heat pump- 5 ssisted solar considering the impact of the increase in energy price,
Hou et al. 2008 pump the use of air source heat pumps as auxiliary heat [81]

centralized hot water

system sources has strong economic competitive advantages, as

well as social and environmental benefits in large-scale
application in the cold regions in northwest China.

From Table 7, it can be found that most of the investigations were on the energy saving
potential and economical and environmental analysis of the system, especially the air source
heat pump-assisted solar water heating system as it is common and easy to be implemented.
Analysis of other types of systems is relatively rare and very little research could be found
on exergy analyses of the system, which could be the future research direction.

4. Application of SAHP

The application of SAHP in a certain region is related to the solar power generation
capacity in that region. Figure 12 presents the solar power generation by region in China
in 2019. It can be observed that solar power generation concentrates in the northwest,
east coast, and north China regions. The solar power generation in the northern region
of China (north of Qinling and Huaihe River) is much higher than that in the southern
region, which could be due to the better local solar energy resources and more supportive
government policies in northern regions. As a result, more SAHP projects were developed
in northern regions. Table 8 lists the representative SAHP projects in China since 2001
that have been implemented and put into operation. The projects were selected from the
national and local government official websites. Those local renewable demonstration
projects have been completed and put into operation with proven energy-saving data
and benefits. These projects demonstrate innovation and economic and environmental
protection benefits compared with traditional projects.
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Figure 12. Solar power generation by region in China in 2019 (TWh) [3].

Table 8. List of representative SAHP projects in China.

Heilongjiang: 3.24

Beijing: 4.77

Shanghai: 0.78

Year Project Name

Location

Project Information

Operation Benefits

Comparison with
Traditional System

Ref.

Olympic Village
SAHP Hot Water
System

2004

Chaoyang
District, Beijing

The system was designed to
supply hot water to the Olympic
Village prepared for the 2008
Beijing Olympic Games. Hot
water heating was mainly
through solar energy and assisted
by a heat pump.

An automatic intelligent
controller was adopted with
real-time performance
detection. Automation
control was realized.

Compared with the
oil-fired boiler heating
system, the energy-saving
ratio is more than 60%,
and, compared with the
electric heating system, the
energy-saving ratio is 90%.

[101]

Solar air conditioner
heat pump system
in Beijing Tianpu
Group Industrial
Park

2004

Chuangye
Road, Lucheng
Industrial
Zone, Daxing
District, Beijing

An absorption lithium bromide
solar air conditioning system was
adopted. It was the largest solar
air-conditioning system among
the new energy demonstration
buildings in China at that time,
and it is also one of the buildings
with the largest percentage of
renewable energy usage in the
total energy consumption of
China.

The air conditioning and
heating requirements of the
new energy demonstration

building are satisfied, and the
heat collection efficiency in
winter and summer reaches

0.2 and 0.4, respectively.

Compared with the
traditional gas boiler,
1600 m® of natural gas can
be saved every year.

[108]

Solar system of a
holiday hotel in
Pudong New Area,
Shanghai

2006

Pudong New
Area, Shanghai

The system adopts a solar
collector and supplementary
heating equipment, an intelligent
control system, an SAHP water
heater, hot a water tank, etc., with
a design power for hot water of
1745 kW.

As dual heat sources (solar
and air energies) are used,
even when solar irradiation
intensities are low, the energy
consumed by the system is
only 50% of that of the solar
hot water system.

A total of 2,076,390 m> of
natural gas is saved during
the 15-year life span with a

CO, emissions reduction

of 6,175,183 kg.

[109]

Asian Games City
Solar Water Source
Heat Pump Project

2011

Panyu,
Guangzhou

The system is designed to supply
domestic hot water for residential
buildings (1.14 million m?) by
solar heating in the Asian Games
City and provide cooling by river
water source (from the Lijiang
River) heat pump for some single
buildings (250,000 m?). It is listed
as a national renewable energy
building application
demonstration project.

The water source heat pump
is used as an auxiliary heat
source for solar energy. The

highest daily water
consumption during the
competition could still be met
when there was no solar heat
collection.

Compared with gas
heating, 5723 m® of natural
gas with 260 kg of CO,
emission was reduced
during the operation
period.

[110]
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Table 8. Cont.

Comparison with

Year Project Name Location Project Information Operation Benefits Traditional System Ref.
Energy savings were equal
. to 79 t of standard coal
Solar energy and ground source Cooling demand was every vear, CO» and other
Shijiazhuang City No. 88, South heat pump systems combined satisfied by the ground carl};gn 0)’(1 de i missions
Ground Source Second Ring with energy storage technology source heat pump, and
2 - - were reduced by more than
2015 Heat Pump + Solar East Road, are used to provide heating, domestic hot water demand 188 t. NOx emissions were [111]
+ Energy Storage Shijiazhuang cooling, and domestic hot water was satisfied by the solar 4
L . . . . reduced by 0.7 t, and SOx
stem Project it or industrial and government energy system with an .
Sy Proj City f d Land g 8Y 5y’ h and other sulfur oxide
buildings. auxiliary electric heater. o
emissions were reduced by
32t
. . Compared with the
Combined cooling, e::;e Ciﬂ;ﬁ:ﬂgﬁ?ﬂ%‘e coal-fired boiler + electric
heating, and power The system was designed to ey ption heating system before
building was significantly
demonstration provide cooling, heating, and reduced by using zeothermal retrofit, the yearly
project using Ruzhou City, power to the Ruzhou No. 2 High and solar Zner g "%he overall operation cost was reduced
2015 ground source heat Henan School, and the project was system COP wga};. in the range by CNY 664,700 (135 t of [112]
pump coupled solar Province awarded first place in the Henan yof 3.8-4.4 all year-roun dg standard coal). Compared
energy in Ruzhou Province Construction Science Meaﬁwhiie theysoil therm;zll with the coal-fired boiler
City, Henan and Technology Progress Award. - g system, the investment
Provi imbalance problem was
rovince solved cost was reduced by CNY
. 410,000.
. The system was designed to e
Beijing Daxing Daxing, provide heating and domestic hot The energy savings on the
Village Household . - The system COP was able to daily electricity
Solar Energy + Air Songzhuang water for the working farmer with reach 2.2 under consumption was about
2016 8y Town, a heating area of 60 m? and hot ) L. P [113]
Source Heat Pump low-temperature conditions 25 kWh (CNY 1500 of
X . Tongzhou water demand of 250 L/d. The R N L .
Heatmg.Retroﬁt District, Beijing system was able to operate under in winter. electricity in heating
Project ' ultra-low temperatures. season).
- The heating COP of the water During the test in a heating
s The system was designed to season, energy savings of
olar + Water ide heati s of source heat pump was 2.0. 1 to 128 t of standard
S Heat P provide heating needs of The overall system heati equal to t of standar
ource Heat Pump N o e overall system heating -
Heati . . government office buildings and . coal and CO, emission
eating Project of Caina a . o . N COP was 3.85. The leaving .
. . . ormitory buildings in a heating reduction of 448.9 t were
2019 Caina Township Township, 20 . water temperature from the . 3 [114]
G - area of 5830 m* with a design o achieved. CNY 7.16 x 10
overnment, Lhasa, Tibet heati o S collector reached 73.6 °C, -
. eating temperature of 18°C in N e N cost savings can be
Qushui County, . d th ber of heati which can satisfy the heating hieved d with
Lhasa, Tibet winter, and the number of heating and hot water needs in achieved compared wit
! days was 150. winter. electric heating in a 20-year
’ life span.
A retrofit project was designed for The water source heat pump
the cooling and heating system of system was preferred for
the Liaoning Building. A water heating using the electric
source heat pump was used for heat storage boiler as an
. - cooling and heating the auxiliary system during the Compared with the coal
Multi-energy source Liaoning . ditioni N llev’s el ity d d boiler s 1
cooling and heating Building air-conditioning system. An valley’s electricity deman oiler system, annua
. " electric heat storage boiler was period. The solar energy energy savings equal to
2020 system retrofit Shenyang City, ) ’ N [115]
d B RS- used to supply hot water to the system was preferred for 1977 t of standard coal, and
project of Liaoning Liaoning di for heating. A sol. ducing d i h . £ CNY
Building Province radiator for heating. A solar producing domestic hot cost savings of

heating system was used to
provide domestic hot water. At
the same time, natural gas was
used as the steam heat source for
the kitchen and washing machine.

water. The maximum system

heating COP reached 4.1 and

the average heating COP of

the water source heat pump
was 3.6.

3.4 x 10° were achieved.

Figures 13 and 14 provide an overview of the Beijing Daxing Village Household Solar
Energy + Air Source Heat Pump Heating Retrofit Project and the Solar + Water Source Heat
Pump Heating Project of Caina Township Government, respectively.

The above projects point out that in regions with sufficient radiation during the
heating season, DX-SAHP is suggested for seasonal heating. In regions with sufficient
annual irradiation throughout the year, it is advisable to use solar heating assisted with a
dual-source heat pump for heating. In cold regions that required heating most of the time
in the year and with insufficient radiation, a combination of a non-direct expansion heat
pump system with thermal storage technology as an auxiliary heat source is recommended.
Furthermore, most projects are implemented in coastal areas in the east and inland areas
with moderate solar energy resources and developed economies. Although solar energy
resources are abundant in the northwest regions, southwest regions, and Tibetan regions,
very few SAHP projects could be found in these regions. Therefore, to help reach carbon
peak and carbon neutrality, it is recommended to promote SAHP projects in these regions.
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Figure 13. Overview of the Beijing Daxing Village Household Solar Energy + Air Source Heat Pump
Heating Retrofit Project [113].
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Figure 14. Overview of the Solar + Water Source Heat Pump Heating Project of Caina Township
Government [114].

5. Regulations, Standards, and Policies Related to SAHP

The solar energy industry is part of both the renewable energy industry and the
energy-saving industry. Currently, the regulations, standards, and policies for SAHP
mainly focus on solar thermal utilization and water heaters. Compared with large-scale
solar heat collection projects, the standards and technical regulations of different types of
SAHPs and hot water systems still need improvement. It is also important to increase the
formulation and implementation of economic policies for SAHPs [116].

5.1. Regulations and Standards for SAHP in China

Table 9 lists the relevant regulations for SAHP in China. It can be seen that early
regulations mostly focused on solar energy hot water systems due to their easy installation.
“Technical specification for solar photovoltaic and thermal heat pump system (T/CECS
830-2021)” [117] is the first relatively complete technical regulation on the utilization of
SAHP in the past ten years. In addition, the mandatory policies of relevant laws and
regulations on SAHPs mainly focus on solar thermal utilization.

With the proposal of new national strategies for reaching carbon peak and carbon
neutrality, a complete technical specification and design standard is needed for solar
thermal utilization and SAHP application to support and promote the extensive application
of SAHPs in China. In addition, there are very few mandatory policies for solar energy
and heat pump engineering technology. Therefore, in the future development of SAHPs,
the government still needs to formulate and improve relevant laws and regulations and
develop practical guidelines for implementation accordingly.
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Table 9. Relevant regulations and standards in China.

Implementation

Date Regulation Status Note Ref.
This specifies the terms and definitions,
Specifications of air source classification and nomenclature, technical
2009.6.1 heat pump-assisted domestic Current requirements, measurement and test methods, [118]
o solar water heating system inspection rules and documentation, marking
GB/T 23889-2009 and packaging of air source heat pump assisted
packaging pump
domestic solar water heating systems.
The performance test method for solar water
solZf—St 1?; :—tskz)dsli(r);etr}:tear heating systems with auxiliary energy (the
prus-supp y volume of the water storage tank is greater than
2011.9.29 water heating system (tank Current 3 oo [119]
capacity more than 0.6 m?) 0.6 m°) is specified. It does not apply to solar
P (GB/T2 6973—201i) water heating systems with auxiliary heating by
heat pumps.
Tech'n.mal. code for solar a Mandatory specification for design calculations
2012 conditioning system of civil Current [120]
buildings (GB 50787-2012) of solar collector systems.
Technical standard for solar Mandatory specifications for solar collector
2018 water heating system of civil Current systems, hot water supply systems, and [121]
buildings (GB 50364-2018) auxiliary heat source systems.
Test method for domestic It specifies the test methods for DX-SAHP hot
direct-expansion solar heat water systems for household and similar
2019.6.4 um. Wart)er heating system Current purposes and specifies the classification and [122]
p rl’\IB /T 101 55_2%1 g coding, technical requirements, test methods,
and inspection rules.
Technical standard for solar Mandatory specification for solar
2019 heating system (GB50495-2019) Current heating design. [123]
This standardized the design, installation,
Technical specification for solar commissioning, acceptance, operation, and
hotovoltaic and thermal heat maintenance of the solar photovoltaic heat
2021.8.1 P LMD svstem Current pump system and gave a detailed system [117]
T/pCE CpS 8};0-2021 description for each component of the solar
photovoltaic heat pump system as well as the
design, installation, and system selection.
Notice of the Ministry of
D?voelfsuﬁeiﬁigg?rr\lt_iur:i d Guide the project development of solar energy
Distgbuting the Atlasgof and heat pump systems in northern rural areas
2021 Passive Solar Heating in Rural Current through “Atlas of Passive Solar Heating in [124]

Areas (Trial) and the Technical

Guidelines for the Application

of Household Air Source Heat
Pump Heating (Trial)

Rural Areas (Trial)” and “Technical Guidelines
for Application of Household Air Source Heat
Pump Heating (Trial)”

5.2. Government Financial Subsidy Policy for Solar Industry

The solar photovoltaic industry in China has great development potential with policy-
based financial support and market-based financial support. However, due to the high
investment risk and uncertain yield in the renewable energy market, market-based finan-
cial support is not yet mature enough. Therefore, setting up economic policies that can
provide guidance and incentives to the solar energy industry is very important at the early
stage [125]. For example, the average photovoltaic power generation cost is about six times
that of thermal power. However, among all primary energy sources, the proportion of
solar power generation energy has steadily increased. By 2020, the annual solar energy
utilization nationwide reached over 1.140 x 108 tons of equivalent standard coal [126].
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From 2012 to 2021, the proportion of solar power generation increased from 0.07% to 4% of
the total national power generation [127].

The SAHP industry belongs to the new energy industry and renewable energy industry,
and the government has been providing special subsidies to solar photovoltaic cells and
modules [128]. Article 25 of the “Renewable Energy Law of the People’s Republic of China”,
revised in 2009, states that the renewable energy development and utilization projects listed
in the National Renewable Energy Industry Development Guidance Catalog are eligible for
loan application and can receive financial assistance with discounted loans from financial
institutions [26].

Table 10 lists the financial subsidy policies for the photovoltaic solar energy industry
from the central government. Financial subsidies for the solar energy industry mainly
include subsidies for initial investment, on-grid tariffs, and financial subsidies for technol-
ogy research and development and personnel training in the photovoltaic industry. The
subsidy policies come from many different ministries, such as the National Development
and Reform Commission, Energy Administration, and China Development Bank, and the
subsidies are not unified [129].

Table 10. Financial subsidy policies for the photovoltaic solar energy industry from the central

government.
Time Solar Subsidy Policy Policy on Subsidy Ref.
This stipulates two subsidy methods for centralized
photovoltaic power generation and distributed photovoltaic
" . . . power generation. The subsidies for centralized
2009 Golden Sun” Demonstration Project photovoltaic power generation and distributed photovoltaic [130]
power generation are in the range of CNY 0.75 to
1 CNY/kWh, and 0.35 CNY/kWh, respectively.
Notice on the adiustment of the The benchmark on-grid electricity price (tax included) for
benchmark on]— rid tariff of new photovoltaic power plants in 2017 for Class I, II, III,
2016 hotovoltaic owerg encration and and Tibet Autonomous Region areas would be lowered to [131]
LRSI 0.65 CNY/kWh, 0.75 CNY/kWh, 0.85/kWh, and
p g 1.05 CNY/kWh, respectively.
Ia\ifglIC{eefoofrieCljit;(filsaslic?neZSKE?ﬁiﬁ For industrial and commercial distributed photovoltaic
2020 Concerning the 2020 On-grid power, it included financial subsidies in 2020 based on the [128]

Electricity Price Policy for
Photovoltaic Power Generation

power generation scale, and for household distributed
photovoltaic power, the subsidy is 0.08 CNY/kWh.

In addition to the central government’s subsidies, local governments have also in-
troduced a large number of relevant subsidy policies to encourage the development of
the solar industry, which are added to the national subsidies. The subsidies offered by
the local governments can be mainly divided into power demand/consumption subsidies
and one-time investment subsidies. With the support from the subsidies, the Return On
Investment (ROI) of distributed photovoltaic power generation projects can be significantly
improved [125]. Table 11 lists the representative subsidies from local governments.
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Table 11. Subsidies from different local governments.

Location

Policy on Subsidies

Ref.

Wuxi, Jiangsu

A one-time subsidy of 200,000 CNY/MW for distributed photovoltaic power stations.

[132]

Beijing

The subsidy standard is 0.4 CNY/kWh (tax included) for building integrated
photovoltaic (BIPV) projects. For photovoltaic power generation projects in general
industrial, commercial, and agricultural residential buildings, the subsidy standard is
0.3 CNY/kWh (tax included).

[133]

Shanghai

A subsidy of 0.4 CNY/kWh for a home-owner, and a subsidy of 0.25 CNY/kWh for
an enterprise, for a period of 5 years. In 2014, the total newly added distributed
photovoltaic power generation in Shanghai receiving subsidies is 200 MW.

[134]

Jiangsu

During the period from 2012 to 2015, if the photovoltaic power generation projects
newly put into operation in the province did not receive national financial subsidies,
they would be given subsidies of 1.2 CNY/kWh in 2014 and 1.15 CNY/kWh in 2015

from the provincial government.

[135]

Luoyang, Henan

For distributed photovoltaic grid-connected power generation projects completed
before the end of 2015, and preferentially using components produced by enterprises
in Luoyang City, a reward of 0.1 CNY/W will be given according to their installed
capacity, and the reward will continue for 3 years.

[136]

Shangluo, Shaanxi

A 5% tax refund to some photovoltaic and ancillary product manufacturers registered
locally. A 5% refund of labor service tax to enterprises that install photovoltaic
generators of no less than 50 MW.

[137]

Hangzhou, Zhejiang

A subsidy of 0.05 CNY/kWh will be given to the photovoltaic grid-connected ground
power stations that are constructed on schedule from 2016 to 2018, and the subsidy
will be continued for 5 years (60 months). The annual subsidy for a single project does

[138]

not exceed 5 x 10° RMB, and the annual subsidy for the same enterprise does not
exceed 1.0 x 107 RMB.

According to the analysis of fiscal policies in Tables 10 and 11, the number of subsidies
from the state and local governments provided to the solar energy industry, especially the
photovoltaic industry, is steadily increasing. At the same time, with the national macro
policy, the supporting photovoltaic policies in local regions are more active. However,
due to poor project supervision and the low entry barrier of this industry, there have been
problems such as fraudulent subsidies and fake projects that disrupt the market order,
which discourage the enthusiasm of the enterprise [139]. Therefore, financial subsidies for
the solar energy industry should move reasonably towards investment subsidies, electricity
price subsidies, and consumption subsidies in order to stimulate and develop the clean
energy consumption markets [132].

5.3. Fiscal, Tax, and Financial Policies for the Photovoltaic Industry

In terms of income tax, the National Development and Reform Commission has added
solar photovoltaic products to the “National Environmental Protection Industry Equipment
Product Catalog” which was released in 2010. With this, relevant enterprises can enjoy tax
reductions and exemptions in terms of investment credits and accelerated depreciation for
equipment [116]. For Value-Added Tax (VAT), when the scale of distributed photovoltaic
power plants is small and the monthly online sales revenue is less than CNY 20,000, VAT
is exempt. When the annual sales revenue exceeds CNY 500,000, VAT must be paid.
According to the notice of the PV power VAT policy issued by the Ministry of Finance and
the State Taxation Administration, taxpayers can enjoy a 50% refund of VAT immediately
after collection, and enterprises can be exempt from a certain percentage of income tax
within a certain period of time [129].

In recent years, the China Development Bank has provided various support for dis-
tributed photovoltaic project implementation [125]. The financing methods for solar pho-
tovoltaic enterprises mainly include equity financing, debt financing, policy financing,
financial leasing, internet crowdfunding, internet wealth management and third-party
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financing [140], among which bank loans are the primary financing method. In terms of
policy financing, the China Development Bank is the leading provider for the new energy
industry [141]. As of August 2013, the China Development Bank has provided loans of CNY
4.105 x 10" to photovoltaic solar energy, and the Bank of China offered CNY 3.01 x 10'2
green finance in 2014, mainly to support wind power and solar photovoltaic industry [142].
As of March 2017, a total of 60 banks across the country have launched “photovoltaic loans”
to support the development of the photovoltaic industry, mainly from Zhejiang, Jiangsu,
Jiangxi, Shandong, Shanxi Province, etc. [143].

Multiple guidelines and policies have been issued for the use of clean energy in build-
ing design and renovation in a number of domestic provinces and cities. For example, the
economic policies issued in Hubei, Shandong, and other provinces and cities provide guid-
ance on projects related to solar energy + “multi-energy complementary heat utilization”,
cooling, heating, electricity trigeneration, solar/air source energy, ground source, and other
clean energy sources.

6. Recommendations for Future Improvement

The vigorous development of the SAHP industry requires the formulation of govern-
ment policies, the R&D and innovation vitality of enterprises, the fairness and improvement
of the market, and the improvement of relevant laws and regulations. Therefore, a good de-
velopment environment will help the SAHP industry in China step into a more promising
future. Some recommendations for future improvement are elaborated as follows.

6.1. Expansion of Research Directions on SAHP

In addition to the traditional research directions on SAHPs, the following areas can
be explored in the future: (1) SAHPs + intelligent control and remote monitoring sys-
tems, (2) multi-source heat pumps, (3) advanced heat storage and exchange unit (HSEU)
technology, (4) advanced machine learning and multi-objective evolutionary optimization
models that can be used for performance prediction and optimization of SAHP technology,
(5) energy-efficient and low-carbon operation of heat pumps [144]. In addition, in-depth
R&D on solar panel arrays, heat pumps with heat recovery, thermal storage and thermal
storage technologies, and specific technology case studies can help identify potential ways
for promoting the development of SAHPs to meet the requirements of a carbon-neutrality
target. For example, the combination of soil source and solar energy heat pump technology,
which has dual heat sources, can make the system more flexible and reliable and reduce the
power consumption of the compressor [145]. Therefore, the combination of digitalization
and intelligence technology for sustainable development may become a future research
direction for SAHP.

6.2. Strengthen Industrial Chain Development and Increase the Output of Fundamental R&D

The development of any industry is inseparable from innovation and scientific re-
search outputs. The proportion of transformation of theoretical achievements into practical
application projects is relatively low in China, showing a large gap compared with de-
veloped countries such as the United States and Europe. Therefore, the experiences from
developed countries need to be used. For example, Japan has put great emphasis on the
development and protection of core technologies during the development of the solar en-
ergy industry with staged support from the state and local governments. During the early
development stage, the government subsidizes enterprises to promote technology research
and development. After the technology is mature, solar energy products can be introduced
into the market, which will effectively reduce the cost of industrial promotion [118]. The
Chinese government should increase investment in fundamental research and development
of solar energy utilization technology in order to lead breakthroughs in key technologies
such as solar cell materials as soon as possible [146].
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6.3. Establish Positive Interaction between Local Government and Enterprises and Optimize
Industrial Structure

To promote the development of the solar energy industry, it is crucial to building a
benign interaction between local governments, the market, and enterprises. The local gov-
ernments should create a healthy market environment, formulate rules for fair marketing,
and replace traditional planning methods with more market economic methods [118]. They
also must actively fill the loopholes and fix shortcomings in the market industry chain.
It is necessary to supervise the solar energy industrial chain and utilize the advantages
of local resources to increase resource utilization efficiency [147]. More policies should
be introduced to improve the effectiveness of the role of the local government in SAHP
industry development.

To optimize and upgrade the industrial structure, the process of production factors
such as capital, labor, land, and technology should flow from the production sectors
with low value-added, poor efficiency, and high consumption to those with high value-
added, high efficiency, and low consumption. Large solar energy companies with a low
production cost and high efficiency can be encouraged to merge with small companies
with a high production cost and low efficiency to create a more competitive and vigorous
market [148]. More specifically, more support should be provided to the development of the
equipment manufacturing industry, parts production enterprises, and technical research
and development institutions [149].

6.4. Develop Specific Fiscal and Financial Subsidy Policy for SAHP Industry

So far, no specific fiscal and financial subsidy policies have been developed for the
SAHP industry in China. Most of the existing subsidy policies were developed for the solar
photovoltaic industry. However, there are some macro policies for the promotion of solar
water heaters and solar heating [150,151]. Therefore, the government should develop more
flexible and specific subsidy policies for the SAHP industry to promote the application of
SAHP in buildings.

The subsidy policies can be made concerning the following aspects: (1) Product
subsidy: the government compensates for some of the SAHP products in order to reduce
their expenses while increasing their output. As a result, production and consumption
grow, but the price remains the same; (2) consumer subsidy: the government subsidizes the
consumers to incentivize them to use more SAHP products; (3) employment subsidy: the
government gives this incentive to SAHP companies and organizations in order to enable
them to provide more job opportunities. The above subsidy policies should be provided
based on market needs to avoid overproduction.

7. Conclusions

This paper provides a systematic review of the research, application, regulations,
standards, and financial policies related to solar-assisted air heat pumps for buildings in
China. Recommendations for the future development of the solar energy industry in China
are also provided. The following conclusions can be made based on the literature review:

(1)  Current research focuses on the theoretical and experimental investigation of the
performance of the main components of the solar air heat pump system, in particular
the collector/evaporator, compressor, and heat exchanger, and the characteristics of
the refrigerant. More attention should be paid to the intelligent control and optimal
operation of the system and integration with buildings to achieve maximum energy
savings. In addition, more comprehensive economic and feasibility evaluation studies
should be carried out for different types of SAHP systems;

(2)  Due to the uneven distribution of solar energy resources and economic growth, the
development of SAHP should take advantage of regional resources and complement
solar energy with other clean energy resources. The selection of the appropriate
type of SAHP in a particular region should consider the climate conditions of that
region. It is also important to strengthen the cooperation between enterprises and
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AS-SAHP air source solar-assisted heat pump

CFC Chlorofluorocarbon

cor coefficients of performance

DSHP Dual-source heat pump

DX-SAHP direct expansion solar-assisted heat pump

EVA Ethylene-vinyl acetate

HCEC Hydrochlorofluorocarbon

HEFC Hydrofluorocarbon

HVAC heating, ventilation, and air-conditioning

IX-SAHP indirect solar-assisted heat pump

PT-SAHP photothermal-solar-assisted heat pump

PV Photovoltaics

PV/T photovoltaic thermal

PV/TA + HPWH PV /T-assisted heat pump water heating system ()
PV/T-SAHP photovoltaic/thermal-solar-assisted heat pump

PV-SAHP photovoltaic-solar-assisted heat pump

PV-SAHPWH PV-SAHP water heaters

PV-SALHP/HP  photovoltaic solar-assisted loop heat pipe/heat pump system
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Abstract: With the sharp increase in global energy demand, industrial and residential buildings
are responsible for around 40% of the energy consumed with most of this energy portion being
generated by non-renewable sources, which significantly contribute to global warming and environ-
mental hazards. The net-zero energy building (NZEB) concept attempts to solve the global warming
issue, whereby a building will produce, on-site, its required energy demand throughout the year
from renewable energy sources. This can be achieved by integrating photovoltaic (PV) building
materials, called building-integrated photovoltaic (BIPV) modules, throughout the building skin,
which simultaneously act as construction materials and energy generators. Currently, architects and
builders are inclined to design a building using BIPV modules due to the limited colors available,
namely, black or blue, which result in a monotonous building appearance. Therefore, there is an
increasing demand /need to develop modern, aesthetically pleasing BIPV green energy products for
the use of architects and the construction industry. This review article presents the current stage
and future goal of advanced building integrated photovoltaic systems, focusing on the aesthetically
appealing BIPV systems, and their applications towards overcoming global challenges and stepping
forward to achieve a sustainable green energy building environment. Additionally, we present the
summary and outlook for the future development of aesthetically appealing building integrated
photovoltaic systems.

Keywords: semitransparent PV; colored PV; BIPV; net-zero energy building; sustainable environment

1. Introduction

Due to the industrial revolution and the growth in the global population over the
past few decades, energy consumption has grown worldwide. By 2050, there will likely
be close to 13 billion people on the planet. With such a sizable population and rising
industrialization, more energy will be needed to sustain a typical and sustainable way of
life. Global energy consumption is anticipated to surpass 0.74 billion Tera Joule (BT]) by
2040 [1], and around 22.7 billion tons of fossil fuel, primarily anthracite coal, are needed
to meet this energy requirement [2]. With increasing industrialization, today’s modern
infrastructure, including residential and commercial buildings, use substantially more
energy than they did ten years ago. Whilst this increasing industrialization has offered
social benefits and financial support to the world population, it has resulted in the migration
of more and more people from rural to urban areas, and currently, 30-40% of global
energy generated through different means is consumed by buildings and construction
infrastructures [3-5]. As two-thirds of the world’s population is expected to reside in
urban areas by 2050, there will be a huge energy demand to ensure economic and social
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growth [4]. Environmental risks and global warming brought on by non-renewable fossil
fuel-based energy sources are forcing modern architects to consider climate change and
on-site clean energy generation in their building designs [2]. In addition to climate change
mitigation, employing sustainable renewable energy technology to prevent the use of non-
renewable energy sources (oil, coal, and gas), which have been causing other horrendous
environmental problems, such as the release of glasshouse gases, pollutants (such as trace
metals, particulates, NOy, and SO,) into the atmosphere, tainted water from coal pollution,
and unmanageable ash wastes [5]. Among the numerous technologies, photovoltaics (PV)
is one of the most promising renewable energy technologies due to its two unique attributes,
namely (i) simple and cost-effective, and (ii) low-maintenance operation. PV modules have
no moving parts and convert solar energy into electrical energy in a very simplistic way
compared to other conversion processes [6]. Figure 1 shows a glimpse of the key modern
human civilization application areas where energy is one of the most important elements,
besides other basic needs, to fulfill the demand of the world’s large population.

R e

Transportation

Figure 1. A glimpse of the key modern human civilization application areas where energy is one of
the most important elements.

The application of PV panels in built environments has achieved more popularity
due to their capacity to turn a house into a power generator [7]. This is accomplished
by integrating PV modules into the building during or after construction. A building-
integrated photovoltaic (BIPV) system supplies buildings with electricity, and can be
designed to have thermal and sound insulation properties [8,9]. For example, double-
glazed semitransparent solar glass panels used as facade elements (instead of plain glass
elements) provide protective shielding from smoke, noise, heat, and other weather changes,
while generating on-site energy. With the increase in electricity tariffs worldwide and
the decrease in the price of PV panels, BIPV systems are becoming cost-effective building
materials [10], particularly the semi-transparent BIPV glass panels, which help reduce the
power consumption of the building by allowing only a portion (e.g., 40%) of sunlight to
enter the building while converting the remaining sunlight to electricity. Commercially
available window-glass-based BIPV systems comprise low-emissivity (low-E) thin films
in addition to PV panels, which filter and control the spectral components of sunlight,
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leading to high thermal insulation (less cooling/heating energy consumption), in addition
to generating on-site energy [11,12].

BIPV systems have been widely adopted after the net-zero energy buildings (NZEB)
concept was announced by the Directive of the European Parliament (2010/31/EU), stating
that “all public buildings which are new must consume nearly zero-energy by 2018, and
other new buildings by the end of 2020” [13]. The NZEB idea requires that buildings
use as much energy as they produce on-site, using only renewable energy sources. The
development of smart cities, where energy demand and supply are met by renewable
energy sources and storage systems installed in the same city, offers the NZEB its greatest
potential [3]. BIPV systems can therefore be used to meet the NZEB, aiming further to
reach the goal of total zero-carbon built environment (ZCBE) [3,14-16]. According to
the concise study found in Ref. [17], significant efforts have been made over the past
20 years to hasten the adoption of solar-electric systems by creating PV products that are
completely integrated with building materials. The NZEB requirements have caused the
worldwide BIPV industry to exceed yearly installations of 1 GW in the previous few years.
The California Public Utilities Commission (CPUC) has established several NZEB targets,
including requiring all new residential and commercial construction in the State to be
net zero energy buildings by 2020 and 2030, respectively, and demanding retrofitting of
50 percent of existing buildings to meet NZEB targets by that same year [18,19].

Even though BIPV systems can generate power at a low cost when considering both
the function of energy generators and the materials used in construction, the predicted
BIPV adoption has been overstated. There are also obstacles and constraints, including
specifications for design flexibility, aesthetics, durability, cost, performance, grid integra-
tion, standard compliance, and operation and maintenance [8,17]. On the other hand,
due to the visual and aesthetic limitations of BIPV systems, which display black or dark
blue colors depending on the photovoltaic technology employed, modern civilizations still
have a negative attitude towards the application of BIPV technology [20-31]. To identify
significant knowledge gaps in education, target audiences, and teaching objectives, Momir
Tabakovic et al. have conducted a comprehensive study on the development of BIPV
systems [23], with the issue of “aesthetics” being the topic of most importance, followed
by BIPV software/tools, market maturity, and building envelope material attributes, as
recommended by renowned BIPV experts and stakeholders. According to statistics, more
than 85% of architects and building designers select BIPV products because of their aes-
thetic qualities rather than their high costs or low conversion efficiencies [32]. To increase
public satisfaction and installation rates, BIPV products with apparent transparency, col-
oring, and adequate conversion efficiency are appealing [8,33-35]. However, to reach the
NZEB goals and simultaneously protect the environment by lowering the energy demand
(fossil fuels based), it is crucial to come across the issues related to the development of
visually pleasing and high-performing BIPV products. Many studies have been conducted
and reviewed the BIPV system in terms of products properties [36,37], technologies [38],
economic analysis [39,40], energy performance evaluation [41], thermal performance [42],
design tools [43,44], barriers, and facilitators [45,46]. However, it is quite tough to present
state-of-the-art BIPVs in a single review study. According to our knowledge, no studies
so far have been conducted to review the performance of aesthetics of the BIPV products,
which is the most desired selection criterion for customers.

In this article, we utilize the required knowledge of BIPVs to identify the major is-
sues related to the development of aesthetically attractive BIPV products for the future
global PV market and stakeholders. We present the status and challenges of aestheti-
cally pleasing BIPV technologies, products, and their applications, and possible future
development techniques to improve simultaneously the physical appearance and electrical
performance of BIPV products. We focus on the development of micro-patterned-based-
semitransparent thin-film PV panels (multicolored) using a direct printing process of
colored (high-definition) images.
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2. Current Status and Applications of Aesthetically Attractive BIPV Products

The integration of photovoltaic modules into buildings is possible on flat roofs, sloping
roofs, facades, and solar shading systems. BIPV systems, on the other hand, replace the
exterior skin of the structure, acting as both a temperature control system and a source
of energy production. Therefore, in addition to saving money on electricity, BIPV may
also result in material and labor savings [9]. Due to their broad categories, many distinct
subcategories may be used to group BIPV products. According to a report on the most
common applications of BIPV in Europe [23], two-thirds of BIPV applications are achieved
in new construction, with one-third in retrofitted projects. Around 50% of the BIPV compo-
nents are installed in roof facades, 25% on roofs, with the remaining components being a
combined roof/facade product. Residential buildings account for 19% of BIPV installations.
In contrast, historic structures, public infrastructure, showroom offices, universities, and
schools account for 7%,14%, 13%, and 9%, respectively. Hotels, sports facilities, and agricul-
tural structures are among the other structures that have been using BIPV. Currently, more
than 200 BIPV products are commercially available that address the major application areas
of pitched roofs, facades, and flat and curved roofs [23,47,48]. Figure 2 presents examples
of common BIPV products and their application types.

Solar Glazing / Skylight

BIPV Products

and Applications

Figure 2. Example of BIPV products and their applications towards facing the green global challenges
and achieving a sustainable green globe.

Visually appealing BIPV products have significant consumer demand despite having
limited photo-conversion efficiency. Aesthetic attractiveness can be enhanced by transpar-
ent and colored BIPV products. The percentage of transparency and flexibility of color
options defines the aesthetic of BIPV products. Therefore, a comprehensive review of the
current trend and future developments of semitransparent and colored BIPV products can
be helpful for the scientific community and the BIPV industry.

Many research groups have adopted different technologies for the development of
transparent BIPV products, namely, windows, skylights, and curtain walls, driven by their
high market demand. The overall market size of BIPV is presented in Figure 3. According
to the report in Ref. [49], the price of BIPV products is now cost-effective compared to
conventional building products and it will be even more cost-effective in the future. In
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addition to the need for efficiency and lifetime improvement, the BIPV products should
have merit in their unique aesthetics and design considerations, such as color, transparency,
flexibility, different form-factors, and even being indistinguishable from conventional
construction materials, such as architectural glass.

|
y = 2907.4e02761x
R? =0.9979

Figure 3. Summary of predicted BIPV technologies’ market shares. This figure is reproduced by

using the data up to 2021 that is presented in Ref. [50]. The data are digitally extracted and may have
some variations from the original presentation. The BIPV technologies market share can be expected
to reach above 45,000 (€ Millions) if the energy market grows without global disruption.

Very few thin film-based BIPV module types exhibit a semitransparent appearance
due to the use of transparent conductive oxides as electrodes in place of grey-colored metals.
Though it is quite tough to create a BIPV module that is completely transparent since the
PV active layer must absorb part of the incident light to turn it into energy, but it is possible
to create an acceptable BIPV product with the help of modern technologies and advanced
knowledge. Another option is to change the distance between the PV-active zones, which
would increase the BIPV module’s transparency while simultaneously decreasing its area-
specific efficiency. Typically, the BIPV system efficiency should be as high as possible,
especially when the space on the roof and facade regions is limited [51].

2.1. Dye-Sensitized Solar Cells (DSSC) for BIPV Applications

In 2007, Seigo et al. [52] developed a highly transparent dye-sensitized solar cell
(DSSC) through a screen printing process, where a Titanium dioxide (TiO,) nanoparti-
cles layer of 17 um was printed on fluorine-doped tin oxide (FTO) coated glass. This
screen-printed DSSC-PV device possessed around 60% transparency with 9.2% conver-
sion efficiency. DSSC-based semi-transparent BIPV (orange-brown color) modules are
installed as windows in the CSIRO Energy Institute, Australia [53,54]. Despite the simple
fabrication process of screen-printed DSSC, the instability of liquid electrolytes at different
temperatures makes it unfavorable for architects and building planners. Zhang et al., in
2015, fabricated TiO, nanotube-based DSSCs using the electrophoretic deposition (EPD)
method [55]. Transparency of this type of solar cell was achieved by properly controlling
the length, thickness, and inner diameter of the nanotubes. This type of DSSCs exhibited
an average transparency of 55% along with 7.10% photon conversion efficiency (PCE);
however, the complicated fabrication procedure for these DSSCs makes them suitable for
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laboratory scales only [56]. Zhang et al. developed two transparent solar cell models
based on quantum dots (QDs). In the first model, lead sulfide colloidal quantum dots (PbS
CQDs) were used, which enable tuning the bandgap that matches the infrared spectral
components of light. This PbS-based semi-transparent colloidal-quantum-dots-based solar
cells (SCQDSCs), which were developed on transparent fluorine-doped tin oxide (FTO)
glass, combining a Molybdenum trioxide (MoQOj3) film as a hole transporting layer (HTL)
and TiO; film as an electron transporting layer (ETL) that showed the AVT of around
22% and PCE of 3.88% only [50]. In the second solar cell model, Zhang et al. reduced the
optical losses of the transparent Ag and Au electrodes by replacing them with a transparent
nanolayered MoOs3/Au/MoO3; (MAM) film structure that significantly increased the PCE
to 5.4% and AVT to 24.1% [57]. These types of solar cells are still facing the problems of
quantum dots loading and device stability, thus making them impractical commercially [58].
Figure 4 presents several examples of semitransparent and colored BIPV modules and their
applications. A colored and semitransparent wall was developed by Konarka Technology,
as indicated by the green line in Figure 4a, and a yellow-orange colored window based on
DSSC technology developed by Daunia Solar Cell (Figure 4b) [54].

. e :
Photo: O lar
Figure 4. Semitransparent and colored BIPV modules and their applications. (a) DSSC-based red-
orange colored wall installation [54], which is marked by the Green rectangular line; System provider.
Konarka Technology (this company is out of market [59]), (b) DSSC-based yellow-orange colored

window installation marked by the red line; system provider: Daunia solar cell (reproduced and
modified from Ref. [53]), (c) OPV module; (image courtesy: Robert Coelius/Michigan Engineering)
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(reproduced and modified from Refs. [60,61], and OPV based BIPV windows (photo courtesy. Dr.
Renaud Demaderille (CEA Grenoble) and OPV modules are made by OPVIUS GmbH, Kitzingen, Ger-
many. www.opvius.com, accessed on 20 November 2022 (reproduced and modified with permission
from Ref. [62] (d) PVB polymer-based flooring products (reproduced and modified with permission
from https:/ /www.onyxsolar.com) [8], and (e) PVB polymer-based facade elements using thin-film
technology (reproduced and modified with permission from www.soltechenergy.com) [8].

Dye-sensitized solar cells (DSSCs) exhibit great promise as a technology for generating
electricity from sunlight due to their high efficiency and low cost. The efficiency of DSSCs
can be optimized by increasing the fill factor, which is a metric that quantifies the cell’s
ability to convert generated current into usable power. The short-circuit current density and
open-circuit voltage are crucial factors that affect the electrical output of the cell. Stability
is a key factor that influences the long-term viability of DSSCs and can be enhanced
by employing stable dyes and electrolytes. Additionally, the incident photon-to-current
efficiency and spectral response of DSSCs are significant performance parameters that
determine the cell’s capability to convert various wavelengths of light into electrical energy.
Through careful optimization of these performance parameters, DSSCs have the potential
to emerge as a substantial source of renewable energy.

2.2. Organic Photovoltaic (OPV) Cells

Richard Lunt and his research group demonstrated a transparent organic photovoltaic
(OPV) solar cell which absorbs near-infrared (NIR) wavelengths of light and transmits
visible light only. This kind of OPV glass showed around 65% transparency with a small
conversion efficiency of 1.3 (& 0.1) % only [63]. An organic solar cell having 10% efficiency
together with 40% transparency has been developed for window applications by a research
group at the University of Michigan, as can be seen in Figure 4c [61,62]. In addition, OPV
manufacturing requires a very complex process of mixing multiple organic components,
which typically have a limited lifetime, i.e., of a couple of years, which is much less than
the 25-year lifetime of conventional inorganic solar panels. Neither OPV nor DSC has
been able to increase their market share over a few years as was predicted. The product
stability is poor and does not meet the standards of building materials (more than 20 years
of functioning). However, vigorous DSC research efforts might create more potential BIPV
devices over the next 10 years [54]. Chen et al., from the University of California, fabricated
a transparent polymer solar cell (PSC) using solution processing technology, where a
silver nanowire (AgNWs) coated organic conductor was used on the top of the front side
electrode [64]. This PSC demonstrated an efficiency of around 4% and transparency of
around 66% at 550 nm wavelength. The low efficiency and stability of such PSCs make
them impractical for commercial applications. Onyx Solar, a solar panel manufacturer,
has introduced PV-colored glasses that show different transparency levels with significant
electrical, mechanical, optical, and thermal properties [8]. These colored products can be
used in facades, skylights, flooring, canopies, and walkways as shown in Figure 4d. The
Onyx technology involves laminating different polyvinyl butyral (PVB)-polymer colors
with amorphous silicon solar cells. The colored polyvinyl butyral (PVB) encapsulants have
also been developed SolTech Energy for building facades using CdTe-based thin-film solar
panels (Figure 3e) [8]. However, in hot climates, the PVB interlayer typically softens when
the PV module becomes warmer, at above 65 °C, which significantly affects the panels’
performance [64].

2.3. Perovskite Solar Cells

A semi-transparent perovskite material-based solar cell was fabricated by the Uni-
versity of Antioquia, Spain [65] using an evaporation deposition technique. This single-
junction perovskite solar cell contained a transparent methylammonium lead halide per-
ovskite layer, which had lower bandgap energy than a photon leading to high near-infrared
(NIR) absorption and visible light transmission, simultaneously. This semi-transparent per-
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ovskite solar cell exhibited transparency of 30% and a power conversion efficiency (PCE) of
6.4%. Additionally, a research team from Stanford University developed a tandem solar cell
configuration using opaque electrode perovskite (1.1 eV bandgap) on the bottom cell and
semi-transparent perovskite (1.7-1.8 eV bandgap) on the top [66]. This tandem perovskite
solar cell structure exhibited around 12.7% efficiency and a 77% peak transparency at about
800 nm. Yu et al. reported a semi-transparent perovskite solar cell development that exhib-
ited 10% transparency and 16.75% PCE, which was the highest efficiency of its kind [67].
However, perovskite-based solar cells have limited stability and higher volatility [62].
Whilst Patel et al. developed the first-ever ultraviolet (UV) sensitive semi-transparent
heterojunction solar cell utilizing the configuration of Ag/CuOy/TiO,/FTO, where the
p-CuOy/n-TiO; layer was made extremely narrow (150 nm) [68]. On the other hand, Kang
et al. have demonstrated a color-neutral, flexible, and high-efficiency transparent solar cell
utilizing the freestanding structure of n-type crystalline silicon microwires (SiMWs) [69].
For TSCs, a p-type polymer layer was developed on top of an n-type flat-tip SiIMWs to form
a heterojunction. This type of TSC utilized the visible wavelengths of light, exhibiting 8%
PCE with average transparency (AVT) of around 10% and structural flexibility. Further-
more, Lee et al. have fabricated a transparent monocrystalline silicon solar cell by creating
periodic microholes, which are invisible to the human eye, on the bare silicon wafer [70].
These micro holes act as transmission windows that allow the transfer of incident light
resulting in the transparent substrate. The remaining opaque areas were dedicated to
harnessing the incident light and converting it to electricity. This type of solar cell showed
a PCE of around 12.2% with an AVT of 20%.

2.4. Luminescent Solar Concentrator (LSC) Based Transparent PV/BIPV Systems

A research team from Michigan State University has developed highly transparent,
about 86% AVT, solar cells using a transparent luminescent solar concentrator (TLSC)
based on organic salts [71]. In this TLSC, transparent NIR fluorescent dyes were utilized to
harness NIR and UV light and transform them into visible light, then guide them to reach
the edges of the glass where the opaque solar cells are mounted to convert the routed light to
electricity. Figure 5a—c presents the working mechanism of LSC base PV modules, including
custom build LSC-PV-based window panels, and practically installed as BIPV products.
This TLSC demonstrated a PCE of about 0.4% only. Increased efficiency of around 2.35%
for a concentrated type of transparent PV structure was later developed using phosphor
pigments based on inorganic luminescent materials, coating-based transparent heat mirror
(near-IR) reflector at the rear side, transparent diffractive materials, and thin-film based
CulnSe; (CIS) PV modules at the edges [72]. The LSC-based semitransparent yellowish
PV is shown in Figure 5b. In 2012, the Eni Research Center for Renewable Energy and
the Environment in Novara successfully built an LSC-based BIPV shelter in Rome, Italy
(shown in Figure 5c¢) to recharge electric bicycles and cars [73].
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Figure 5. (a) The working mechanism of an LSC PV module (source: ENI Donegani Institute)
(reproduced and modified with permission from Refs. [74,75], (b) LSC-based window for BIPV
(reproduced and modified with permission from Refs. [74,75], and (c) LSC-based BIPV shelter in
Rome, Italy (reproduced and modified from [61,73]).

2.5. Thin Film Based Semitransparent/Highly Transparent PV Systems
2.5.1. Silicon-Based Thin-Film BIPV Systems

Lim et al. fabricated a thin-film-based full-penetration (FP) semitransparent hydro-
genated amorphous silicon (a-Si. H) solar cell, where they used 115 nm thickness of
absorber layer with triple high band (HB) layers that significantly increase the carrier
collection and decrease the shunt loss. This type of cell offers a PCE of 6.92% and average
transmittance (AVT) of 23.6% [76]. Several colorful semi-transparent glass-to-glass (GTG)
photovoltaic (PV) modules for BIPV applications were designed and fabricated (shown in
Figure 6) by S. Y. Myong et al. in 2015, and are based on large-area hydrogenated amor-
phous silicon (a-Si.H). The combination of back contact transparency and laser patterning
processes enabled several color choices. Although these colorful PV modules are aestheti-
cally pleasing, they are not suited for commercial use due to their reduced transparency
and photo conversion efficiency [77].
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Figure 6. Front views of the fabricated a-Si:H semi-transparent glass-to-glass (GTG) PV module.
(a) yellow PV module, (b) orange PV module, (c) green PV module, (d) sky blue PV module, (e) gray
PV module, and (f) light blue PV module (reproduced and modified with permission from Ref. [77]).

Figure 7 presents a glimpse of a-Si-thin-film-based colored BIPV modules and their
possible applications. IMT Neuchatel (Switzerland) designed and developed the first
ever fully homogenous terracotta-like a-Si thin-film PV module (Archinsolar), shown in
Figure 7a, using a textured anti-reflective front glass [54]. Recently, Xiamen Solar First
Energy Technology Co., Ltd. has commercialized four different colored semitransparent
PV modules, which are very attractive, as shown in Figure 7b [78]. Jong-Ho Yoon et al.
investigated transparent thin-film amorphous silicon-based BIPV modules installed at the
front glass part of the newly constructed R&D Institute building of Kolon Engineering and
Construction, Co., Ltd., which is in Yongin city, Gyeonggi, in the central region of Korea. A
front view of the structure is shown in Figure 7c, along with the BIPV module that has been
set up in the lobby. Similar amorphous thin-film-based BIPV modules, made by KANEKA,
Japan, have been deployed in Japan [79].

Solar Constructions [80] has designed and developed a silicon solar cell-based semi-
transparent PV module by placing PV Cells on a panel of glass. The light transmission and,
subsequently, the amount of shadowing supplied within the structure may be controlled
by varying the spacing between Solar PV Cells. The transparency of such solar PV panels
increases with the spacing between the cells; however, their PCE increases with the decrease
of the space. Although these PV modules are mechanically stable and comparatively highly
transparent and efficient, the inside views attained with a crystalline-Si semitransparent
glass curtain wall look less appealing and very occluded by light and external view, hence
causing visual fatigue, as shown in Figure 8 [80,81].
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(b)
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Figure 7. A-Si-based colored BIPV modules and their application. (a) First ever fully homogeneous
colored BIPV products (reproduced and modified from [54]); (b) Four different colors commercial-
ized PV modules (reproduced and modified from [78]); and (c) A-Si-based front surface building
(reproduced and modified with permission from Ref. [79]).

jdé view (C)

|
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Figure 8. Crystalline silicon-based BIPV (a) Si module (reproduced and modified with permission
from Ref. [80]); (b) application in building (reproduced and modified with permission from [80]) [80];
(c) inside views attained with glass curtain wall (reproduced and modified from [81]).
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2.5.2. Cadmium Telluride (CdTe) Based Thin-Film BIPV Systems

The most efficient semitransparent BIPV glass is that made by Advanced Solar Power
(ASP)-China [82], which is based on thin-film cadmium telluride (CdTe) PV materials that
are partially removed using laser micromachining to simultaneously achieve transparency
and sunlight-to-electricity conversion. The ASP CdTe semitransparent PV glass shown in
Figure 9a is currently the best BIPV option due to several reasons, namely: (i) relatively
high efficiency (13% compared to 10% for the amorphous silicon counterpart and 3% for
clear PV glass), (ii) most cost-effective (i.e., lowest $/peak-watt), (iii) easy to manufacture
(compared to crystalline silicon semitransparent glass), (vi) arbitrary transparency (10-90%,
depending on how much of the PV material is removed by laser micromachining), and
(v) less shadowing effect, as illustrated in Figure 9b,c, which offers beautiful appearance,
uniform lighting, and light transmission, hence, a clear exterior view. The BIPV application
of CaTd-based PV panels as facade and curtain wall is shown in Figure 9d e, respectively.
Note that the amount of CdTe material in the overall thin-film PV material is ~0.1% by
weight, which is a minimal amount. In addition, because of (i) the small quantity, (ii) low
solubility of CdTe, and (iii) module encapsulation, CdTe modules have been considered,
at their end-of-life time, as non-hazardous waste according to the Toxicity Characteristic
Leaching Procedure [83].

.Iii View from outside View from Inside (e

(b)

CdTe PV Module

CdTe BIPV application in building

Figure 9. CdTe-based semitransparent BIPV (a) ASP CdTe semitransparent PV module, (b) Outside
view (reproduced and modified from [84]), (c) inside view (reproduced and modified from [84,85],
(d) Application of CdTe Thin-Film based semi-transparent PV Glass as BIPV facade (reproduced and
modified from [85] and (e) Application of CdTe Thin-Film based semi-transparent PV Glass as BIPV
curtain wall (reproduced and modified from [85]).

Note that the development of semitransparent PV glass faces several challenges,
namely: (i) selection of PV materials [86], (ii) fabrication processes that enable arbitrary
transparency and minimum vision distortion, (iii) high insulation properties and (iv) cost-
effectiveness [56]. Different semitransparent PV glass technologies are currently being
developed worldwide; however, around 80% of these technologies are still in the initial
commercialization stages (under development and trials). The remaining 20% of semitrans-
parent PV glass types available in the market or are close to commercialization suffer from
various issues [87], including instability, volatility, low transparency, low PCE, high cost,
and complexity [56]. To create a clear PV glass, the thickness of the PV strips required to be
made small enough that the naked eye cannot visualize them; however, these typically act
as diffraction gratings, thus leading to visual distortion. Nevertheless, the use of nonuni-
form spacing between the PV strips, i.e., quasi-crystal (aperiodic) structure, can resolve this
problem to develop low-distortion commercially acceptable BIPV modules. Researchers
summarizes the overall key performance of different types of BIPV products and their
techno-economic aspects [88-91].
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3. Colored BIPV Systems, Status, and Challenges

On the other hand, the colorization of the BIPV products has significantly enhanced
the aesthetics of the building because the color is the primary element that draws attention
to how a panel appears [35]. Colored BIPV is a novel approach to integrating colored PV
panels into current and historic building types. The main goal is to conceal the PV cells
and make them invisible [75]. Researchers and manufacturers have followed different
approaches to develop colored opaque PV panels, namely: (i) solar cells with anti-reflection
coating; (ii) colored polymeric encapsulant films; (iii) layers or interlayers containing
solar filters, colored or patterned coatings; (iv) semi-transparent and/or colored PV-active
layers; and (v) printed, coated, or finished front glass [87]. Several studies reported
that modification of antireflection (AR) coatings and dielectric materials made of silicon
nitride (SiNX) can generate a variety of colors in crystalline silicon solar cells [35,92-94].
Additionally, by manipulating the thickness of AR film, different colors, namely, yellow,
blue, green, pink, and orange, can be generated on top of the silicon solar cells [8]. Lof Solar
was the first and world-leading inventor in the development of high-efficiency-colored
solar cells since 2008 [95]. It has commercialized different colored polycrystalline Si solar
cells produced by changing the thickness of the AR coating, as shown in Figure 10a [95].
Figure 10b shows the red-colored PV panels applied on the rooftop of the building [96]. The
facade of the Kingsgate House, West London (Figure 10c) has been designed by Harden
Cherry Lee Architects (HCL) [97] using a LOF Sparkling Gold PV module [98]. This
aesthetically appealing building facade has installed 8000 LOF BIPV modules that can
generate 29 kW of electricity [98]. LOF Solar technology created several attractive colored
solar cells by modification of the AR-layer thickness that lowers the cell efficiency [99].

CSEM [100], a private, non-profit Swiss research and technology organization, has
developed a patterned/colored interlayer that can be laminated inside the PV module as an
extra encapsulant and act as an optical filter that diffuses and reflects the incoming visible
solar spectrum, thus producing white appearance, as shown in Figure 11, and transmitting
the infrared spectrum through, which is converted to electricity. This technique typically
reduces the PCE to around 40%, compared to conventional uncolored solar modules [8].

(@)
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Figure 10. Crystalline Si-based opaque colored PV modules and their BIPV applications. (a) Various
colored PV modules (reproduced and modified with permission from Ref. [95]), (b) red-colored BIPV
rooftop application (reproduced and modified with permission from Ref. [101]), and (c) Sparkling
gold BIPV fagade application (reproduced and modified with permission from Ref. [102]).
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Figure 11. White appearance BIPV products based on using solar filtering. (a) white appearance nano
film, working mechanism, and PV module of CSEM technology, (b) White BIPV product integrated
into a building (reproduced and modified with permission from Refs. [103,104]), (c) Mitrex solar
fagade layers (reproduced and modified from [105]), and (d) Application of Mitrex solar facade in
building (reproduced and modified with permission from Ref. [106]).

Many research groups and manufacturers have studied how to make PV panels more
aesthetic and appealing by modifying the front glass cover of the solar panel. Kromatix™
technology by SwissINSO has developed a reflective coating having multiple nanolayers
of TiO, and SiO;. To achieve high transmittance and colors that change depending on
the viewing angle, this coating was put to the front glass of the PV module [107] The use
of highly effective and ecologically friendly nanotechnology surface treatments designed
for solar energy is what Kromatix™ technology does to deliver color-treated glass for
photovoltaic (PV) and thermal insulation properties (photovoltaic and thermal). This
Kromatix™ technology has no paint, tint, screen printing, or digital printing; instead,
they use atomic deposition methods to give the solar glass color. SwissINSO offers a
variety of sizes and thicknesses of Kromatix™ glass and full-colored solar (PV or Ther-
mal) panels. The BIPV application of Kromatix™, which is now offered in ten colors,
including grey, dark grey, blue, green, blue-green, orange, bronze, and brass is depicted in
Figure 12 [108]. The Swiss Federal Institute of Technology of Lausanne (EPFL) Campus,
Lausanne, Switzerland retrofitted a building equipped with Kromatix™ blue PV modules,
shown in Figure 12a, that covers a surface area of 1130 sq/ft where the installed capacity is
12 KWp [109]. Building integrated photovoltaics along with Kromatix™ blue-green to cre-
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ate a magnificent solar wall were the sustainable retrofitting choices made by the Swedish
Research Institute (RISE) in Bors, Sweden, shown in Figure 12b. SolarLAB has installed
solar walls of 6000 square meters with a 720 kWp capacity [109]. SolarLAB has installed
another aesthetical BIPV facade at the Red River College Innovation Center, shown in
Figure 12c, which is located in Winnipeg, Canada, using a Kromatix™ gold module. This
facade uses varying sizes and shapes of custom panels that are up to 1400 by 2450 mm [110].
In a joint effort between Somiral [111,112] and Antec [113] a Kromatix™ grey solar wall
with a capacity of about 55 kW is built for the school gymnasium (Figure 12d) in Leysin,
Switzerland [114]. Swiss Architect bureau Kampfen Architects [101], in collaboration with
Doma Solar [115], retrofitted the fifty-apartment residential building in Zurich, Switzerland,
where Kromatix™ bronze colored PV modules were installed on the fagade of a 180 sqm
area [102]. Only renewable energy sources are used to meet the heating and hot water
needs of the office and the production hall of Doma Solartechnik Headquarters located
in Satteins, Austria. On the facades of 83 sqm, Kromatix™ blue, blue-green, grey, and
brass are employed, shown in Figure 12f, which provides a stylish building-integrated
thermal collector solution [116]. However, this technology is costly, time-consuming for
color creation, and yields layers with poor transmittance [117,118] which is hard to be
accepted by consumers.

Figure 12. Kromatix™ technology-based PV modules and their applications. (a) Retrofitted building
of Swiss Federal Institute of Technology of Lausanne (EPFL) with blue modules (reproduced and
modified with permission from Ref. [109]), (b) blue-green BIPV wall made by the Swedish Research
Institute (RISE) in Bors, Sweden (reproduced and modified with permission from Ref. [109]), (c) BIPV
fagade by gold PV panels of the Red River College Innovation Center, at Winnipeg, Canada (use
with the permission; copyright. SolarLab.dk and Garry Kopelow) [110], (d) grey BIPV of the school
gymnasium in Leysin, Switzerland (reproduced and modified with permission from Ref, [114]),
(e) bronze colored BIPV facade in a residential building in Zurich, Switzerland (reproduced and
modified with permission from Ref. [102]), and (f) Doma Solartechnik Headquarters in Satteins,
Austria (reproduced and modified with permission from Ref. [116]).
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For demanding architectural solutions, Italian solar producer FuturaSun has created
a red, building-integrated (BIPV) solar module of wattages around 230-245 W with an
efficiency of 13.45% max. The 120 monocrystalline, multi-busbar, half-cut cells that make
up the Silk Pro Red module may be created with a bespoke frame color. A brand-new line
of colorful items comprises orange and silver modules. Wattages for the silver product vary
from 280 W to 295 W, while those for the orange module range from 240 W to 255 W. The
firm noted that these colored panels are ideal for conservative structures, repairs requiring
installation on traditional roofs with tiles and brick tiles, or for usage surrounding historical
architectures in town centers, where it is vital to guarantee overall harmony. These colored
panels are perfect for use on pitched roofs and in creative facade compositions that take
use of light and color [119-121]. Figure 13a—c shows the application of red-, orange-, and
silver-colored PV modules in a building adaptive photovoltaic (BAPV). These colored PV
modules can also be installed in a BIPV system, as shown in Figure 13d.

orange PV

Figure 13. Colored PV modules of FuturaSun and their application (Photos by FuturaSun).
(a) Red-colored BAPV (reproduced and modified with permission from Ref. [119]), (b) orange-colored
BAPYV (reproduced and modified with permission from [119]), (c) silver-colored BAPV (reproduced
and modified with permission from Ref. [119]), and (d) red-colored BIPV (reproduced and modified
from [120,121] with proper permission).
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Lei-Ming Yu et al. have used a simple and efficient technique for developing poly-
mer/Si heterojunction PVs with efficient color without the use of extra functional layers,
all by adjusting the polymer layer’s optical path [118], as shown in Figure 14. Constructive
interference and reflectance were created by adjusting the optical refractive index and the
thickness of the polymer layer at a certain wavelength. High color saturation and a wide
color spectrum are seen in the resultant polymer/Si planar heterojunction PVs (e.g., pink,
orange, yellow, green, blue, purple, etc.) in Figure 14a. Figure 14b shows the Bell tower
of Yunnan University, China, which is decorated with vivid-colored polymer/Si-based
Hybrid solar cells [122], These multicolored heterojunction polymer/Si PVs exhibits good
PCEs, with a peak value of 13.2% [122]. Another technique for developing aesthetic PV
panels was reported, based on sandblasting, where sands are sprayed with higher velocities
on the front surface of PV glass to create a milky white image [8]. ConstructPV [123] has
designed and developed some BIPV glass sheets, as shown in Figure 14c, where attention
was paid to the balance among power output, costs, and aesthetical appearance. However,
the mechanical and optical properties of the PV glass are severely affected by this technique,
making their lifetime short [124,125]. Hoffman [126] has proposed another technique for
aesthetic coloration of a skylight facade system using ceramic digital printing. In this
technology, an image is first printed on float PV glass by spraying ceramic ink pigments
using multi-nozzle printer heads. With this technique, the most common printing pattern
is typically seen as dots and commercially applied in a facade system. The limitation of the
single-colored image of this method has been overcome by a research group at Lucerne
University of Applied Sciences. They developed a printing method that produces multicol-
ored images on the BIPV glass as illustrated in Figure 14d [112]. However, this printing
approach severely attenuates solar irradiation by shading the PV cells, reducing the PV
module’s maximum output power [124].

The coloration processes of the front glass of the PV modules based on incorporating
various types of impurities in glass is still ongoing research worldwide [127]. The most
common impurity is iron oxide, which is responsible for the greenish color of the glass.
This greenish color is a mixture of blue and yellow. The densities of coloring agents, such
as iron oxide, could be tuned for different functions. For example, a low concentration of
iron oxide is needed for glass panels employed as the front surface of the solar panel so that
maximum light can be transmitted through to the solar cells to enhance the efficiency of the
solar module [128]. Similarly, other metal oxide impurities can be used as coloring agents
for the creation of a variety of color glass, as illustrated in Figure 14e [129,130]. Another
route for the surface coloration of flat glass is based on the ion exchange process, whereby
flat glasses are immersed into salt baths containing metallic ions, such as copper or silver,
for red-brown or yellow-brown coloration, respectively [131,132]. Note that organic and
inorganic color paints have been used to colorate PV panels. However, as discussed earlier,
organic paints are not ideal due to their chemical instability. Inorganic paint colors are
widely applied using screen printing, or using brushing or spraying [133,134]. All the
colored PV glass panels suffered from the solar shading effect, leading to significantly
reduced PCE [92]. Additionally, the conventional PV coloration technologies that maintain
practical PEC levels have limited aesthetical colors.

The major issues of using existing BIPV products in buildings are: (i) limited colors
and customers having no choice of any custom colors, or multiple colors in the same
PV module; and (ii) low power conversion efficiency of commercially available colored
BIPV modules. Although many industries have been commercializing several colored
BIPV products, using, for example, intermediate encapsulant foil, multi-crystalline solar
cell, EVA (ethyl vinyl acetate) encapsulated foil, multilayer interference optical filter, and
digitally printed ceramic inks, these products are still suffered from: (i) dull appearance and
no color flexibility, (ii) low conversion efficiency, or (iii) high production cost. Therefore,
an innovative and cost-effective method is needed to ensure color flexibility (almost all
colors) with high contrast and resolution and commercially viable PCE. As a result, the
development of new superior, cost-effective high-definition colored Photovoltaic (PV) glass
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technology and effective studies are very much needed to scale up the BIPV products and
market as well.
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Figure 14. Realizing colored PVs using various technology. (a) Photographic images of different
colorful polymer/Si-based Hybrid solar cells where polymer layers were doped with different MoO3
doping concentrations (reproduced and modified with permission from Ref. [122]), (b) Bell tower
of Yunnan University, China decorated with different colored polymer/Si-based Hybrid solar cells
(reproduced and modified with permission from Ref. [122]), (c) BIPV glass modules realized using
sandblast technique (reproduced and modified from Ref. [8], Source: SUPSI), (d) Ceramic digital
printed PV cells (reproduced and modified from Ref. [135], Source. SmartFlex Solarfacades), and
(e) AGC Glass Europe manufactured different colors of glasses used for the front cover of the PV
module (reproduced and modified from AGC Glass Europe [136,137]).

4. Future Possible Research and Development in Aesthetics of the BIPV System

Currently, there is an urgent need for a high-definition colored PV technology that
addresses the future zero-net-energy buildings goal through the development of viable
and versatile BIPV solutions. Such a colored-imaging-based PV technology would enable
the development of high-definition arbitrarily colored solar panels, which can be realized
using a new micro-scale printing approach based on direct printing of high-resolution
images onto the surfaces of flat or flexible PV panels. Several attempts have been made to
print colored images onto PV panels in the printing laboratories at Edith Cowan University,
Australia; however, printing thin layers of inks of different colors directly onto a dark
solar panel typically yields dark images of very low contrast, making direct printing
impractical. Additionally, placing a high-definition image in front of a PV panel typically
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blocks most of the incident light, thus significantly reducing the panel’s efficiency. To
overcome this issue an optimal invisible micro-gap structure between the ink dots that
maximize light penetration is one of the modern techniques to enhance output power while
confirming an adequate image contrast, as reported by Basher et al. [138]. To the best of
our knowledge, the current research on the development of colored PV modules is limited
to only a few colors, and no studies have demonstrated micropatterned-based colored PV
panels. Using the colored image-based PV technology, any image or painting can appear
on the PV panels; however, an improved PCE is needed to be commercially acceptable. To
enhance the efficiency, a high-resolution image (shown in Figure 15) can be converted to a
micropatterned-based image by using Python, a high-level programming language, GIMP,
image manipulation, and graphic design software. Figure 15 a—c presents the outcome
of micropatterning of the randomly selected high-resolution multi-color image with a
magnified view (Figure 15¢) of the micropatterned image consisting of microdots and micro
gaps. The micropattern acts as a mask for the image and only the microdots can print. A
UV-flatbed printer can be used to print micropatterned images on off-the-shelf thin-film
solar panels. Basher et al. theoretically calculated (Figure 15d) that about 75.5% of sunlight
can be transmitted to the PV module through the micropatterned image. It is known that the
more sunlight reaches the PV module, the higher efficiency will be achieved. The efficiency
of the module can be further increased by carefully managing the black dots (Figure 15d)
present in the micropatterned images. This is because the PV module underneath the
micropatterned images is completely black. For example, if an image contains around 10%
black microdots, 10% more light, which means a possibility of 85% sunlight incidence to
the PV module, thus confirming the enhancement of photo-conversion efficiency.
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Figure 15. Formation of micropatterned image and light transmission calculation through it. (a) A
randomly selected high-resolution nature image (reproduced and modified from [139]), (b) micropat-
terned image, (c) a magnified view of the micropatterned image, and (d) theoretical calculation of
light transmission through a micropatterned image (reproduced and modified from [138]).

In addition, the image quality mostly depends on the number of dots per inch (DPI).
It is clear from Figure 15b,c that increasing the DPI value increases the quality of the image.
Additionally, the thickness of white ink and color ink dots significantly enhance image
quality and conversion efficiency. However, the parameters, namely, the diameter of the
dots, the gap between the dots, and the thickness of white ink and color ink, significantly
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limit the PCE of the PV panel. In addition, a selective micropatterning approach (where
some dark color microdots mean to be omitted) can be a potential research objective
to enhance the PCE without compromising the visual aesthetic of the BIPV products.
In the future, comprehensive research investigations can lead to achieving the goal of
developing cost-effective, highly efficient, and aesthetically appealing BIPV modules with
arbitrary color options. In addition to many advanced applications, such as building
materials and energy generation, the prospective PV modules will provide an aesthetically
appealing appearance, so that these can be suitable for various parts of buildings, namely,
facades, curtain walls, roof tiles, etc. Therefore, architects will be able to design aesthetic
green buildings featuring high energy generation capacities using the skin of buildings.
Additionally, homeowners will have more options to choose aesthetically colorful multi-
functional modern BIPV products that can be retrofitted and easily replaceable, thus
contributing towards achieving the global net-zero energy buildings (NZEB) goal.

5. Conclusions

In this article, we have reviewed the existing literature on the realization, the current
stage, market size, aesthetics, and challenges of BIPV products and materials required for
future BIPV applications. In particular, we have reviewed the aesthetically attractive BIPV
products and their applications and limitations. We have also discussed future approaches
for solving the current issues of realizing aesthetic BIPV modules that open the way towards
achieving net-zero energy buildings (NZEB). The advanced technical approach based on
the development of high-definition colored PV modules with adequate image contrast and
a power conversion efficiency (PCE) exceeding 85% of that of a bare PV panel will boost the
use of BIPV products and expand their market values in near future. The performance of
currently available BIPV products has so far obtained great improvement; however, some
issues still should be considered in order to make a strong position in the energy niche
market, such as the mechanism of improving the aesthetic of solar cells in conjunction
with the carrier transport layer and interfaces. Furthermore, the application of image
processing using nontoxic inks on PVs with high performance and stability should be
explored. This is an ongoing research project; our group is actively working to establish an
easy and cost-effective process to improve the efficiency of thin-film-based BIPV modules
simultaneously with a highly acceptable visual appearance.
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Nomenclature

NZEB Net-zero energy building

PV Photovoltaic

BIPV Building-integrated photovoltaic

BTJ Billion Tera Joule

NOy nitrogen oxides

SO, Sulfur dioxide

low-E Low-emissivity

DEP Directive of the European Parliament
ZCBE Zero-carbon built environment

GW gigawatt

CPUC California Public Utilities Commission
DSsC Dye-sensitized solar cell

TiO, Titanium dioxide

pwm micrometer

FTO Fluorine-doped tin oxide

CSIRO Commonwealth Scientific and Industrial Research Organization
EPD Electrophoretic deposition

PCE Photon conversion efficiency

PbS CQDs  Lead sulfide colloidal quantum dots
SCQDSCs  Semi-transparent colloidal-quantum-dots-based solar cells

MoO3 Molybdenum trioxide
HTL Hole transporting layer
ETL Electron transporting layer
AVT Average Visual Transmittance
Oorv Organic photovoltaic
NIR Near-infrared
AgNWs Silver nanowire
SiNx Silicon nitride
CuOx Copper oxide
SiMWs Silicon microwires
LSC Luminescent solar concentrator
TLSC Transparent luminescent solar concentrator
uv Ultraviolet
IR Infrared
CIS CulnSe;
ENI A research center in Novara, Italy
a-Si:H Hydrogenated amorphous silicon
CdTe Cadmium telluride
kW Kilowatt
kWp Kilowatt peak
EVA Ethyl vinyl acetate
GIMP Image Manipulation Program
DPI Dots per inch
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Abstract: Buildings consume about 40% of the global energy. Building energy consumption is affected
by multiple factors, including building physical properties, performance of the mechanical system,
and occupants’ activities. The prediction of building energy consumption is very complicated in
actual practice. Accurate and fast prediction of the building energy consumption is very impor-
tant in building design optimization and sustainable energy development. This paper evaluates
24 energy consumption models for 83 houses in Oshawa, Canada. The energy consumption, social
and demographic information of the occupants, and the physical properties of the houses were
collected through smart metering, a phone survey, and an energy audit. A total of 63 variables were
determined, and based on the variable importance, three groups with different numbers of variables
were selected, i.e., 26, 12, and 6 for electricity consumption; and 26, 13, and 6 for gas consumption. A
total of eight data-driven algorithms, namely Multiple Linear Regression (MLR), Stepwise Regres-
sion (SR), Support Vector Machine (SVM), Backpropagation Neural Network (BPNN), Radial Basis
Function Neural Network (RBEN), Classification and Regression Tree (CART), Chi-Square Automatic
Interaction Detector (CHAID), and Exhaustive CHAID (ECHAID), were used to develop energy
prediction models. The results show that the BPNN model has the best accuracies in predicting
both the annual electricity consumption and gas consumption, with mean absolute percentage errors
(MAPES) of 0.94% and 0.94% for training and validation data for electricity consumption, and 2.63%
and 0.16% for gas consumption, respectively.

Keywords: data-driven; electricity consumption; prediction model; gas consumption

1. Introduction

Globally, buildings consume about 30% of end energy usage and over 55% of electric-
ity [1]. Building energy consumption is increasing with the growth of the global population.
It is affected by a large number of physical and sociological factors. Accurate energy predic-
tion can help quantify and compare the energy-saving potentials of different conservation
measures, as well as assist design optimization [2,3].

There are two approaches to predict building energy consumption. One is based
on a physical model, and the other is data driven. The physical modeling approach is
also called the forward modeling approach. The forward modeling approach is usually
conducted with commercial software, e.g., DOE-2, DesignBuilder, etc., with given inputs
to estimate the building energy consumption through simulation. The differences of the
outcomes among different software are typically small with the same/identical input values
of the variables [4]. Fumo et al. [5] used EnergyPlus Benchmark Models to generate the
determining factors based on the monthly electrical and fuel utility bills to estimate the
hourly electricity consumption and fuel energy consumption for a hypothetical building
in Atlanta, GA, and in Meridian, MS, with estimated errors within 10%. Amiri et al. [6]
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developed a Stepwise Regression (SR) model, based on the simulation results from DOE-
2, to predict the building energy consumption at the early design phase. The physical
modeling approach requires detailed information about the building, mechanical systems,
and occupants’ activities to develop a mathematical model to estimate the building energy
consumption, which might not be readily available. Meanwhile, the physical model
could not take into account the sociological factors that potentially affect the energy-usage
patterns of the occupants.

The data-driven approach uses data analysis through known data sets to overcome
the limitations of physical models to predict the energy consumption. Typically, an energy-
usage database is created through the simulation of building samples or data collection.
Examples of data-driven approaches include Multiple Linear Regression (MLR), Classifica-
tion and Regression Tree (CART), artificial neural network (ANN)), etc.

MLR models have been developed to replace the outcomes from building simulation
software. Chen et al. [7] developed a physical-based MLR model to predict the building
cooling load based on the data set created through building energy simulation using
EnergyPlus. It was demonstrated to have a stronger generalization ability than the BP-
ANN and MLR models. By using this method, the space cooling load can be predicted
based on the total cooling load. Ciulla et al. [8] used TRNSYS to run 1560 simulations of
a non-residential building with different configurations across Italy to create an energy
database and developed MLR models to estimate the building energy consumption with
determination coefficients (R?) higher than 0.9 and mean absolute error (MAE) lower than
10 kWh/m? year.

Stepwise Regression (SR) can help overcome the multicollinearity problem that could
exist in the multiple regression problem and reduce the number of input variables. Tso
and Yau [9] developed the SR analysis of the household electricity consumption in winter
and summer in Hongkong. Zhao and Lin [10] proposed SR models to predict the energy
consumption and visual discomfort of a passive house, compared with the simulated
outcomes from DesignBuilder. R-squares of 0.9808 and 0.8487 were found, respectively,
which demonstrate the potential of SR in predicting the building energy consumption.

The Support Vector Machine (SVM) helps to solve high-dimensional difficulty and
local minima problems. Ma et al. [11] applied support vector regression (SVR) models
to estimate the provincial building energy consumption in four provinces in Southern
China. Seven parameters, including yearly mean outdoor dry-bulb air temperature, relative
humidity, total solar radiation, urbanization ratio, gross domestic product, household
consumption level, and total construction area of were used as inputs. Good agreements
were found between the predicted and actual energy consumptions, with the mean square
errors (MSEs) and correlation coefficients found to be less than 0.001 and greater than 0.99,
respectively. Li et al. [12] developed a SVM model to estimate the office hourly cooling load
with outdoor air temperature, relative humidity, and solar radiation intensity as the input
variables. The SVM model outperforms the Backpropagation Neural Network (BPNN)
model in terms of accuracy and generalization. Paudel et al. [13] developed a SVM model
for a low-energy residential building in France, using a small representative day data set.
The outdoor air temperature, horizontal solar radiation, solar gain transmitted through
windows, solar energy absorbed by walls, occupancy profile, and time moving average of
outdoor air temperature were used as input variables for the model. It was found that the
model achieves higher prediction accuracy (R? = 0.98; RMSE = 3.4), compared to the one
developed with all the data sets (R? = 0.93; RMSE = 7.1).

BPNN is the most widely used neural network. Ahmad et al. [14] developed feed-
forward BPNN and random forest (RF) models to estimate the energy demand of the HVAC
system in a commercial building in Madrid, Spain. The input variables include outdoor air
temperature, dew point temperature, relative humidity, wind speed, duration time, number
of guests on the day, and number of rooms booked. The results show that the RMSEs of the
prediction results of the BPNN and RF models were 4.97 and 6.10, respectively. The BPNN
model achieves a slightly better performance than the RF model in terms of accuracy.
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Radial Basis Function Neural Networks (RBFNs) have been used to predict the energy
consumption of university buildings. Han et al. [15] proposed an RBFN model to evaluate
the energy performance of the buildings, using the University of California Irvine data sets.
The predicted values agree well with the simulation outcome from Ecotech. Zhao et al. [16]
developed an RBFN model to predict the energy consumption of colleague buildings in
Fujian Province in China, with a maximum error of 13.3%.

Classification and Regression Tree (CART) is also one of the machine learning ap-
proaches favored by the researchers. Zeki¢-Susac et al. [17] developed a CART model to
predict the energy cost of public buildings in the Republic of Croatia. Capozzoli et al. [18]
developed a CART model to predict the heating energy consumption in schools with an
R-square of 0.86.

The Chi-Square Automatic Interaction Detector (CHAID) can be used to generate a
multi-branched decision tree and determine the branch variables’ values based on statistical
significance. Yang and Wu [19] applied CHAID to find the energy-saving strategies for
central air-conditioning system operation in Shenzhen, China. Kusiak et al. [20] developed
a CHAID model to predict the building steam load with a mean absolute error (MAE) of
405 for training and 578 for testing.

Exhaustive CHAID (ECHAID) is another decision tree algorithm that ensures the
same degree of freedom for all the inputs. Kusiak et al. [20] compared the outcomes
from ECHAID model with the CHAID model in predicting the building steam load. The
ECHAID achieved a mean absolute error (MAE) of 398 for training and 570 for testing.
Yan et al. [21] developed an ECHAID model to predict the system coefficient of performance
(COP) of a ground-source heat pump with an MAE of 0.098 for training and 0.105 for testing.

Researchers have also investigated other data-driven approaches; for example,
Li et al. [22] developed a hybrid teaching-learning artificial neural network model (TL-
ANN) to predict the hourly electrical energy consumption for two educational buildings
located in USA and China, using weather conditions, calendar date, occupancy pattern,
and historical energy usage data. Moayedi [23] compared the performances of three
cooling load prediction models for a residential building. The elephant herding opti-
mization (EHO), ant colony optimization (ACO), and Harris Hawks optimization (HHO),
were combined with a multilayer perceptron neural network (MLP) model. The relative
compactness of the building, surface area, wall area, roof area, overall height, orientation,
glazing area, and glazing area distribution are used as inputs for the model. The results
show that the EHO-MLP has the highest prediction accuracy, followed by HHO-MLP
and ACO-MLP. Aruta et al. [24] developed an artificial neural networks (ANNs) model,
using NARX (nonlinear autoregressive model with exogenous inputs) networks for
training based on simulated heating load of a building in Rome from EnergyPlus. The
outdoor air temperature and solar radiation were used as inputs and demonstrated
satisfactory prediction performance. Ndiaye and Gabriel [25] used the latent root regres-
sion technique to reduce the number of input variables from 59 to 9, while achieving an
R-square of 0.79 in predicting the housing unit electricity consumption in Oshawa. Still,
they performed studies only on a few data-driven algorithms.

From the literature survey, it can be found that very few studies were conducted to
predict the yearly residential building energy consumption based on actual energy con-
sumption data. Many studies focus on monthly [26], daily [27-29], or hourly [13,27-30] en-
ergy consumption, based on the simulation outcomes from commercial software [26,31-35].
Short-term energy predictions are easily affected by seasonal variation and the outcomes
from the simulation often deviate from actual energy consumption. In addition, the ef-
fects of occupants’ behaviors on the energy usage are often neglected in the prediction
model, and most of the parameters focus on weather data [26-29,31] or design parameters
of the building envelope [26,31,33-35], thus causing deviations in energy consumption
predictions for different households; social and demographic information are often ne-
glected, as well. Moreover, many of the studies used fixed number of input variables
and training/validation ratio, without seeking for the least number of inputs needed and
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the models with the best performance. Therefore, it is important to develop a residential
building energy prediction model based on the collected data from actual annual energy
consumption, taking into account the social and demographic information and evaluate
the impact of the number of input variables, as well as the training/validation ratio for the
performance of the prediction model.

This paper attempts to develop yearly energy consumption prediction models for
residential buildings in Oshawa. Data related to electricity consumption, gas consumption,
physical information of the buildings, and social and demographic information of the resi-
dents were collected through smart metering, a phone survey, and energy auditing of a total
of 83 households. A total of eight data-driven algorithms, namely Multiple Linear Regres-
sion (MLR), Stepwise Regression (SR), Support Vector Machine (SVM), Backpropagation
Neural Network (BPNN), Radial Basis Function Neural Network (RBFN), Classification
and Regression Tree (CART), Chi-Square Automatic Interaction Detector (CHAID), and
Exhaustive CHAID (ECHAID), were used to develop energy prediction models to select
the most suitable models for electricity consumption and gas consumption predictions.
Different numbers of input variables and training/validation ratios were employed to find
the models with the best prediction performance with the least number of inputs. The
outcomes from this paper can provide references for residential-building energy prediction.

2. Method

The actual electricity and gas consumption data, physical properties, mechanical
system information, and consumer information of 227 houses in Oshawa—which has a
humid continental climate with large seasonal temperature variations, with warm summers
and cold winters—were collected and analyzed. The energy consumption is for a full
year. Firstly, smart meters were installed on 227 houses in Oshawa to obtain the electricity
readings, and a phone survey on the social and demographic information of the occupants,
as well as information on the electrical appliances, was conducted on the houses with
installed smart meters. Energy audits were conducted according to the willingness of the
house owner/renter. A total of 65 input and output parameters were identified after an
analysis of the gathered information. During the data preprocessing, it was found that,
due to the reluctance of some house owners/renters to disclose certain information, or that
they were unclear about certain information, there were 144 samples with missing data for
annual electricity consumption and 154 samples with missing data for gas consumption.
Therefore, the predictions of electricity consumption and gas consumption are based on
83 and 73 residential buildings, respectively. Then three groups of input parameters are
selected based on variable importance (VI) through statistical analysis. Finally, eight
data-driven modeling approaches were used to develop electricity and gas consumption
prediction models based on different groups of input parameters. The performances of
different models were evaluated, and the best prediction models for electricity and gas
consumption were identified. The IBM SPSS Statistics 26.0 and Clementine 12.0 were used
to apply the algorithm [36]. A flowchart of the research strategy is presented in Figure 1.
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Conduct phone survey to obtain the social, demographic
information of the occupants as well as information on
the electrical appliances (variables 1-29)

v

Perform energy audit to get detailed information on the
physical properties of the building envelope, mechanical
system performance, and yearly energy consumption,
install smart meter to obtain the electricity consumption

v
Identify 83 houses with full sets of information on
electricity and gas consumption, physical properties,
mechanical system information, and consumer
information, and create sample database

A
Select 8 data-driven algorithms and calculate the variable
importance (V1) of each variable. Identify 3 groups of
variables for electricity consumption, and the other 3
groups of variables for natural gas consumption based on
the VI values, and use three different training-to-
validation ratios(7:3,8:2 and 9:1) to develop data-driven
prediction models

\ 4
Evaluate the performance of each prediction models
based on maximum errors (MAXE), mean absolute error
(MAE), standard deviation (SD), correlation coefficient (R)
and MAPE.

v
Select the models with best performance for each data-
driven algorithm

v
Select the models with best prediction performance for
electricity consumption and gas consumption

Figure 1. Flowchart of the research strategy.

2.1. Independent and Dependent Variables

Table 1 lists the variable names and their value ranges, where the independent vari-
ables 1-29 and 30-63 and dependent variables 64-65 were collected through a phone survey,
energy audit, and smart metering. The range of values is formed based on the outcomes

from the collected data.
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Table 1. Variable names and value ranges.

No. Information of the Variable Variable Name Collecting Value Range
Method
1 Number of halogen bulbs used outdoors Halogen Phone survey 0-5
Number of compact fluorescent lamp
2 (CFL) bulbs used outdoors CFL Phone survey 04
3 Number of fluorescent bulbs used Fluor Phone survey 04
outdoors
4 Number of incandescent lamps used Incand Phone survey 0-5
outdoors
5 Aware.ness of the 1mp0rtanc.e of RedEnerg Phone survey 1-5
reducing energy consumption
6 Awarene.:ss of the importance of SpenLess Phone survey 1-5
spending less on energy bill
v Perceptlgns of government 1pv01vement GvInvolv Phone survey 15
in energy conservation
3 Interested in learning more about ways LearnMor Phone survey 15
to save energy indoors
9 Interest in using computer softwa_re to CompSoft Phone survey 1-5
control indoor energy consumption
10 Number of occupants NbOccup Phone survey 1-6
11 Number of residents working full-time FullTime Phone survey 0-5
12 Number of residents working part-time ParTime Phone survey 0-1
13 Number of residents working in shifts SiftWork Phone survey 0-1
14 Number of peopl;}1 gvrzzkmg or staying at FromHome Phone survey 0-3
15 Housing situation HomState Phone survey Owned (1), Rent (2)
Lights turned on when empty for a 1-3 Occurs more and more
16 short period of time LOnEmpty Phone survey frequently
The moment when the outdoor lights in 1-3 Occurs more and more
17 front of the house are turned on TOnOutLt Phone survey frequently
18 Feeling safe between neighbors Safety Phone survey =5 Increase@ sense of
security
19 Worry about crime Crime Phone survey =5 Increase(?l sense of
security
18-24 (1), 25-35 (2), 3645 (3),
20 Age of the homeowner AgeRange Phone survey 46-55 (4), 56-65 (5), over 65
©)
Number of energy-saving electrical
21 appliances purchased in the past 5 years NbNewApp Phone survey 0-7
22 Fuel type of the oven OvenFuel Phone survey Natural gas (1), electricity (2)
23 Fuel type of the dryer DryerFl Phone survey Natural gas (1), electricity (2)
24 Fuel type of the pool heaters PHeatrFl Phone surve Unused (0), Solar (1), Natural
P p y Gas (2), Electricity (3)
Upgrade or renovation of the house in Renovated (1), Not
= the past five to ten years RecUpgd Phone survey renovated (2)
Amount willing to spend on <$100 (1), $100-250 (2),
2 energy-efficient equipment (CAD) WigSpend Phone survey $250-500 (3), >$1000 (4)
27 Highest level of education LevelEdu Phone survey High Schqol (l?’ College (2),
University (3)
<$20,000 (1), $20,000-$39,999
. (2), $40,000-859,999 (3),
28 Gross house}(‘gfsr/‘c‘;r:re) before taxes HsIncome Phone survey $60,000-$79,999 (4),
Y $80,000-$99,999 (5),
>$100,000 (6)
29 Born in Canada BornCan Phone survey Yes (1), No (2)
30 Fuel type for heating system HeatType Energy audit Electricity (1), Natural gas

@), 0il (3)
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Table 1. Cont.

No. Information of the Variable Variable Name Collecting Value Range
Method
31 House type HsType Energy audit Single detachéc; (1), Row end
32 Number of floors NbStoris Energy audit 1-2
Baseboard (1),
. . medium-efficiency furnace
33 Heating system type HSysType Energy audit (2), heat pump (3),
high-efficiency boiler (4)
34 Fuel type for domestic water heaters DHWFuel Energy audit Natural gas (1), Electricity (2)
Condensing unit (1), Induced
35 Types of domestic hot water heater DHWType Energy audit draft fan boiler (2),
conventional tank heater (3)
36 Existing air-conditioning system ACSyst Energy audit No (0), Yes (1)
. s . central system (1), heat
37 Air-conditioning system type ACType Energy audit pump (2), Not applicable (3)
. . Pre 76 (1),1976-1987 (2),
38 Year built ConstYr Energy audit 1988-2002 (3)
39 Heating system efficiency HSysEffi Energy audit 76-100%
40 Service length of the heating system HSysAge Energy audit 0-35
(years)
1 Service length of the air-conditioning ACAge Energy audit 0-33
system (years)
thermal resistance of the window . .
42 (m2-K/W) TherReWind Energy audit 0.99-2.64
thermal resistance of the external wall .
43 (m2K/W) TherReWal Energy audit 0.64-3.12
thermal resistance of the ceiling . .
44 (m2-K/W) TherReCei Energy audit 0.53-7.05
45 Area of the ceiling (m?) CeilArea Energy audit 45.2-227.4
46 Area of the external wall (m?) TWIArea Energy audit 52.8-317.6
47 Area of the window (m?) TWdArea Energy audit 6.7-49.2
48 U-value of foundation wall (W /(m?2-K)) FwUvalue Energy audit 0.23-3.17
49 U-value Og‘;\l;/e(krfzs .eKn)l)e nt ceiling BhUvalue Energy audit 0.48-3.87
50 Air change rate per hour at 50 Pa NbACH Energy audit 1.49-14.88
51 Residential floor area (m?) ReFlArea Energy audit 49-166
1 East 2 West 3 South 4 North
52 Building orientation OriBuild Energy audit 5 Northeast 6 Southeast 7
Northwest 8 Southwest
53 Building width (m) WidBuild Energy audit 5.18-16.46
54 Building depth (m) DepBuild Energy audit 7.01-16.46
55 Building perimeter (m) PerBuild Energy audit 28.65-52.43
. . . Single-layer (1), Double-layer
56 Window type TypWind Energy audit (2), Double-layer Low-E (3)
57 Window frame type TypWindFra Energy audit Wood (1), Vinyl (2), Metal (3)
58 Door type TypDoor Energy audit Wood (1), Steel (2)
59 Door area (m?) AreDoor Energy audit 0.94-6.8
60 Cooling system COP COPRefSys Energy audit 2-10
61 Ventilation syifig?f:)(hamt volume ExVolVenti Energy audit 1-15
62 Floor area (m?) AreFloor Energy audit 97.8-374.6
63 Total basement wall area (m?) AreBaseWal Energy audit 43.4-117.5
Energy
64 Annual electricity consumption (kWh) AnnPowConsu audit+smart 8944-50,415
metering
65 Annual natural gas consumption (m®)  AnnNaGEnConsu Energy audit 0-5937
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2.2. Prediction Model Development

The MLR, SR, SVM, BPNN, RBFN, CART, CHAID, and ECHAID were employed to
develop electricity consumption and gas consumption prediction models.

2.2.1. Multiple Linear Regression

MLR has been widely used in building energy consumption prediction and can be
used in the early design stage to improve the building performance [37] and hourly cooling
load prediction [7]. In this paper, MLR is used to develop the relationship between the
independent variables (variables 1-63), and dependent variables (variables 64 and 65). The
MLR model can be presented as follows:

y=Po+P1x1 +Baxa+ -+ Puxp te )

where B denotes the regression constant; B1, B2, and B, denote the regression coefficients;
x; refers to the input variables; ¢ is the random error; and p denotes the number of indepen-
dent variables involved in the regression.

The regression coefficients are determined based on the least square method, which min-
imizes the residual sum of squares (RSS). The RSS is calculated by the following equation:

n

RSS = Z(yi—ﬁo—ﬁlm—ﬁzxz—"'—ﬁpxp)z @

i=1
where 7 is the number of samples.

2.2.2. Stepwise Regression

The SR uses a step-by-step iterative approach to develop a regression model by
selecting only the important independent variables. It is also widely used in building
simulation [38]. In this paper, 63 independent variables were introduced into the regression
model one-by-one and sorted according to their importance. Each dependent variable goes
through an F-test and T-test and remains in the model if it is statistically significant.

2.2.3. Support Vector Machine

The SVM introduces the principle of structural risk minimization, which effectively
solves the high-dimensional difficulty and local minima problem. Gao [39] developed
an SVM model to predict building energy consumption based on historical data with
good prediction performance. By studying the output/input variables relationship, the
SWM predicts the output variable values of new samples with the same distribution as the
training sample set. A loss function is introduced to correct the distance to the decision
boundary, so as to determine the regression function. Thus, a prediction model is developed
to predict the outputs for new samples with the same distribution [40].

2.2.4. Backpropagation Neural Network

The BPNN is the most widely used neural network. As a multilayer feed-forward
neural network, it is trained according to an error backpropagation algorithm [41]. BPNN
features arbitrarily complex pattern classification ability and demonstrates excellent multi-
dimensional function mapping ability. It includes an input, a hidden, and an output layer.
The least square error of the network is obtained by using the gradient descent method to
for minimization.

2.2.5. Radial Basis Function Neural Network

RBFN utilizes radial basis functions (RBFs) as activation functions. The RBF network
consists only of a single hidden layer that has its own way of computing the output. The
input layer receives the input data and feeds them into the special hidden layer. The
computations in the hidden layers are based on comparisons with prototype vectors from
the training set. Each neuron computes the similarity between the input vector and its
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prototype vector. RBFN has been proven to have a good prediction performance for the
building cooling load [13].

2.2.6. CART

The CART is a classification algorithm that builds a decision tree based on Gini’s
impurity index [42]. It applies the binary segmentation method to recursively construct the
binary decision tree process and uses the square error minimization criterion for feature
selection for the regression tree. CART has been proven to achieve good performance in
heating energy prediction [18].

2.2.7. CHAID

CHAID is based on adjusted significance testing, which was proposed by Kass et al. [43].
In this method, multi-branch decision trees can be generated. First, the F-test is carried out,
and variables statistically similar to the target variable are combined; then p-values for the
remaining variables are calculated, and the variable with the best predictor (lowest p-value)
is selected as the first variable in the decision tree branches. The process repeats until the
tree is fully grown. It has been successfully used to predict the steam load [20].

2.2.8. Exhaustive CHAID

As an improved algorithm based on CHAID, ECHAID is different from CHAID on
the merging step [44]. The latter stops when all remaining categories are found to be
statistically different. The former continues grouping, leaving only two super categories.
In this way, all input variables are ensured to have the same degree of freedom. It has been
successfully employed to predict the performance of heat pumps [21].

2.3. Choice of Input Variables

In order to eliminate the variables that are unimportant to the prediction of building
energy consumption, the variable importance (VI) is employed to assist in the selection of
the input variables to develop prediction models; detailed information in the calculation
can be found in Ref. [45]. At the same time, the ratios of samples for training and validation
are set as 7:3, 8:2, and 9:1, respectively. The data are split randomly.

2.4. Prediction Model Evaluation

The prediction model performance is evaluated through maximum errors (MAXEs),
mean absolute error (MAE), standard deviation (SD), correlation coefficient (R), and MAPE.
The MAE, SD, and R can be calculated as shown below:

1n
MaE = - (19— y,) ®

4)

o \/ T, (19, - y;| - MAE)®
n

. 2
R=— L (i) )
= (% - y)?
1n
MAPE = — X (|g; — y;|) x 100% (6)

where §; denotes the prediction value, y; denotes the targeted value, y denotes the average
value of the targeted values, and n is the number of samples.

Evaluation on the validation of the performance of the prediction model based on
MAXE, MAE, SD, R, and MAPE under different training-to-validation ratios (7:3, 8:2, and
9:1) to ensure the best performance and the least amount of data for training.
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3. Results and Discussion
3.1. Results of Variable Selection

Depending on the variable importance (VI) of each variable, totals of 26, 12, and
6 variables were selected to develop the prediction models for electricity consumption
(Table 2), and totals of 26, 13, and 6 variables were selected to develop the prediction models
for natural gas consumption (Table 3).

Table 2. Variable selected for predicting electricity consumption.

Number of Variables

Variable Set

26 (importance of variable (IV) > 0.01)

12 (IV > 0.016)
6 (IV > 0.05)

HeatType, DHWFuel, AreFloor, HSysEffi, HSysAge, HSysType, Halogen, NbOccup,
TherReCei, FromHome, ACSyst, OriBuild, LOnEmpty, TherReWal, SpenLess, Incand,
NbACH, PHeatrFl, AgeRange, LearnMor, ExVolVenti, FullTime, TWdArea, ConstYT,
COPRefSys, CFL
HeatType, DHWFuel, AreFloor, HSysEffi, HSysAge, HSysType, Halogen, NbOccup,
TherReCei, FromHome, ACSyst, OriBuild
HeatType, DHWFuel, AreFloor, HSysEffi, HSysAge, HSysType

Table 3. Variable selected for predicting natural gas consumption.

Number of Variables

Variable Set

26 (IV > 0.015)

13 (IV > 0.022)
6 (IV > 0.032)

HeatType, NbACH, HSysEffi, TW1Area, Fluor, DHWFuel, Halogen, TherReWind,
TherReWal, PerBuild, RedEnerg, NbOccup, PHeatrFl, SpenLess, TypWindFra,
CeilArea, OvenFuel, BhUvalue, DHWType, ReFlArea, TherReCei, WidBuild,
HomState, FwUvalue, AreBaseWal, AreFloor
HeatType, NbACH, HSysEffi, TWIlArea, Fluor, DHWFuel, Halogen, TherReWind,
TherReWal, PerBuild, RedEnerg, NbOccup, PHeatrFl
HeatType, NbACH, HSysEffi, TWlArea, Fluor, DHWFuel

3.2. Performance of Electricity Consumption Prediction Model

Analyses of the results of the prediction models for electricity consumption are pre-
sented in Tables A1-A8 in Appendix A. The regressions between predicted and simulated
electricity consumption for the best models of each data-driven approach are presented in
Figure 2a—h.

The outcomes of the MLR models on the prediction of electricity consumption are listed
in Appendix A Table Al. It can be found that when the number of variables is 6 and the ratio
of training sample vs. validation samples is 9:1, the MLR model has the best performance,
with MAPEs of 15.05% for training and 11.71% for validation, respectively. Figure 2a
presents the regression between predicted and simulated electricity consumption for the
best MLR model. The model predicts pretty well when the electricity consumption is less
than 35,000 kWh (93% of all the samples), and it underpredicts the electricity consumption
when it exceeds 35,000 kWh.

The outcomes of the SR models on the prediction of electricity consumption are listed
in Appendix A Table A2; they are similar to those of the MLR models. When the number of
variables is 6 and the ratio of training sample vs. validation samples is 9:1, the SR model
has the best performance with MAPEs of 14.79% for training and 14.18% for validation,
respectively. Figure 2b presents the regression between predicted and simulated electricity
consumption for the best SR model. The model also predicts pretty well when the electricity
consumption is less than 35,000 kWh, and it underpredicts the electricity consumption
when it exceeds 35,000 kWh.
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Figure 2. Regression between predicted and simulated electricity consumption: (a) MLR model vs.
(b) BPNN model vs. (c) SVM vs. (d) BPNN model vs. (e) RNFN model vs. (f) CART model vs.
(g) CHAID vs. (h) ECHAID model.

The outcomes of the SVM models on the prediction of electricity consumption are
listed in Appendix A Table A3. It can be found that when the number of variables is 6
and ratio of training sample vs. validation samples is 7:3, the SVM model has the best
performance, with MAPEs of 21.89% for training and 11.50% for validation, respectively.
Figure 2c presents the regression between predicted and simulated electricity consumption
for the best SVM model. The model predicts pretty well when the electricity consumption
is around 10,000 kWh, and it underpredicts the electricity consumption when it exceeds
15,000 kWh.

The outcomes of the BPNN models on the prediction of electricity consumption are
listed in Appendix A Table A4. It can be found that when the number of variables is 26
and the ratio of training sample vs. validation samples is 9:1, the BPNN model has the
best performance, with MAPESs of 0.94% for training and 0.94% for validation, respectively.
The number of inputs can be reduced to 12, with a correlation coefficient almost equal to
1.0 and MAPE less than 1.18%. Figure 2d presents the regression between predicted and
simulated electricity consumption for the best BPNN model. Compared with the results
from Ndiaye and Gabriel (2011), the R-square value is significantly improved from 0.79 to
0.9997. The model predicts pretty well for all the samples.

The outcomes of the RBFN models on the prediction of electricity consumption are
listed in Appendix A Table A5. It can be found that when the number of variables is 6
and the ratio of training sample vs. validation samples is 8:2, the RBFN model has the
best performance, with MAPEs of 8.82% for training and 5.62% for validation, respectively.
Figure 2e presents the regression between predicted and simulated electricity consumption
for the best RBFN model. The model predicts pretty well when the electricity consumption
is less than 35,000 kWh, and it tends to underpredict the electricity consumption when it is
in the range of 35,000-40,000 kWh.

The outcomes of the CART models on the prediction of electricity consumption are
listed in Appendix A Table A6. It can be found that when the number of variables is 6
and the ratio of training sample vs. validation samples is 7:3, the CART model has the
best performance, with MAPESs of 1.41% for training and 5.50% for validation, respectively.
Figure 2f presents the regression between predicted and simulated electricity consumption
for the best CART model. The model predicts pretty well for almost all the samples, with the
exception that it underpredicts one sample with actual consumption at around 50,000 kWh.

The outcomes of the CHAID models on the prediction of electricity consumption are
listed in Appendix A Table A7. It can be found that when the number of variables is 26
and the ratio of training sample vs. validation samples is 7:3, the CHAID model has the
best performance, with MAPESs of 0.87% for training and 5.03% for validation, respectively.
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Figure 2g presents the regression between predicted and simulated electricity consumption
for the best CHAID model. Similar to the CART model, it predicts pretty well for almost all
the samples, with the exception that it underpredicts one sample with actual consumption
at around 50,000 kWh.

The outcomes of the ECHAID models on the prediction of electricity consumption
are listed in Appendix A Table A8. It can be found that when the number of variables
is 26 and the ratio of training sample vs. validation samples is 7:3, the CHAID model
has the best performance, with MAPEs of 0.92% for training and 9.89% for validation,
respectively. Figure 2h presents the regression between predicted and simulated electricity
consumption for the best ECHAID model. It predicts pretty well for almost all the samples,
except that it overpredicts two samples with actual consumption at around 26,000 kWh
and underpredicts one sample with actual consumption at around 50,000 kWh.

Table 4 presents the range of relative errors for the eight best prediction models for
each data-driven approach. It can be found that the BPNN model has the best predic-
tion performance, followed by the CHAID model, ECHAID model, CART model, and
RBFN model. The performances of the SVM, SR, and MRL models are not as good as the
other ones.

Table 4. Range of relative errors for the eight electricity consumption prediction models.

Method <5% <15% <25% <50%
MLR 38% 64% 79% 98%
SR 43% 68% 81% 94%
SVM 73% 73% 73% 75%
BPNN 99% 100% 100% 100%
RBFN 57% 85% 92% 100%
CART 89% 97% 98% 99%
CHAID 93% 98% 98% 99%
ECHAID 93% 97% 97% 97%

3.3. Performance of Natural Gas Consumption Prediction Model

The outcomes of the natural gas consumption prediction models are listed in
Tables A9-A16 in Appendix A. The regressions between predicted and simulated nat-
ural gas consumption for the best models of each data-driven approach are presented in
Figure 3a-h.

The outcomes of the MLR models on the prediction of natural gas consumption are
listed in Appendix A Table A9. It can be found that when the number of variables is 13
and the ratio of training sample vs. validation samples is 7:3, the MLR model has the best
performance, with MAPESs of 13.98% for training and 24.67% for validation, respectively.
Figure 3a presents the regression between predicted and simulated natural gas consumption
for the best MLR model. Good agreements are found between the predicted and actual
energy consumption.

The outcomes of the SR models on the prediction of natural gas consumption are listed
in Appendix A Table A10. Similar to the MLR model, when the number of variables is 13
and the ratio of training sample vs. validation samples is 7:3, the SR model has the best
performance, with MAPEs of 14.03% for training and 24.89% for validation, respectively.
Figure 3b presents the regression between predicted and simulated natural gas consumption
for the best SR model. Good agreements are found between the predicted and actual
energy consumption.

The outcomes of the SVM models on the prediction of natural gas consumption are
listed in Appendix A Table A11. It can be found that when the number of variables is 26
and the ratio of training sample vs. validation samples is 7:3, the SVM model has the best
performance, with MAPEs of 59.47% for training and 53.23% for validation, respectively.
Figure 3c presents the regression between predicted and simulated natural gas consumption
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for the best SVM model. Large deviations between the predicted value and actual energy
consumption are found.
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Figure 3. Regression between predicted and simulated natural gas consumption: (a) MLR model
vs. (b) BPNN model vs. (c¢) SVM vs. (d) BPNN model vs. (¢) RNFN model vs. (f) CART model vs.
(g) CHAID vs. (h) ECHAID model.

The outcomes of the BPNN models on the prediction of natural gas consumption are
listed in Appendix A Table A12. It can be found that when the number of variables is 26
and the ratio of training sample vs. validation samples is 9:1, the BPNN model has the
best performance, with MAPESs of 2.63% for training and 0.16% for validation, respectively.
The number of inputs can be reduced to 13, with a correlation coefficient higher than 0.979
and MAPEs less than 7.03%. When the number of inputs is reduced to 6, the correlation
coefficient is still higher than 0.927, with MAPEs less than 11.63%. Figure 3d presents the
regression between predicted and simulated natural gas consumption for the best BPNN
model. The model predicts pretty well for almost all the samples.

The outcomes of the RBFN models on the prediction of natural gas consumption are
listed in Appendix A Table A13. It can be found that when the number of variables is 6
and ratio of training sample vs. validation samples is 8:2, the RBFN model has the best
performance, with MAPEs of 12.85% for training and 7.57% for validation, respectively.
Figure 3e presents the regression between predicted and simulated natural gas consumption
for the best RNFN model. The model predicts pretty well for all the samples, except under
predicting one sample with natural gas consumption of 5049 m?.

The outcomes of the CART models on the prediction of natural consumption are listed
in Appendix A Table A14. It can be found that when the number of variables is 13 and
the ratio of training sample vs. validation samples is 7:3, the CART model has the best
performance with MAPEs of 5.08% for training and 31.56% for validation, respectively.
Figure 3f presents the regression between predicted and simulated natural gas consumption
for the best CART model. The model predicts generally well for most of the samples, with
big deviations for only a few samples.

The outcomes of the CHAID models on the prediction of natural consumption are
listed in Appendix A Table A15. It can be found that when the number of variables
is 6 and the ratio of training sample vs. validation samples is 7:3, the CHAID model
has the best performance, with MAPEs of 18.74% for training and 24.72% for validation,
respectively. Figure 3g presents the regression between predicted and simulated natural
gas consumption for the best CHAID model. It can be observed that the model predicts
generally well for some of the samples; however, for some of the samples, the natural gas
consumption is predicted to be about 3600 m? regardless of their actual consumption.

The outcomes of the ECHAID models on the prediction of natural consumption are
listed in Appendix A Table A16. Similar to the CHAID model, when the number of variables
is 6 and the ratio of training sample vs. validation samples is 7:3, the ECHAID model
has the best performance, with MAPEs of 18.74% for training and 24.72% for validation,
respectively. Figure 3h presents the regression between predicted and simulated natural
gas consumption for the best ECHAID model, which is similar to the CHAID model.
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Table 5 presents the ranges of relative errors for the eight best prediction models. It

can be found that the BPNN model has the best prediction performance, followed by the
CART model and RBEN model. The performance of other models is much poorer, with the
SVM model being the worst case.

Table 5. Range of relative errors for the eight natural gas consumption prediction models.

Method <5% <15% <25% <50%
MLR 22% 62% 83% 98%
SR 25% 60% 82% 98%
SVM 6% 32% 48% 78%
BPNN 93% 96% 99% 99%
RBFN 30% 75% 93% 99%
CART 49% 83% 93% 99%
CHAID 38% 60% 76% 87%
ECHAID 38% 60% 76% 87%

4. Conclusions and Limitations

In this paper, eight data-driven methods were employed to develop energy prediction

models for residential buildings in Oshawa with different numbers of input variables and
training to validation ratios. The following conclusions can be made:

@)

@

©)
4)

®)

(6)

1)
@)

The performance of the prediction model can be improved through careful selections
of variables based on VI and training to validation ratios. As only a small number of
input variables are used, it can also help reduce the efforts of data collection.

With 26 input variables, the BPNN models have the best performance in predicting
both the electricity consumption and gas consumption because their maximum error,
mean absolute error, standard deviation, and MAPE are smaller than those of other
models, and their correlation coefficient is larger than that of other models.

The MLR model has the worst performance in predicting the electricity consumption,
and the SVM model has the worst performance in natural gas consumption prediction.
The number of inputs can be reduced to 12 in the BPNN model to predict the electricity
consumption, with a correlation coefficient almost equal to 1.0 and MAPE < 1.18%.
By using the CART model, the number of inputs can be further reduced to 6, with a
correlation coefficient >0.95 and MAPE < 5.50%.

The number of inputs can be reduced to 13 in the BPNN model for natural gas
consumption prediction with a correlation coefficient >0.979 and MAPE < 7.03%.
When it is further reduced to 6, the correlation coefficient of the BPNN model is still
>0.927, with the MAPE < 11.63%.

Based on the performance of the prediction models, when the human factor, e.g.,
SpenLess (awareness of the importance of spending less on energy bills), FromHome
(number of people working or staying at home), and HomState (housing situation),
are introduced, the performance of the prediction model can be improved. Those
variables are often very difficult to introduce to develop physical models in traditional
methods.

The limitations of the prediction models are as follows:

They can only be applied to residential buildings (houses) in Oshawa and cannot be
applied to commercial buildings.

More data collection is needed, including weather data, to develop prediction models
that are applicable throughout Canada.
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Appendix A

Table A1. Analysis of the results of the MLR model for electricity consumption.

l\i/‘;i'i‘:;lre:f \}Eg:;fn Data Set MAX Error MAE SD R MAPE
. Training 9217 2759 3657 0.94 20.8%
7:3 Validation 18,347 4300 5789 0.79 36.8%
' Training 10,174 2751 3691 0.93 20.5%
26 8:2 Validation 17,416 3841 5310 0.85 32.1%
. Training 10,686 2568 3597 0.93 19.1%
91 Validation 15,901 3571 5221 091 26.8%
. Training 13,489 3040 4542 0.90 20.0%
7:3 Validation 13,655 2242 3501 0.95 18.5%
‘ Training 13,496 2905 4428 0.90 19.2%
12 8:2 Validation 13,830 2444 3733 0.95 19.8%
. Training 14,043 2712 4205 0.90 18.4%
91 Validation 13,415 2748 4244 0.96 20.5%
' Training 14,332 2864 4892 0.88 16.1%
7:3 Validation 18,652 2207 4268 0.92 16.6%
) Training 14,339 2780 4795 0.88 15.8%
6 82 Validation 19,260 215 4560 0.93 15.5%
. Training 14231 2584 4563 0.89 15.0%
1 Validation 18,420 2179 4971 0.95 11.7%
Table A2. Analysis of the results of the SR model for electricity consumption.
l\grr'i‘;;re:f \}Eg:;fn Data Set MAX Error MAE SD R MAPE
. Training 12,178 3189 4520 0.90 21.9%
7:3 Validation 17,646 2683 4364 0.91 21.9%
' Training 12,116 3080 4428 0.90 21.3%
26 8:2 Validation 17,879 2728 4593 0.91 21.4%
. Training 12,450 2840 4209 0.90 19.8%
o1 Validation 17,765 319 5387 0.92 22.9%
_ Training 13,208 3228 4722 0.89 21.2%
7:3 Validation 17,633 2751 4371 0.91 22.5%
‘ Training 13,126 3109 4621 0.89 20.6%
12 8:2 Validation 17,894 2811 4616 0.91 2.1%
. Training 13,636 2880 4402 0.89 19.2%
91 Validation 17,612 3151 5314 0.94 22.3%
' Training 15,664 2898 5033 0.87 16.4%
7:3 Validation 21,563 2565 4918 0.90 18.2%
_ Training 15,638 2814 4916 0.88 16.2%
6 82 Validation 21,503 2681 5174 091 18.2%
. Training 15,443 2583 4694 0.88 14.8%
1 Validation 21,016 2688 5740 0.95 14.2%
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Table A3. Analysis of the results of the SVM model for electricity consumption.

l\i,‘;‘:i‘:’lflre‘;f \};rl?il‘;‘t‘i‘f;l Data Set MAX Error MAE SD R MAPE
‘ Training 37,611 6290 10,341 0.81 21.9%
73 Validation 41,168 3595 9408 0.85 115%
. Training 37,611 5980 10,166 0.81 20.9%
26 8:2 Validation 41171 4051 9934 0.83 12.9%
. Training 37,612 5521 9791 0.82 19.5%
o1 Validation 41171 5096 11,658 0.86 15.0%
_ Training 37,567 6278 10,325 0.84 21.9%
7:3 Validation 41,129 3588 9396 0.86 115%
_ Training 37,564 5969 10,150 0.84 20.9%
12 8:2 Validation 41,127 4043 9920 0.86 12.9%
. Training 37,567 5511 9775 0.85 19.4%
2 Validation 41,130 5086 11,643 0.89 14.9%
. Training 37,514 6268 10,311 0.86 21.9%
73 Validation 41,063 3582 9380 0.92 115%
. Training 37,519 5960 10,137 0.86 20.8%
6 8:2 Validation 41,068 4036 9904 0.92 12.8%
4 Training 37,515 5502 9761 0.87 19.4%
o1 Validation 41,064 5078 11,624 093 14.9%
Table A4. Analysis of the results of the BPNN model for electricity consumption.
l\i;:r’i‘;:lre‘;f \}Eg:trl‘fn Data Set MAX Error MAE SD R MAPE
. Training 16,131 2806 4381 0.91 16.5%
7:3 Validation 13,618 2024 3386 0.95 14.4%
_ Training 2554 422 833 1.00 1.9%
26 8:2 Validation 156 237 411 1.00 1.5%
. Training 345 87 171 1.00 0.9%
o1 Validation 435 110 155 1.00 0.9%
. Training 7112 376 1002 1.00 1.8%
7:3 Validation 2735 300 549 1.00 1.9%
. Training 4586 743 1329 0.99 3.5%
12 8:2 Validation 1803 47 566 1.00 2.7%
. Training 564 81 133 1.00 0.8%
o1 Validation 236 136 188 1.00 1.1%
_ Training 11,857 872 2110 0.98 3.9%
7:3 Validation 2443 364 800 1.00 2.3%
) Training 13,089 1697 3586 0.94 7.7%
6 8:2 Validation 3652 345 865 1.00 1.7%
_ Training 17,032 2187 4537 0.89 10.3%
o1 Validation 20,134 1723 5297 094 6.5%
Table A5. Analysis of the results of the RBFN model for electricity consumption.
l\i/‘;‘:i‘;flre‘;f \;l;rla::itltrllfn Data Set MAX Error MAE SD R MAPE
_ Training 19,346 214 5336 0.86 28.2%
7:3 Validation 6519 216 2641 0.96 20.1%
. Training 14,505 2846 4444 0.90 16.8%
26 82 Validation 15,093 2074 4082 0.91 13.7%
. Training 13,076 2774 4252 0.90 19.1%
91 Validation 8920 1942 2715 0.99 12.9%
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Table A5. Cont.

l\i,‘;‘:i‘:’lflre‘;f \};rl?il‘;‘t‘i‘f;l Data Set MAX Error MAE SD R MAPE
‘ Training 15,797 2482 4227 0.91 14.3%
73 Validation 3274 1135 1440 0.99 9.5%
. Training 17,058 3167 4966 0.87 19.5%
12 8:2 Validation 7338 1788 2498 0.98 15.1%
. Training 15,795 2094 3855 0.92 12.2%
91 Validation 2710 1154 1459 0.99 8.8%
: Training 15,105 2100 3925 0.93 10.5%
7:3 Validation 2989 902 1268 0.99 7.8%
) Training 14,315 1878 3708 0.93 8.8%
6 8:2 Validation 3392 764 1095 1.00 5.6%
‘ Training 13,931 1428 2855 0.96 8.6%
2 Validation 895 628 1142 1.00 6.0%
Table A6. Analysis of the results of the CART model for electricity consumption.
l\i;‘r‘i‘;’;lre‘;f ‘};"::i‘;‘t‘l‘fn Data Set MAX Error MAE SD R MAPE
_ Training 5004 460 1207 0.99 2.2%
7:3 Validation 10,680 1420 3846 0.92 5.5%
. Training 5004 444 1176 0.99 2.1%
26 8:2 Validation 10,680 1586 4097 092 5.9%
. Training 5004 618 2086 0.98 2.9%
91 Validation 10,680 1408 3319 0.97 4.8%
. Training 3850 275 717 1.00 1.2%
7:3 Validation 18,575 1965 5466 0.83 7.0%
_ Training 3850 268 700 1.00 1.2%
12 8:2 Validation 18,575 2203 5825 0.83 7.7%
. Training 3850 462 1888 0.98 2.1%
1 Validation 18,575 2354 6174 0.85 7.4%
. Training 3745 338 881 1.00 1.4%
7:3 Validation 29,551 1790 5937 0.87 5.5%
. Training 3745 327 859 1.00 1.4%
6 8:2 Validation 29,551 2006 6298 0.87 6.1%
. Training 5915 387 1079 0.99 1.7%
o1 Validation 29,551 2629 7685 0.85 7.1%
Table A7. Analysis of the results of the CHAID model for electricity consumption.
l\i;:l‘r‘i‘;’;lre‘;f ‘};"i‘;‘;‘t‘i‘i‘l Data Set MAX Error MAE SD R MAPE
_ Training 3175 167 547 1.00 0.9%
7:3 Validation 29,983 1684 6132 0.76 5.0%
) Training 3175 169 534 1.00 0.9%
26 8:2 Validation 29,346 1846 6396 0.77 5.3%
. Training 10,496 833 2403 0.97 0.9%
91 Validation 29,346 2831 8204 0.71 5.3%
. Training 18,988 2538 5279 0.86 10.2%
7:3 Validation 22,535 1191 4515 0.89 3.7%
_ Training 18,988 2415 5143 0.86 9.8%
12 8:2 Validation 22,535 1329 4807 0.89 3.9%
. Training 19,124 2166 4837 0.87 8.7%
o1 Validation 22,671 1798 5932 0.89 47%
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Table A7. Cont.

l\i,‘;‘:i‘:’lflre‘;f \};rl?il‘;‘t‘i‘f;l Data Set MAX Error MAE SD R MAPE
‘ Training 18,988 2547 5279 0.86 10.3%
73 Validation 22,535 1193 4515 0.89 3.7%
. Training 18,988 2420 5143 0.86 9.8%
6 8:2 Validation 22,535 1332 4808 0.89 40%
. Training 19,124 2168 4837 0.87 8.8%
o1 Validation 22,671 1801 5932 0.89 476%
Table A8. Analysis of the results of the ECHAID model for electricity consumption.
l\i;‘:i‘:lflre‘;f \}Eg:;‘fn Data Set MAX Error MAE SD R MAPE
. Training 3175 171 547 1.00 0.9%
73 Validation 29,983 2928 8492 0.65 9.9%
. Training 3175 144 530 1.00 0.7%
26 8:2 Validation 29,346 3272 8953 0.65 11.0%
4 Training 18,441 1987 4555 0.89 7.5%
o1 Validation 21,988 1858 5803 0.89 5.2%
_ Training 18,259 2338 4962 0.88 9.0%
7:3 Validation 21,806 1246 4432 0.89 3.9%
. Training 18,259 216 4834 0.88 8.5%
12 8:2 Validation 21,806 1382 4720 0.89 41%
. Training 18,441 2006 4555 0.89 7.7%
91 Validation 21,988 1841 5808 0.89 5.0%
. Training 18,259 2343 4962 0.88 9.1%
7:3 Validation 21,806 1249 4432 0.89 3.9%
_ Training 18,259 2221 4834 0.88 8.6%
6 8:2 Validation 21,806 1377 4721 0.89 41%
. Training 18,441 2010 4555 0.89 7.8%
1 Validation 21,988 1846 5808 0.89 5.0%
Table A9. Analysis of the results of the MLR model for natural gas consumption.
l\i/‘;z:;fe‘;f \}E;‘;‘t‘l‘fn Data Set MAX Error MAE SD R MAPE
_ Training 768 271 340 0.96 11.9%
7:3 Validation 1452 603 835 0.77 32.6%
_ Training 771 261 334 0.96 11.4%
26 8:2 Validation 1460 662 876 0.76 35.8%
_ Training 763 277 343 0.96 12.0%
o1 Validation 2172 734 1052 0.69 43.0%
. Training 964 326 409 0.94 14.0%
73 Validation 1381 526 649 0.86 24.7%
. Training 969 316 402 0.94 13.5%
13 8:2 Validation 1394 577 684 0.86 27.1%
4 Training 902 315 402 0.94 13.2%
o1 Validation 1831 666 855 0.82 33.5%
_ Training 2892 512 729 0.79 22.3%
7:3 Validation 2494 469 757 0.81 21.0%
. Training 2882 506 720 0.78 21.9%
6 82 Validation 2515 480 785 0.82 21.5%
. Training 2878 472 686 0.81 20.1%
91 Validation 1523 458 714 0.88 26.2%
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Table A10. Analysis of the results of the SR model for natural gas consumption.

l\i,‘;‘:i‘:’lflre‘;f \};rl?il‘;‘t‘i‘f;l Data Set MAX Error MAE SD R MAPE
‘ Training 1152 317 403 0.94 13.2%

73 Validation 1723 625 806 0.78 30.7%

. Training 1153 305 395 0.94 12.7%

26 8:2 Validation 1723 693 850 0.78 34.1%
. Training 989 327 415 0.93 13.5%

o1 Validation 1850 700 870 0.81 33.6%

_ Training 1091 331 426 0.93 14.0%

7:3 Validation 1790 554 696 0.84 24.9%

_ Training 1085 321 417 0.93 13.6%

13 82 Validation 1797 608 733 0.83 27.4%
‘ Training 989 327 415 0.93 13.5%

2 Validation 1850 700 870 0.81 33.6%

. Training 2568 564 755 0.77 28.4%

73 Validation 2482 585 866 0.73 28.0%

. Training 2559 559 744 0.77 27.9%

6 8:2 Validation 2503 612 893 0.74 29.4%
4 Training 2982 485 694 0.80 19.5%

o1 Validation 2493 533 908 0.79 27.2%

Table A11. Analysis of the results of the SVM model for natural gas consumption.

l\i;:r’i‘;:lre‘;f \}Eg:trl‘fn Data Set MAX Error MAE SD R MAPE
. Training 2313 940 1164 0.75 59.5%

7:3 Validation 2991 958 1262 0.74 53.2%

_ Training 2312 928 1148 0.75 58.3%

26 8:2 Validation 2990 993 1311 0.78 56.0%
. Training 2192 926 1142 0.77 57.1%

o1 Validation 2872 1019 1427 0.74 73.4%

. Training 2319 945 1168 0.80 59.9%

7:3 Validation 2989 958 1265 0.78 53.4%

. Training 2317 933 1152 0.78 58.6%

13 8:2 Validation 2986 993 1313 0.78 56.2%
. Training 2206 930 1146 0.77 57.3%

o1 Validation 2875 1019 1428 0.81 73.5%

_ Training 2325 947 1170 0.69 59.8%

7:3 Validation 3000 959 1266 0.71 53.3%

) Training 2325 935 1154 0.69 58.6%

6 82 Validation 3000 994 1314 0.74 56.1%
_ Training 215 933 1148 0.70 57.3%

o1 Validation 2887 1017 1430 0.83 73.3%

Table A12. Analysis of the results of the BPNN model for natural gas consumption.

l\i/‘;‘:i‘;flre‘;f \;l;rla::itltrllfn Data Set MAX Error MAE SD R MAPE
_ Training 1334 263 309 0.97 11.0%

7:3 Validation 551 272 322 0.97 13.2%

. Training 1467 145 276 0.97 6.3%

26 82 Validation 272 102 125 1.00 5.2%
. Training 663 55 226 0.98 2.6%

91 Validation 13 2 5 1.00 0.2%
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Table A12. Cont.

l\i,‘;‘:i‘:’lflre‘;f \};rl?il‘;‘t‘i‘f;l Data Set MAX Error MAE SD R MAPE
‘ Training 262 118 148 0.99 5.1%
73 Validation 487 173 233 0.98 6.0%
. Training 809 191 259 0.98 8.2%
13 8:2 Validation 186 138 168 0.99 6.3%
. Training 848 192 243 0.98 7.0%
o1 Validation 533 239 286 0.98 9.2%
_ Training 1463 374 460 0.92 11.9%
7:3 Validation 1033 373 545 0.91 11.3%
_ Training 2650 47 617 0.85 14.3%
6 82 Validation 975 342 435 0.96 14.2%
‘ Training 913 338 435 0.93 11.6%
2 Validation 512 282 376 0.97 10.3%
Table A13. Analysis of the results of RBFN model for natural gas consumption.
l\i;‘r‘i‘;’;lre‘;f ‘};"::i‘;‘t‘l‘fn Data Set MAX Error MAE SD R MAPE
_ Training 1320 470 607 0.86 18.7%
7:3 Validation 973 458 587 0.89 23.2%
. Training 2848 525 717 0.79 21.2%
26 8:2 Validation 1031 470 596 0.89 20.0%
. Training 2896 476 691 0.80 16.6%
91 Validation 804 477 618 0.90 21.4%
. Training 171 381 469 0.92 16.5%
7:3 Validation 789 319 407 0.95 15.6%
_ Training 1424 441 539 0.89 18.2%
13 8:2 Validation 706 346 420 0.95 17.0%
. Training 1816 447 562 0.87 17.4%
1 Validation 666 419 49 0.94 20.4%
. Training 2928 633 740 0.81 26.3%
7:3 Validation 1008 500 712 0.84 27.7%
. Training 4432 394 744 0.79 12.9%
6 8:2 Validation 695 230 324 0.97 7.6%
. Training 4555 395 731 0.79 13.2%
o1 Validation 461 222 246 0.99 9.3%
Table A14. Analysis of the results of the CART model for natural gas consumption.
l\i,‘;‘:i‘:’lf;e‘;f \}E:ggfr} Data Set MAX Error MAE SD R MAPE
. Training 634 133 209 0.98 5.0%
73 Validation 1840 689 994 0.64 34.3%
. Training 660 164 247 0.98 5.7%
26 8:2 Validation 2569 817 1155 0.55 39.2%
4 Training 834 154 252 0.98 5.4%
o1 Validation 2440 723 1135 0.61 435%
. Training 634 139 212 0.98 5.1%
7:3 Validation 1840 605 924 0.69 31.6%
) Training 660 173 261 0.97 5.9%
13 82 Validation 2569 705 1076 0.60 35.2%
. Training 834 162 264 0.97 5.6%
91 Validation 2440 680 1124 0.63 415%
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Table A14. Cont.

l\i,‘;‘:i‘:’lflre‘;f \};rl?il‘;‘t‘i‘f;l Data Set MAX Error MAE SD R MAPE
: Training 494 117 210 0.98 3.8%

73 Validation 2569 806 1335 0.40 47.6%

. Training 660 143 22 0.98 45%

6 8:2 Validation 2569 891 1406 0.34 51.9%
. Training 979 172 299 0.97 5.5%

o1 Validation 2569 998 1681 0.28 68.5%

Table A15. Analysis of the results of the CHAID model for natural gas consumption.

l\i;‘:i‘:lflre‘;f \}Eg:;‘fn Data Set MAX Error MAE SD R MAPE
. Training 1366 271 438 0.93 7.7%

73 Validation 2038 665 1012 0.64 37.4%

. Training 1411 280 442 0.93 8.1%

26 8:2 Validation 2083 638 1015 0.65 37.0%
4 Training 1589 242 441 0.92 6.6%

o1 Validation 261 1007 1386 043 60.5%

_ Training 1246 254 01 0.93 7.9%

7:3 Validation 672 708 988 0.66 41.4%

. Training 1915 430 647 0.83 14.5%

13 8:2 Validation 2587 794 1184 0.46 43.5%
. Training 1390 230 407 0.94 6.1%

91 Validation 2062 994 1392 0.40 57.4%

. Training 3714 385 722 0.79 18.7%

7:3 Validation 2339 612 799 0.78 24.7%

_ Training 3714 377 709 0.79 18.2%

6 8:2 Validation 2351 656 843 0.78 26.6%
. Training 1640 305 478 0.91 9.7%

1 Validation 2312 861 1515 0.34 64.0%

Table A16. Analysis of the results of the ECHAID model for natural gas consumption.

l\i/‘;z:;fe‘;f \}E;‘;‘t‘l‘fn Data Set MAX Error MAE SD R MAPE
_ Training 1246 288 482 0.91 8.1%

7:3 Validation 4164 920 1439 0.28 45.9%

) Training 1246 168 366 0.95 4.4%

26 82 Validation 4164 1065 1551 0.19 51.4%
_ Training 1589 242 441 0.92 6.6%

o1 Validation 2261 1007 1386 0.43 60.5%

. Training 1913 397 643 0.84 13.1%

73 Validation 2585 754 1136 0.47 40.6%

. Training 1915 382 631 0.84 12.6%

13 8:2 Validation 2587 830 1201 0.45 44.8%
4 Training 1150 243 47 0.93 6.9%

o1 Validation 1692 873 1294 052 58.2%

_ Training 3714 385 722 0.79 18.7%

7:3 Validation 2339 612 799 0.78 24.7%

. Training 3714 377 709 0.79 18.2%

6 82 Validation 2351 656 843 0.78 26.6%
. Training 1640 306 478 0.91 9.7%

91 Validation 2312 861 1515 0.34 64.0%
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Abstract: Quantifying the energy consumption of buildings is a complex and multi-scale task, with
the entire process dependent on input data and urban surroundings. However, most urban energy
models do not account for the urban environment. This paper employs a physical-based, bottom-up
method to predict urban building operating energy consumption, using imported topography to
consider shading effects on buildings. This method has proven to be feasible and aligned well with the
benchmark. Research also suggests that commercial and transport buildings have the highest energy
use intensity, significantly more than residential and office buildings. Specifically, cooling demands
far outweigh heating demands for these building types. Therefore, buildings in the commercial and
transportation sectors would receive greater consideration for energy efficiency and improvements to
the cooling system would be a priority. Additionally, the method developed for predicting building
energy demand at an urban scale can also be replicated in practice.

Keywords: urban building energy modelling; physical-based bottom-up; building energy use;
building types

1. Introduction

Cities emit 70% of CO, emissions and consume two-thirds of the energy produced in
the world [1], while buildings consume more than one-third of the final energy consumption
globally [2]; therefore, there are more opportunities to develop sustainably by increasing
energy use efficiency in buildings. Such opportunities are particularly important for China,
as a result of its exponential rate of urbanisation. The global data platform of Statista has
shown that China has achieved a 64.72% population urbanisation rate at the end of 2021 [3].
This means that there will be a higher energy demand for buildings, resulting in higher
carbon emissions. Therefore, it is significant to have a detailed knowledge of the dynamic
energy consumption of the buildings in particular cities with compact urban environments.
Figure 1 shows the amount of floor space, both under construction and to be completed,
from 2015 and 2019, and the yearly increase is evident [4].

Quantifying urban-scale energy use in buildings is a complex, cross-sectoral, and
multi-scale task, with the entire process highly dependent on the urban environment [5].
Hong et al. (2018) mention that the emergent of building energy modelling is one of
the optimum supports available for energy efficiency, resilience, and sustainability [6],
and the model extensively improves energy performance rating, energy-efficient design,
code compliance, and optimised operations. Reinhart and Cerezo Davila (2016) explain
that the urban building energy model could accommodate many spatial scale sizes from
a block, district, and, ultimately, an entire city [7]. Ferrando et al. (2020) use a user-
oriented overview to present the physics-based urban scale energy models’ tools, balancing
complexity, usability, accuracy, and computing requirements [8]. These scholars’ generic
modelling theory findings are relevant and significant for urban-scale energy modelling
in its processes and applications. However, most urban building energy modelling has
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mainly disregarded the impacts of the urban environment around buildings. For example,
some have even wholly overlooked shading and the exchange of long-wave radiation of
the environment and buildings.

Floor space of buildings constructed by construction enterprises

2015 2016 2017 2018 2019
Year

® Floor space under construction ® Floor space completed

Figure 1. Floor space of buildings constructed by construction enterprises.

This paper reviews approaches to urban building energy models and then presents
a simple method to predict building energy consumption from the diverse functions of
building stock, as an example, by an archetypal physical-based, bottom-up approach. The
urban building energy model in this study considers the impacts of the urban environment
(e.g., overshadowing between buildings) on the simulation, which can fill the research
gap in the previous study. Moreover, this study also presents all the processes that can be
replicated, with minimal difficulties, to additional research references.

2. Literature Review of Urban Building Energy Modelling

Two approaches are fundamental to modelling urban building energy consumption:
top-down or bottom-up. Prior scholars have used such approaches to modelling urban
building energy for the study [1,5,9-11]. Top-down approaches treat a group of buildings as
a single entity by estimating energy use at the sectoral building level, without considering
differences between individual buildings. By contrast, based on bottom-up approaches, the
energy consumption in individual buildings can be modelled, which can then be aggregated
to the urban area. Figure 2 presents the approaches’ outline of the urban building energy
modelling.
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Figure 2. Approaches to modelling urban building energy.
2.1. Top-Down Model

The top-down model forecast of building consumption in urban areas is based on
historical aggregate energy data; it also forecasts the long-term correlations between energy
use within an urban area with different types of variables, such as the economy [12], overall
climate conditions [13], and technical features, such as system or envelopes [14]. Such an
approach is applicable on an aggregated level, divided into various physical, technological,
and socio-econometric classifications. Therefore, top-down models do not provide details
for current and future technological options, as they concentrate on macroeconomic trends,
instead of individual physical factors that consume energy in the buildings.

2.2. Bottom-Up Model

Compared to the top-down model, bottom-up models focus on two types of disaggre-
gated levels: physical-based and statistical models [15]. This necessitates a vast amount
of empirical data to validate each component’s description [16]. The statistical models
utilise machine learning to determine energy demands from buildings; on the other hand,
physics-based models use detailed modelling and simulation approaches that originated
from building energy models [17].

Bottom-up models forecast energy demands within individual buildings, before scal-
ing up to neighbourhoods or entire cities. Such models are robust in determining the
optimum cost-effective measures to reduce carbon dioxide emissions, through the use of
available technologies. Energy consumption from each building can be calculated using the
models, up to an hourly basis, before scalability to the whole city is applied [18]. However,
these models necessitate a vast amount of quantitative data, with limited accessibility, due
to privacy and security. Table 1 summarises the advantages and disadvantages of top-down
and bottom-up approaches.

The above table indicates that top-down models cannot distinguish energy consump-
tion, due to individual end-uses. Commonly used variables include macroeconomic
indicators, such as economy, price indices, and climatic conditions. Similarly, the reliance
on historical data is a drawback, since top-down models cannot be used to model discontin-
uous technological advancements. In addition, the lack of detail of the energy consumption
of individual end-uses makes it impossible to identify critical areas for improving energy
efficiency. On the other hand, top-down models have the advantage of using only aggregate
data, which is widely available, simplicity, and reliance on historical national energy values
that provide “inertia” to the model.

Bottom-up models can determine how much energy is consumed by each end-use
and identify areas where improvements can be made. This approach can determine total
energy consumption, without using historical data to calculate energy consumption. The
primary drawback of this approach is that the input data required is greater than that of
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top-down models, and the bottom-up models are more complex, in terms of calculation or

simulation techniques.

Table 1. Comparison of urban building energy modelling approaches [9,10,19].

Urban Building Energy Bottom-Up
. Top-Down
Modelling Approaches Physical-Based Statistical-Based
Can make a continuous Modelling with physically aci\:)[sitei]{alcgrgzrcl(:il;renli?gn d
long-term prediction. measurable data. . .
socioeconomic impacts.
Connections can be obtained Energy consumption
between macroeconomics, calculation, based on the heat Include occupants’ behaviour
social economics, and balance equation of the p ’
building energy consumption. building.
Advantages Total energy demand can be
Can predict building energy predicted as well as the
consumption under different different end-users can be Simple to model and use.
energy policies and scenarios.  given (e.g., heating, cooling,
and lighting).
The input data is simpleand . Can assess and quantify the Can predict the proportion of
. g impact of different technology .
does not require building combinations on ener energy consumption for
construction details. consumption &y typical different end uses.
Occupant behaviour and
Highly depending on the data many uncertainty factors Data are limited to diversit
of historical energy relating to energy and flexibilit ¥
consumption. consumption should be ¥
assumed.
Predict energy consumption, A large amount of data. should Limited capacity to assess the
be investigated relating to
Disadvantages based on the past economic impact of energy efficiency

conditions.

buildings, and high
computational volume.

measures.

Can not provide energy
consumption of individual
buildings, as well as the
energy consumption of each
component.

Ignore the impact of economic
factors on energy
consumption.

An extensive survey sample is
required to represent the
overall diversity.

2.3. Data Input and Output

These data are derived from various sources, including the geometry of the building,
thermophysical characteristics of its components (e.g., walls, roofs, and glazing), use of
equipment, weather data, and occupancy frequency. A simplified building prototype can be
used to observe the overall effects from an individual building to a group of buildings [20].

Outputs from a simulation usually includes energy demands, efficiency, and the use
of renewable energy in some cases [17]. These outputs could be presented both spatially
or statistically. Data on individual buildings could be used to scale up, according to the
requirements for statistical presentation.

However, the spatial distribution of energy demand in urban areas could not be
represented within the statistical presentation, thus having less relevance in policies about
urban planning. Conversely, geospatial techniques are used to determine large-scale energy
demands in spatial presentation; thus, its main advantage is that it could precisely locate
areas with high energy demand. Such information could assist in energy planning and
conservation and guide policy-makers who may not be specialists in complex energy
systems. Furthermore, the spatial presentation can include spatial variation, according to
climate conditions.
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2.4. Model Calibration

Recently, there has been much progress in calibrating energy models. Such progress in-
cludes pattern-based [21], Bayesian calibration [22], and optimisation-based methods [23,24].
There are mainly three approaches that have been widely used for calibration of energy
models: manual calibration accompanied by a computer program or graphic representation,
special testing and analytical approaches, and mathematical approaches [25].

Studies have demonstrated limitations for the calibration of urban building energy
modelling, due to the vast number of simulations involving vast amounts of data, high
levels of uncertainty, and interaction between buildings nearby. There is no consensus on
conducting such a calibration, and previous studies have demonstrated these limitations.
For example, Fonseca and Schlueter (2015) have conducted modelling around 1400 build-
ings, based on different archetypes, and the model error rate is at 1% to 19% by the energy
service category at the neighbourhood scale [26]. Sokol et al. (2017) validated the method
on a set of 2263 residential buildings, using monthly and annual measured energy data to
calibrate [27]. However, the methods are only tested for residential buildings; they do not
apply to other climate zones or building types.

3. Method

Figure 3 illustrates the process flow of the study, which can be broken down into
three main steps. In step 1, data were collected, refined, and input. Buildings are also
grouped based on their similar functions in this step. The second step involved urban
building energy modelling by VirVil SketchUp plug-in and HTB2 calculation. The monthly
calculation was used to calculate energy demand, and the results were output and compared
with the benchmark level in step 3.

‘ Data collection ‘

'

‘ Data refined ‘

v

‘ Grouping buildings by archetypes

Construction

Materials

1

Diary files

- Internal
Heating Ventilation heat gains

| |

v

Total floor

Building
attributes

Urban building energy modelling by
VirVil in SketchUP

)

‘ HTB2 calculation ‘

)

Data output

v

‘ Results Analysis and comparison ‘

areas by Shading mask

building type

Figure 3. Research flow of this study.

3.1. Model Assumption and Principles

Data input and simulation were based on several assumptions. For example, each
type of urban building energy model was viewed as a single function, regardless of its
multifunctional. Although some of the buildings we investigated were mixed-use, they
were still classified as single-use for simulation. A second problem was the lack of fabric
construction data for residential buildings; therefore, we used local design standards (The
design standard for energy efficiency of residential buildings in hot summer and cold winter zone
(2010); the design standard for energy efficiency of public buildings (2015)) for some parametric
settings. Building energy modelling was based on two principles:

(1) Topography, imported to consider its shading influence on the buildings, thus mod-
elling urban building clusters in the actual urban geometry from Google Earth, which
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can simulate how the urban environments influence urban building energy consump-
tion.
(2)  Group buildings as archetypes, based on their functions for the simulation.

Categorising buildings into archetypes highly depends on the functions of buildings.
VirVil plug-in developed by the welsh school of architecture, Cardiff University, is used to
quantify energy consumption from building stock in this study [28]. It is based upon the
calculation engineering of HTB2 (heat transfer in buildings) by modelling energy building
stock [29]. This study only focuses on predicting operational energy consumption.

3.2. Data Description and Collection

This study used data collected, between 2015 and 2016, from the on-site survey,
literature, local and national regulations, and websites. Table 2 illustrates the ways to collect
these data. Data collected via on-site surveys are building information (their functions
and floor areas), thermal properties (U values) (shown in Table 3), fabric constructions
(materials, construction, and glazing type), internal gains, and diary files.

Table 2. Approaches to data collection.

Buildin, Physical . .
Classiﬁcat?on Bui?dings Land Use Diary File Energy Supply
. Local authority; Investigation;
On-site survey localv1\‘] :btsllltaet,ions website; national On-site survey
& on-site survey standards
Location and
Residential, climate zone; .
. - Proportions and Energy supply
commercial, Characteristics . Occupancy and -
office and and properties of built areas for operating (electricity, gas,
X L each building coal,
education, hotel, buildings tvpo schedule renewables)
and transport (construction, YP

materials, etc.)

Table 3. Thermal insulation levels for residential and public buildings in this research.

U Values U Values (w/m?/°C)
Elements I};s:;i ;ir:;l Public Buildings
Wall 1.42 0.85
Ceiling 346 335
Ground 1.42 1.40
Roof 1.04 1.02
Window 5.4 5.32

3.3. Building Energy Modelling
3.3.1. The Software Used in This Research

The software adopted in this research includes HTB2 and VirVil SketchUp plug-in.
Both of them are developed at the Welsh School of Architecture, Cardiff University.

HTB2 is a computer program designed for simulating the energy and environmental
performance of buildings. It is also able to carry out dynamic thermal simulation and apply
it to the field of low carbon design and energy efficiency of buildings. It has been developed
for thirty years and extensively tested and validated [30].

The VirVil SketchUp plug-in is an extension development of HTB2 for urban scale
modelling. By linking SketchUp with HTB2, it can effectively simulate the energy demand
for multiple buildings on a community or urban scale, considering the shading effects from
adjacent buildings.
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3.3.2. Climatic Characteristics in Wuhan

Wuhan is in the hot summer and cold winter zones and experiences a severe climate in
summer and winter periods. It is extremely hot in July and August and freezing during the
cold winter period in January. Temperatures in the city average around 18 °C throughout
the year. January is the coldest month, with an average temperature of minus 10 °C.
Without the effect of direct solar radiation, the temperature can reach almost 40 °C in July
and August, as shown in Figure 4.

Daily dry bulb temperature in Wuhan

10 001/01 01/02 01/03 01/04 01/05 01/06 01/07 01/08 01/09 01/10 01/11 01/12

Dry bulb temperature (°C)

e Daily average temperature®C) === Daily maximum temperature(°C)

=== Daily minimum temperature(°C)

Figure 4. The statistics of daily dry bulb temperature in Wuhan [31].

In July, solar radiation peaks, with 650 MJ/m?, as shown in Figure 5, for total monthly
solar radiation.

Total monthly solar radiation in Wuhan

800.0
“E 600.0
=
= 4000
&
DZOO‘OIIII 11
0.0
1 2 3 4 5 6 7 8 9 10 11 12

Month

Figure 5. Total monthly solar radiation in Wuhan [31].

The meteorological parameters are derived from Wuhan city’s typical meteorological
year (TMY) and used for energy simulations with HTB2. Meteorological data is avail-
able from the weather data of the EnergyPlus website (https:/ /energyplus.net/weather-
location/asia_wmo_region_2/CHN/CHN_Hubei.Wuhan.574940_CSWD (accessed on 16
March 2022)), which was extracted and converted from a “. epw” format into a “. met”
format by using the HTB2 Weather File Software.

3.4. Simulation and Comparison

Simulation of the urban environment is complex, but the methodology simplifies it
by using simple energy prediction tools and grouping similar buildings. Buildings are
typically grouped according to their functions, such as residential, commercial, or office,
which is reasonable for simple problems. The best way to group buildings in this study is
based on their size and construction date. In order to achieve this, several building types
are surveyed, and the results of these surveys are pooled together to produce groups of
buildings with similar energy predictions. The time step for the calculation is set for 60 s,
and the total run length is 365 days, as is the annual energy demand. After the simulation,
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outcomes are compared with the benchmark levels of the literature to validate the accuracy
of the simulation.

4. Case Study
4.1. General Introduction to the Study Area

The city of Wuhan is regarded as a city representative of hot summer and cold winter
climatic zone in China. The urban building energy modelling consists of ten typical block
zones near Wuchang railway station, at a radius of 1km, with an estimated area of 1.92 km?,
as displayed in Figure 6.

The majority of selected building blocks within the Wuchang district were built from
the 1960 to the 2000s, with a wide range of building types, such as commercial, residential,
hotels, and offices. Table 4 shows in-depth information for every block zone. As shown
in Figure 7, 64%, 13%, and 12% of the buildings are residential, educational, offices, and
commercial. Apart from the west square of the railway station, residential dwelling is the
main building category in the eastern part of the station.

[ —————
| 300

Figure 6. Ten-block zone for this study.

0
Commercial, Transport, 5%

12%\

Hotel, 6% \"

Figure 7. Proportion of building types in the areas for the study.

= Edu &Office

= Residential

= Hotel
Commercial

m Transport
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Table 4. Built-up area of individual block zone.

Land Zone Areas (ha) Building Type Built-Up Area (m?)
Office 22,645
Commercial 27,307
Residential 301,183
A 251 Education 12,176
Hotel 37,830
Transport 3386
Office 15,562
Commercial 5696
Bl 56 Hotels 58,966
Residential 12,991
B2 1.7 Office 24,009
Transport 242,281
C 169 Commercial 6872
Office 71,747
D1 6.2 Commercial 44,964
Residential 37,335
Commercial 491
b2 08 Office 6667
Office 22,225
E1l 13.3 Commercial 14,866
Residential 246,434
Office 7640
Commercial 15,957
E2 128 Education 14932
Residential 246,705
Office 16,971
F1 7.2 Commercial 9155
Residential 108,627
Office and medical 25,810
Hotel 2158
F2 46 Education 7653
Residential 67,210

4.2. Modelling Building Stock Energy Consumption

The most effective method of predicting the energy consumption of building blocks
is modelling simulation. All the building archetypes will be modelled by SketchUp and
calculated using the VirVil plug-in, which simulates the dynamic thermal performance
of building stock. The plug-in was developed by Cardiff University and established a
platform-linked calculation tool, HTB2, and a modelling tool, SketchUp.

The difference between VirVil with other simulation tools is that it could identify
the interaction upon the buildings and their surroundings [32]. In addition, VirVil is a
plug-in, which means it can be used conveniently with the SketchUp tool for modelling at
the urban scale.

The buildings are designated into five categories for modelling purposes, as shown
in Figure 8. They are education and office, commercial, residential, transport, and hotel.
A few detailed building characteristics (e.g., building shape) were simplified as they pose
little significance to energy consumption. The accuracy of this method was validated by
comparing the simulation results with a benchmark level from the literature.
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Figure 8. Modelling building stock with five building types in the study area.

4.3. Simulation Conditions

Data need to be input into the model to predict the energy demand of building stocks.
Such data include fabric construction (ceiling, roof, walls, and floor), U value (thermal
properties), climate conditions, the efficiency of space heating systems, and occupants.
Simulations for heating and cooling demand are set under both local and national design
standards with spatial data, such as building geometry, obtained through Google Earth. The
details of the simulation setting, relating to building constructions, can be referenced from
previous research [31]; data input and output are shown in Figure 9, and the operational
schedule is set in Table 5.

Data output from the simulation

Data i t in th del
ata Input In the mode (Energy demand)

External weather
Topography
Buildings
Construction e Heating
Materials e Cooling
_ Layout HTB2 calculation e Lighting
Dlary ﬁ e Small power
Services . e Hot water
Heating e  Ventilation
Occupancy
Small power
Lighting

Figure 9. Data input to the data output of the model (HTB2 user manual 2.10).
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Table 5. The parametric setting for urban building energy simulation (the design standard for energy
efficiency of residential buildings in hot summer and cold winter zone (2010); the design standard for
energy efficiency of public buildings (2015)).

Building Types

Residential o1 qs Commercial Office a.nd Transportation
1 1s Hotel Building g Education 1 as
Building Building Buildi Building
Parametric Setting ulding
8 November—4 8 November—4 8 November-4 8 November—-4 8 November—4
March; March; March; March; March;
6 May-8 6 May-38 6 May-8 6 May-8 6 May-8
September September September September September
Heating/cooling schedule Mon-Fri
Oolzoagfziooznd Mon-Sun Mon-Sun Mon-Fri Mon-Sun
. ) 1:00-24:00 09:00-21:00 08:00-18:00 00:00-24:00
Sat-Sun
00:00-24:00
Setpoint (°C) 18/26 22/25 18/25 20/26 18/25
Internal heat gains (occupancy, 2 2 2 2 2
lighting, and small power) 15W/m 25 W/md 40W/m 20 W/md 60 W/m
Air change per hour 1.0 2.0 2.5 2.0 2.5

Energy demand

Heating
Cooling
Lighting
Small power
Hot water

5. Results Analysis and Validation
5.1. Results Analysis

Results of the simulation are operational energy demands from cooling and heating
and other components, such as lighting, hot water, and small power, as depicted in Figure 10.
Building types influence energy consumption, and electricity and natural gas are major
contributors to carbon dioxide emissions.

Energy supply

e Renewables
e System efficiency (COP/EER)

e  Building distribution_losses  Transmission losseq .

e Natural gas

Electricity

Figure 10. Energy demand to energy supply in buildings [31].

Table 6 shows the annual energy demand for heating and cooling among five building
types. There is a noticeable difference between the energy demand for cooling and heating
in the study area. In terms of cooling energy demand, residential buildings consume
45 GWh per year, followed by transport and commercial buildings. This may be because
these types of buildings have the largest floor areas, therefore requiring the most cooling
energy. While the areas occupied by transport buildings are not as large as other buildings,
they consume more energy, as they are open 24 h a day, especially during extreme weather
conditions.
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Table 6. Output of annual heating and cooling demands, based on five building functions.

Building Floor Heating Cooling Heating Cooling
Building Type Count Area %mz) Demand Demand Demand Demand
(kWh/year) (kWh/year) (kWh/m?/year)  (kWh/m?/year)
Office and 40 187,121 2,813,697 ~5471,758 15 -29
education
Residential 141 918,681 7,878,151 —44,640,650 9 —49
Hotel 15 88,825 7484 —10,816,210 0 —122
Commercial 20 174,181 39,160 —16,007,554 2 -92
Transport 3 71,188 270,576 -17,117,151 4 —240
Figure 11 depicts the energy demand of five types of buildings. These are cooling, hot
water, SPW (small power), lighting, ventilation, and heating, with negligible proportions.
Despite having the smallest floor area, transport buildings consume the most energy,
followed by hotels and commercial buildings. Based on their functions and operational
schedule, these features demonstrate high potential for energy savings in commercial and
transportation buildings. Figure 11 also shows that the energy intensity (kWh/m?2/a) from
transport and commercial buildings is higher than that from residential and office buildings,
clearly visible. It may be attributed to two factors: the longer time spent in daily operation
in these two types of buildings and large number of people inside, which results in greater
cooling demand in summer.
500.0
450.0
400.0
350.0
™ 300.0
o
S
=
E 200.0 38.0
28.5
100.0

Edu &Office Residential Hotel Commercial Transport

W Ventilation M Hot water M Small power Lighing mCooling M Heating

Figure 11. Energy demand by components of the five building types.

5.2. Results Validation

Table 7 compares the benchmark of energy use intensity, with the modelling prediction
results for transport, commercial, hotels, office, and educational buildings; it clearly shows
that the prediction results are in line with the benchmark, apart from residential buildings,
which are more than the benchmark. There are several possible reasons for this. Firstly, the
investigation does not provide data on the fagade of residential buildings, so the simulation
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is based on local building design standards. As such, this differs from actual situations,
which would result in a discrepancy in energy demand for residential buildings.

Table 7. Benchmarks of energy demand (kWh/ (m2~a) in Wuhan [33].

Building Mean Value Standard Prediction

Building Type Description Deviation

Below 90 square

60.1 32.2
metres

Above 90 square
. . metres area
Residential (excluding 439 322 163.8
luxury
residential)

Luxury
residential

Standard office
buildings (using
a centralised 67.7 19.0
air-conditioning
system)
Standard office
buildings (using
split air-
conditioning)

91.3 21.8

Office 58.1 36.2

109.4

Government
office buildings
with central 90.4 274
air-conditioning
system
Kindergarten 29.7 14.0

Primary school 18.2 9.4

Educational

Three stars and 2331 114.6

Hotel above 2733
Below three stars 216.5 -

Large

263.8 92.1
supermarket

Large shopping

207.9 106.6
malls

Medium and
small 371.6 -
supermarket

Middle and
small shopping 207.6 -
malls

Shops 43.2 -

Commercial 277.8

Bus terminal 55.0 -
Transport 458.8
Railway station 469.6 -

Moreover, since most residential buildings date back to the 1990s, while public build-
ings were constructed around 2005, the heating systems in most of them are inefficient
and outdated. Additionally, central cooling systems were not used in Wuhan at that time,
contributing to the high energy use intensity of the residential buildings. These factors
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would significantly affect the difference between the predicted energy use intensity and
benchmark level of residential buildings.

6. Discussion and Conclusions

This study employs physical-based, bottom-up models to predict urban building
operational energy demand, and the modelling process involves data inputs, modelling,
and validation. However, physical-based, bottom-up models are based on calculating every
building’s energy consumption, and they can deal with the interconnections between the
buildings and the surrounding environment, e.g., shading effects. These models need a
vast amount of data to characterise every building and require significant computational
effort. Therefore, they are typically used for highly technical purposes, such as providing
high-quality data for energy planning, large-scale community retrofitting, and optimisation.

For urban building energy model simulations, the largest uncertainty is associated
with the definition and detailed description of archetypes that represent a building stock
reliably. In most cases, it is impossible to estimate simulation uncertainty or calibrate
an urban building energy model to reduce errors, because there is a tight restriction on
access to measured building energy use and general lack of knowledge about the thermal
properties of buildings.

The validation studies of urban building energy models for larger groups of buildings
showed good agreement with measurements, but simulation errors were significantly
higher for individual buildings [7,34].

This research made the building operational energy demand forecast based on hot
summer and cold winter climatic zones, as an example, not considering other climate zones.
However, energy demand from buildings is highly correlated with climate conditions
particularly used for heating and cooling. Additionally, there were assumptions during the
modelling of the building stock. For example, commercial buildings may have a mixed-
function purpose. VirVil treats each type of building as a single function and the whole
individual building as a thermal zone for calculation.

Furthermore, buildings consume energy from the whole life cycle. This research only
focuses on operational energy consumption, while disregarding other processes, such as
materials production and transport (embody energy).

This research successfully uses an archetype physical-based, bottom-up method to
forecast the energy demand from building stock at the urban level. It concludes:

e An archetypal physics-based, bottom-up approach is feasible to predict urban en-
ergy consumption from building stock. Compared with the predicted outcome, the
benchmark level proves that this is a feasible and reproducible approach.

e  Findings indicate that transport and commercial buildings used the most energy,
significantly more than office and residential buildings. Consequently, these two types
of buildings would receive more attention for energy efficiency.

o The cooling demand far outweighs the heating demand across all building types in
Wuhan. Hence, improving system cooling efficiency is a priority for energy savings.
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Abstract: Insightful information on energy use encourages home residents to conduct home energy
conservation. This paper proposes an experimental design for an energy disaggregation system based
on the low-computational-cost approaches of multi-target classification and multi-target regression,
which are under the multi-target learning framework. The experiments are set up to determine the
optimal learning algorithm and model parameters. In addition, the designated system can provide in-
ference of the appliance power state and the estimated power consumption from both approaches. The
kernel density estimation technique is utilized to formulate the appliance power state as a finite-state
machine for the multi-target classification approach. Multi-target regression can directly provide the
estimation of appliance power demand from the aggregate data, and this work unifies the system’s de-
sign together with multi-target classification. The predictive performances obtained through the F-score
(micro-averaged) and power estimation accuracy index for the power state inference and the estimated
power demand, respectively, are shown to outperform a deep-learning-based denoising autoencoder
network under the same data settings from both approaches. The results lead to a recommendation
to apply the approach in home energy monitoring, which is mainly based on the characteristics of
appliance power and the information that the residents wish to perceive.

Keywords: energy disaggregation; non-intrusive load monitoring; multi-target learning; home
energy monitoring

1. Introduction

Energy disaggregation, or non-intrusive load monitoring (NILM), is a system of data
analysis that aims to determine the operation status or energy consumption of individual
appliances from the total energy consumption data of a building [1]. The benefit of per-
ceiving the information on energy use at the appliance level was the motivation to reduce
the use of some specific appliances or prevent energy wastage [2]. A study found that
residential users could reduce energy costs by at least 12% when obtaining information on
appliance-level energy use in a real-time scenario with a contrast of 4-8% when perceiving
the traditional information on the whole energy usage on a weekly or monthly basis [3].
Another benefit to grid distributors was that the detailed information on energy use could
help in shaping energy policy based on consumption behavior to balance the electricity
demand and supply scheme [4].

Data learning and inference are important components for developing an efficient
energy disaggregation system. The development of the system could be classified mainly
into two categories: event-based and non-event-based systems [5]. The former category
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dealt with detecting power switch events (power ON <-— OFF), which had two sub-
categories of detecting steady-state power consumption changes (AP and AQ) [1,6] and
power-ON transient patterns [7,8]. Both features were different for each appliance, which
could be utilized to learn if the target appliances were being turned on or off. The integration
of both features for data learning could enhance the disaggregation performance since the
latter would be unique for different appliance types [9]. The transient patterns, however,
required dedicated and high-cost hardware to capture the high-frequency components
and perform complex data processing. These challenges have inhibited the adoption of
this approach to the current power meters, which usually perform data manipulation
at low frequencies [10]. The non-event-based category, on the other hand, involved the
operation of decomposing the appliance status from the aggregate data without relying on
detecting switch events. Thus, it allowed the utilization of a low-frequency measurement
system which could enable a lower cost of development. This category could mainly be
classified into three sub-categories: pattern classification, hidden-Markov-model-based,
and deep learning [5,11]. The first sub-category referred to mapping each sample of
aggregate data to the operating status (ON/OFF) of appliances with the help of traditional
classification algorithms, such as neural networks [12] and support vector machines [13].
This category treated each load label independently, which might not comply with a real
scenario in which an appliance might be used together with other certain appliances (e.g.,
a DVD player and a television) [14]. The second sub-category involved applying a factorial
hidden Markov model (FHMM) and its variant models to set up the model parameters
using the probability density function. The model factorized the aggregate data into a
sequence of operation states (as a finite-state machine model) for appliances that were
hidden from the observer [15-17]. The major drawback of these approaches was the model’s
complexity, which increased exponentially when the number of appliances increased [5].
The third sub-category employed a deep neural network (DNN) framework which has
been recently applied in many applications of data learning due to its capabilities of
automatic feature processing and learning complex problems. Various network topologies
were investigated to estimate the power demand for each appliance, for example, long
short-term memory (LSTM) [18], convolutional neural networks (CNNs) [19,20], and
autoencoder networks [21,22]. Another major drawback of these frameworks was the
model’s complexity, which involved a number of network parameters and configurations
for model optimization.

From the previous studies, the major approaches could have the ability to provide one
or two important pieces of information in the NILM application; (1) the identification of
the appliance’s operation state and (2) the estimation of the power demand for appliances.
Some approaches could provide both pieces of information, but they have a high computa-
tional cost in the model’s configuration. This paper proposes an NILM system design based
on a low-computational-cost approach to the multi-target learning framework, which can
formulate the problem in the multi-target data format well to identify multiple appliances.
The framework is classified into two approaches: multi-target classification (MTC) and
multi-target regression (MTR). The MTC approach formulates the appliance power state
using kernel density estimation (KDE), the proposed method for power state modeling, as
the finite-state machine. The MTR approach involved less data processing than the MTC,
and each approach was previously proposed independently [23,24]. This work unifies
the system design of both approaches under the multi-target learning framework. The
experiments illustrate the process to obtain the optimal predictive performance of an appli-
ance power state inference and the estimated power demand. In addition, a comparative
analysis of the performance and characteristics of the approaches is delivered for a decision
to apply in a home energy monitoring system. The key contributions of this work are
summarized as follows:

(1)  An NILM system design based on multi-target classification and multi-target regres-
sion is proposed as a unified system of a multi-target learning framework. Both
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approaches can provide the inference of an appliance power state and the estimated
power demand, which are the key outputs of the system.

(2) A power state modeling using KDE for the multi-target classification approach is
proposed.

(3) The comparative analysis of the predictive performance for the multi-target classi-
fication, multi-target regression, and a denoising autoencoder (DAE) approach is
provided for the consideration of applying the approach in a field application.

2. Materials and Methods

This section describes the general concept of the multi-target learning framework, the
experimental data, and the process that demonstrates how a home energy disaggregation
using this framework could be implemented. Each topic is described as follows.

2.1. Multi-Target Learning

Multi-target learning is a subfield of supervised learning for multiple outputs tasks
that learn data by simultaneously mapping a set of input features to a set of output
labels [25]. The learning framework has been applied in many application areas such as
image classification, text mining [26], and predicting the model parameters for plantation
study [27]. The general learning framework has a task of determining a function f: X =Y
from a training set of {(xj, y;) | 1 <i < n}, where 1 is the number of training samples, x; € X
is a vector of the input features, and y; € Y is the associated output labels with x; [25].
Then, the function acts as a learning model to provide predicted outputs to an unknown
input sample. The common learning approach that can be applied to the NILM task is
multi-target classification and multi-target regression [28,29]. This is because the purpose
of the task is to determine the estimated power demand (numeric values) and/or the
appliance operation states (nominal values) from the aggregate data.

Data manipulation for the multi-target learning framework can be classified into
two approaches of problem transformation and algorithm adaptation [28,30]. The former
approach uses a multi-target learner (classifier or regressor) to transform the multiple
output labels into a set of individual or group of labels. It then uses a conventional single-
output learning algorithm (as the based learner) to tackle the problem. The latter approach
adapts the single-output learning algorithm to directly learn the multi-output data. The
learning algorithms used in this work were under the problem transformation approach
that is available by the experimentation tools, including:

(1) Class relevance (CR) or single target (ST): treat and learns each output independently [26].

(2) Classifier chain (CC) or regressor chain (RC): cascade each output label to the input
features and build dependent classifiers/regressors for voting [31].

(3) Random k-label sets with disjoint subsets (RAKELd): randomly partition the output
labels into small groups of concatenated single-output problems [32].

A major advantage of data learning through the multi-target learning framework over
the data learning through independent output labels (as the single-output data learning)
is the characteristics of labels correlation among the outputs (as CC and RAKELd) which
showed to provide outperform-predictive performances [31,32].

2.2. Experimental Data

The electricity consumption data used in this experiment were collected from a resi-
dence in Bangkok, Thailand and gathered as the Supplementary Material [33]. The data
consist of an aggregate circuit and ten sub-circuits of appliance usage, with a one-minute
interval for each sample and four months of data length. The electrical parameters for each
circuit consist of the current (I), active power (P), reactive power (Q), and power factor (PF).
In this work, six appliance labels (measurement circuits) that were frequently used and
significantly contributed to total energy consumption were evaluated. The multi-target
dataset was created using the four parameters of the aggregate circuit as the input (X) and
the appliances” power state (for MTC data) or the appliances’ power consumption (for
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MTR data) as the outputs (Y). The load description for each appliance label was presented
in Table 1.

Table 1. Load label under experiments.

Load Label Power Range (kW) Load Description
LTL 0.03-0.30 Living room lightings
LTB1 0.02-0.15 Bedroom 1 lightings
PGB1 0.06-1.60 Bedroom 1 plugging loads
PMP 0.09-1.60 Water pump
WTB1 0.01-3.20 Bedroom 1 water heater
ANB1 0.02-1.50 Bedroom 1 air-conditioner

2.3. Experimental Design

The data processing procedure is evaluated as an experimental design where the main
objective is to determine the optimized learning model and predictive performance for
both MTC and MTR approaches. For the MTC approach, KDE modeling converted the
sub-circuits power data into the discrete power state of the appliances. The MTC dataset
was constructed using the aggregate data as the input and the appliances” power state
data as the outputs. The data learning was proceeded by selecting the optimized MTC
algorithm and model parameters where the data inference process was to determine the
predicted power state and relevant power consumption data of the appliances. For the
MTR approach, the MTR dataset was constructed directly from the aggregate data and
the sub-circuits power data. The data learning optimized the MTR algorithm and model
parameters where the data inference provided the estimated power consumption and the
relevant power state of the appliances. The evaluation procedure was summarized in the
flowchart shown in Figure 1.

Aggregatedata MTC
Datalearningand inference

dataset :
1
Aggregate+ Power state I |Algorithm selection| Power state
|
sub-circuits (P), —¥| modeling with == and model f=p-| identification and
data KDE optimization estimation results
* sub-circuits (P) data (a)
MTR i
Datalearningand inference
dataset ;
]
Aggregate+ | |Algorithm selection Power estimation
. 4
sub-circuits (P) f=——p and model =P and state
data optimization identification results

(b)

Figure 1. The procedure of experimental design for (a) multi-target classification (b) multi-target
regression approach.

The KDE for MTC power state modeling is a statistical approach used for estimating the
probability density function (PDF) of a random variable x with n samples (x1, X, ... , Xn) and a
distribution function (f) [34]. The estimated shape or kernel estimator (?) of the function can
be described by Equation (1). K is the kernel function, in which the Gaussian distribution is
chosen as an assumption of normal distribution for regular power data; h is the bandwidth
of the kernel and acts as a smoothing parameter.

) = Y0 K<X ;Xi> M

218



Buildings 2023, 13,911

The main idea of using the technique for appliance power state modeling is the inherent
power states which would exhibit a certain range of power demand data. The frequent data
should be easily observed and extracted through a KDE plot. The parameter h was selected
empirically to make the peaks obvious, and the positions of the peaks were determined
through Python’s argrelextrema function which calculated the relative extrema within the
list of data. Thus, the number and position of the peaks would represent the number of
power states and the power representatives associated with that state, respectively.

The appliance power state of the MTC dataset was created by mapping the power
data to the nearest element within the set of the power state representatives; the associated
power state value could then be determined. For example, a three-state appliance label (the
possible set of states was {0, 1, 2}) has the set of power representatives {0, 0.05, 0.25} kW. If a
data sample has the power data of 0.1 kW, it would be mapped to state ‘1’ since it has the
least distance among the associated power state representatives. For the MTR dataset, the
power data were created using the actual power data from the individual appliance as the
data for each output label.

To compare the predictive performance between the MTC and MTR, both classification
and regression tasks from each approach were evaluated. The regression task from the
MTC was obtained by mapping the result of the predicted state to its associated power
representation values. The estimated appliance power data were then bound by the defined
power states. The classification task from the MTR was obtained by defining the binary
power state (on/off) for the actual and the estimated power data. This was achieved by
having the power data below the operation state as described in Table 1 to be ‘0" (off),
otherwise, ‘1’ (on).

2.4. Evaluation Tools and Performance Index

This work used Python (ver. 3.7) with the Scikit-learn library (ver. 0.19.2) [35] and Meka
(release 1.9.6) [36] for multi-target data learning and inference. The Python library provides
the sklearn.multioutput method for both classification and regression tasks with a couple
of learning algorithms from the problem transformation approach. The library, however,
has partially supported the multi-target classification task, which would not be able to
perform cross-validation tasks. Thus, Meka software, an application for learning multi-
target classification algorithms, was used to perform this task instead. The performance
indexes used in this work were based on determining the performance of power state
identification as the classification task (Hamming score and F-score) and the performance
of power consumption data estimation as the regression task (power estimation accuracy).
Each index is described as follows.

- Hamming score: the compliment of Hamming loss (Hamming score = 1 — Hamming
loss), where Hamming loss [30] indicates the fraction of an incorrect classification
through the entire set of output labels. Thus, the Hamming score can be expressed as
Equation (2).

) 1 n 1
Hamming score = 1 — a (Zizl i|YiAYi|> &)

where n and L are the number of samples and the number of output labels, respectively. A is
the operator to determine the number of differences between the set of actual output labels
(y) and the predicted labels (y) for a sample. This index was used to evaluate performance
for the whole output labels in the algorithm selection process by the Meka software.

- F-score: the harmonic mean between precision and recall was used for the classification
task. This index was commonly employed to determine the appliance classification
performance rather than the accuracy because the result would not be altered by data
with high-imbalanced classes [16,37]. The micro-averaged value was used to make a
fair comparison between the results of MTC (finite-state class: {0, 1, ... , C}, C: number
of classes) and MTR (binary class: {0, 1}). The key concept of micro-averaging was to
average the calculation of tp, fp, and fn, respectively, across all samples first, which
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was suitable for determining and comparing the output label with a different number
of classes. The micro-averaged F-score was defined through the micro-averaged
precision and micro-averaged recall, as presented in Equations (3)—(5).

Tty
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Y tp; + X fp;

Precision (micro) =
L
Litatp;

P 4
Y tpy + Yis g @

Recall (micro) =

2 x Precision(micro) x Recall(micro)
Precision(micro) + Recall(micro)

©)

F — score (micro) =

where tp;, fp;, and fn; are the number of true positives, false positives, and false negatives,
respectively, for the output label i. L is the number of output labels [30].

- The power estimation accuracy: the index determines how good the power estima-
tion by the regression model [15,38] is by calculating the complement of the power
estimation error ratio over the test samples. It is defined for the individual appliance
label and the entire dataset by Equations (6) and (7), respectively.

Yisa 9 — il
Power est. acc. (by label) =1 — === L (6)
(bylabel) = 1= S v
1 X |9 - i
Power est. acc. (by dataset) =1 — e e (7)
23 Yt Vi

where y} and )7} are the actual and predicted output sample i of label 1, respectively. n and L
are the number of samples and the number of output labels, respectively.

3. Results and Discussion

This section provides the experimental results and analysis from the data learning
process using the multi-target classification and multi-target regression approaches.

3.1. Multi-Target Classification Approach
3.1.1. Appliance Power States Modeling Using KDE

The number and representative data of power states for each appliance were analyzed
using the KDE plot, as presented in Figure 2, which illustrated the distribution or density
of appliance power data and inherent power states.

Appliance labels LTL and ANB1 had obvious peaks, which showed that they had
distinguishable operation states (e.g., off/dim/full for lightings or off /on for an inverter-
type air-conditioner) with a low variance in power data. On the other hand, the other
appliance labels that consisted of multiple appliances (plugging appliances, PGB1) or
continuous-variable appliances (water heater, WTB1) had a high variance of power data.
These loads occurred along with inapparent peaks in the KDE plots, which were then
averaged within the range to determine the representations. Each applicable peak and
its position represented the power state and the power state representative value, which
developed the number of power states, as the result shown in Table 2 outline.
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Figure 2. Power distribution through KDE plots for appliance label (a) LTL; (b) LTB1; (c) PGB1;
(d) PMP; (e) WTB1; and (f) ANBI.

Table 2. Power state representation of appliance label using KDE plot.

Load Label Power State Representatives (kW) Number of States
LTL {0, 0.05, 0.25} 3
LTB1 {0,0.04,0.11} 3
PGB1 {0.02, 0.40, 1.40} 3
PMP {0,0.33,1.48} 3
WTB1 {0,1.20, 2.35} 3
ANB1 (0, 1.24} 2

3.1.2. Algorithm Selection and Model Optimization

The experiment consisted of selecting the optimal classification algorithm by compar-
ing the performance of some candidates. Then, the best candidate will be further evaluated
to choose the best set of model parameters.

A performance evaluation of different learning algorithms was conducted through
cross-validation (K = 10) to obtain a performance value over the whole dataset. Meka’s
Experimenter mode was used to perform the task where the experimentation was set for a
comparative evaluation of multiple algorithms under the same environment setting. Table 3
presents the result of the comparison, where all the model parameters are set to default.
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Table 3. Hamming score by different MTC algorithms.

Algorithm Hamming Score
Class relevance (CR) + random forest 0.734 + 0.002
Classifier chain (CC) + decision tree 0.734 £ 0.002
Classifier chain (CC) + random forest 0.734 £ 0.001
RAKELd + decision tree 0.735 £ 0.002
RAKELd + random forest 0.736 + 0.001

The MTC algorithm RAKELd with random forest as the based classifier won the
competition even though its result was not statistically significant in difference. This
classifier was then tested for the best model parameters by using the MultiSearch function
in Meka’s Explorer mode through the required parameters and test range. The function
evaluated each combination of model parameters under the test range and returned the
parameter setup that provided the best model performance.

For the RAKELd + random forest classifier, there were two parameters put into this
test; ‘k’, which controlled the number of partitioned labels for the multi-target classifier
('k” was bounded by 1 < k < L /2, where L was the number of output labels). The other
parameter was numlIterations, which controlled the number of trees in the random forest
classifier. The results of the parameter selection and the optimal predictive performance
are shown in Table 4.

Table 4. Model parameters selection and optimized performance for the MTC model.

Parameter Evaluation Set Optimized Parameter Optimized Hamming Score
k (RAKELd) {1,2,3,4) 4
i 0.738
numlterations 30, 50, 80, 100} 80

(random forest)

3.1.3. Testing Performance Evaluation

The optimized model setup was deployed for evaluating the predictive performance
by individual labels using the Scikit-learn library. The dataset was split for the training set
and test set by an 80:20 proportion. The model was created using the training set, and then
we applied the model to predict the test set to obtain the F-score micro-averaged values,
as the generalized model performance. The experiments of the power state classification
performance and the power estimation accuracy were presented in the following subsections.

Power States Classification Accuracy

This evaluation described how well the model could correctly predict the power state
of the appliances. The generalized classification performance of the MTC model is shown
in Table 5.

Table 5. Power states identification performance by F-score based on the MTC model.

Load Label F-Score
LTL 0.876
LTB1 0.896
PGB1 0.940
PMP 0.950
WTB1 0.982
ANB1 0.992

The result showed that the air-conditioner ANB1 obtained the highest F-score value
since it was a high-power appliance label with a low fluctuation in terms of the power
demand, and it had a lower number of power states (two-state model: OFF/ON). The
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model could then distinguish the input data associated with the model more easily, with
less confusion compared to other appliance labels with the three-state models.

Power Demand Estimation Accuracy

The predicted power state was mapped to the associated power state representative
value, resulting in the estimated power demand predicted by the model. The power
estimation accuracy, which compared the estimated power to the ground-truth data, was
shown in Table 6.

Table 6. Power demand estimation accuracy associated with the MTC data.

Load Label Power Estimation Accuracy
LTL 0.730
LTB1 0.520
PGB1 0.755
PMP 0.610
WTB1 0.710
ANB1 0.950

The ANBI load label still obtained a high accuracy for power estimation since its
power states prediction became accurate beforehand. Other load labels, however, were
lower in accuracy; this was because their power data fluctuated quite dramatically, and
that makes a significant difference between the ground truth and the power representatives
as the estimated data.

Apart from the power estimation accuracy, the illustration of power plots could also
represent how well the estimated power data could track the ground-truth data. Figure 3
showed a week of test data’s power plots for each appliance label.

The lighting, plugging, and the water heater loads, which obtained relatively low power
estimation accuracy values, had relevant results to the power plot profiles. For example, the
plot showed several false positives for LTL and LTB1 labels, which made the performance
value quite low, while PGB1 and WTB1 labels had a considerable gap between the ground
truth and the estimated power data due to the fluctuation of the actual power data.
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Figure 3. Cont.
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Figure 3. Power data plots of the ground truth and the estimation by the MTC model (a) LTL;
(b) LTB1; (c) PGB1; (d) PMP; (e) WTB1; and (f) ANBI.
3.2. Multi-Target Regression Framework

The Python Scikit-learn library supports data learning and inference for the MTR
dataset as in the following experiments.
3.2.1. Algorithm Selection and Model Optimization

The dataset was evaluated to pick an MTR algorithm with an optimal regression
performance, and then the best candidate was further evaluated to obtain the optimal
model parameters. The algorithm selection result through the power estimation accuracy
by cross-validation (K = 10) was presented in Table 7.

Table 7. Power estimation accuracy by different MTR algorithms.

Algorithm Power Estimation Accuracy
Single target (ST) + ridge regressor 0.590 £ 0.003
Single target (ST) + gradient boosting regressor 0.885 + 0.001
Single target (ST) + random forest regressor 0.912 4 0.001
Regressor chain (RC) + ridge regressor 0.590 + 0.003
Regressor chain (RC) + random forest regressor 0.900 + 0.001

The ST multi-target regressor with random forest as the based regressor provided the
best result. The optimized regression model parameters were determined using the Python
GridSearchCV function. This function evaluated the combination of two model parameters,
max_depth (the maximum value of depth for the trees) and n_estimators (the number of
trees in the forest), then it returned the set of parameters that provided the best predictive
performance. Table 8 shows the results of this evaluation.
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Table 8. Model parameters selection and optimized performance for the MTR model.

Parameter Evaluation Set Optimized Parameter Optimized Power Estimation Accuracy
h 10, 2 4 2
max_dept] {10, 20, 30, 40, 50} 0 0915
n_estimators {10, 20, 30, 50, 80} 80

3.2.2. Testing Performance Evaluation

The optimized model setup was deployed for evaluating the power estimation perfor-
mance using the same data split for the training set and test set as the MTC experiment.
The experiments of the power estimation and power state prediction performance were
presented in the following subsections.

Power Estimation Accuracy

This evaluation described how well the model could estimate the power demand for
each appliance label. The generalized regression performance of the model that evaluated
the test set was shown in Table 9.

Table 9. Power demand estimation accuracy associated with the MTR model.

Load Label Power Estimation Accuracy
LTL 0.848
LTB1 0.545
PGB1 0.800
PMP 0.565
WTB1 0.930
ANB1 0.950

Power States Classification Accuracy

The estimated power data were mapped to a binary power state model (off/ on) using
the appliance power on the threshold to discriminate between the two states. A multi-label
dataset [14] was created and used the same data split as the MTCs experiments. The result
of the F-score evaluation on the test set was presented in Table 10.

Table 10. Power states classification performance by F-score based on the MTR model.

Load Label F-Score
LTL 0.943
LTB1 0.878
PGB1 0.900
PMP 0.980
WTB1 0.890
ANB1 0.990

The ANBI1 load obtained a relatively high accuracy among both the power estimation and
power state identification. This was due to high power with a low variant load profile, which
would make the input data more distinguishable by the regression and classification models.

The illustration of power plots represents how well the estimated power data by the
regression model could track the ground-truth data. Figure 4 shows a week of test data
power plots for each appliance label. The estimated power data generated by the regression
model was not unbound to the associated power state as the MTC approach was a benefit
for the model improvement capability in data estimation. From the results, the lightings
(LTL, LTB1), which were the low-power loads, obtained a fuzzy data estimation which was
linked to the relatively low value of the power estimation accuracy. This was because the
low power loads data contribute little change in the aggregate input data, making it hard
for the model to accurately estimate the outputs.
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Figure 4. Power data plots of the ground truth and the estimation by the MTR model (a) LTL;
(b) LTB1; (c) PGB1; (d) PMP; (e) WTB1; and (f) ANBI.

3.3. Performance Benchmarking

This experiment compared the predictive performance of the MTC and MTR ap-
proaches, and DAE, a state-of-the-art deep-learning-based approach, as the comparator.
The DAE network was used since it provided a good performance among the other network
topologies [39]. It aimed to recreate the clean signal or ground-truth power data from the
aggregate power data, which acted as the noisy signal. The network architecture from
the study was employed, which consisted of two 1D convolutional layers for the first and
the last layer, with three dense layers in the middle. The network was implemented in
Python using the neural-disaggregator library [40]. The results of the comparison were
summarized using the F-score classification performance and the power estimation accu-
racy, as presented in Tables 11 and 12, respectively. Generally, the direct output from each
approach (to predict the power state for MTC and to estimate the power data for MTR)
demonstrated a higher performance than its counterparts, which have an additional role
in data processing. Thus, less data processing would provide less loss of information and
demonstrate better accuracy results.

226



Buildings 2023, 13,911

Table 11. F-score performance by the MTC and MTR approaches, and DAE network.

Load Label MTC MTR DAE
LTL 0.876 0.943 0.724
LTB1 0.896 0.878 0.695
PGB1 0.940 0.900 0.665
PMP 0.950 0.980 0.780
WTB1 0.982 0.890 0.825
ANB1 0.992 0.990 0.950

Table 12. Power estimation accuracy performance by MTC, MTR, and DAE network.

Load Label MTC MTR DAE
LTL 0.730 0.848 0.650
LTB1 0.520 0.545 0.505
PGB1 0.755 0.800 0.783
PMP 0.610 0.565 0.550
WTB1 0.710 0.930 0.805
ANB1 0.950 0.950 0.925

3.4. Discussion

The experiments were formulated to design an energy disaggregation system with
MTC and MTR frameworks. These are low-computational-cost systems that are exemplified
for the application of home energy monitoring.

The MTC framework formulated the appliance power state modeling with KDE as a
finite-state machine, and the power state classification result obtained by the F-score was
over 87% for each appliance. The effectiveness of the modeling technique would also be
indicated through the relevant regression performance that obtained a power estimation
accuracy for over 70% of appliances with a moderate- to high-power consumption. The
experimental results, however, did not provide a good predictive performance value for
appliances with continuous or highly fluctuated power consumption (e.g., water heater,
pump). For this case, deploying a data pre-processing stage that filters out the anomalies
before data learning would help obtain a better predictive performance.

The MTR approach provided a direct (no extra data pre-processing) power estimation
for each appliance which, on average, presented a better regression performance than
the MTC approach. The key result included the estimation accuracy of over 93% for
high-power loads (water heater and A/C). The power state identification from the MTR
approach would also present the performance value at a comparable level to the MTC,
which was the direct classification approach. Using the F-score, the micro-averaged index
could enhance the reliability of the performance benchmarking between models with a
different number of class outputs (i.e., binary class and multi-class model).

The benchmarking DAE network provided an inferior predictive performance com-
pared to the proposed MTC and MTR approaches due to the amount of sample data in the
experiment. Generally, the DAE network would detect ranges of data that indicated power
ON as the clean signal or features to be learned from each appliance. This made the model
require a large number of training samples to obtain a good level of predictive performance
using deep-learning-based approaches [39,41]. On the other hand, the proposed approach
learned data on an individual sample basis, which could afford a satisfactory predictive
performance with a moderate amount of data.

In the used case of the proposed approaches, if the appliances in the domain are
mostly finite-state loads or users wish to gather insight into the appliance operation status
for a predictive maintenance purpose, the MTC framework would be a recommended
system. For example, if a certain power state (e.g., “Compressor on for A/C”) has taken
an unusual period of operation compared to the other state (e.g., “Fan on”), then it would
signify a malfunction or abnormal usage. If the users wish to focus on monitoring the
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power demand of high-power appliances as a purpose of energy management, the MTR
framework would be a recommended system because of the less data processing it requires.

A limitation of the MTC approach is the ability of the KDE method to catch and infer
the appliance power state from continuous-power appliances (e.g., water heater, water
pump). The power data from those appliances did not exhibit a frequent pattern in which
the KDE could not properly identify the inherent power states and their associated power
data. In case there are a large number of these appliances in the system, it is recommended
to use the MTR approach to obtain a model with a decent predictive performance. For the
MTR approach, the binary model of power state identification might not fit well for learning
the operational state of multi-state appliances (e.g., fridge, washing machine). Thus, an
additional step of data processing could be employed, such as power data mapping after
the regression process to the prior knowledge of the power state assignment.

4. Conclusions

The proposed design of the home energy disaggregation system employs multi-target
classification (MTC) and multi-target regression (MTR) approaches to predict the appliance
power state identification and power demand estimation. The design is based on the opti-
mization process of learning algorithm selection and model parameter selection. The power
state modeling for MTC was designated using the KDE technique to determine the number
of power states and the power representative data for each appliance. The MTR required no
special data pre-processing before training the model, making the computational cost lower
than the MTC approach. The MTC approach delivered the appliance power state identification
through an F-score (micro-averaged) of 87-99% and a power estimation accuracy of 52-95%
for the appliances under experiments. For the MTR approach, it delivered the appliance
power estimation accuracy of 54-95% and the power state identification through an F-score
(micro-averaged) of 87-99%. These performance results outperform the benchmarking deep
neural network using DAE architecture under the same data settings. Deploying the proposed
approach for a home monitoring system would rely on what data and type of appliances that
users would wish to focus on because both approaches have strong and weak points in the
process of data manipulation and the achieved predictive performance.

Future work could focus on improving the MTR model to obtain finite power state
modeling instead of binary state modeling. This method helps the approach identify the
power state more accurately when working with multi-state appliances. The result of
the KDE method, that learns the inherent power states for the MTC approach, could be
applied as the post-processing step. Another finite-state modeling technique could be using
clustering methods such as DBSCAN [42] or hierarchical clustering [43]. These methods
can learn to identify the number of clusters or power states from the power data without
prior knowledge of the number of power states. Thus, a more refined power state model for
the MTR approach would make the system more applicable to various types of appliances,
leading to more efficient energy monitoring and management applications.

Supplementary Materials: The data used within the experiments can be downloaded from https:
//data.mendeley.com/datasets/nmnk58bgtb /1 (accessed on 15 January 2023).
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Abstract: Outdoor wind and thermal environments in residential areas are greatly affected by the
distance between buildings. A short distance is conducive to providing shade, and a long distance
can enhance ventilation between buildings. In this study, four cities with different latitudes in China
(Guangzhou, Wuhan, Beijing, and Harbin) were selected to research the relationship between the
distance between buildings and thermal environments of residential areas. The results show that
(1) when the distance between buildings is small, it is easier for wind paths to form. Wind paths can
strengthen the wind velocity. When the distance between buildings exceeds 40-50 m, the building
density is small, the building’s resistance to the wind becomes smaller and smaller, and the wind
speed will gradually increase. (2) When the distance is in the range of 20-50 m, the MRT (mean
radiant temperature) rise rate of each city is similar. For every 10 m increase in the distance between
buildings, the MRT increases by about 1.25 °C. (3) D = 50 m (D/H = 1.19) is an inflection point. When
D is less than 50 m, within the range of 20-50 m, the smaller the D is, the lower the SET* (standard
effective temperature) is, while when D is more than 50 m, the opposite trend is observed.

Keywords: MRT; SET*; surface temperature; latitudes; thermal environment

1. Introduction

In recent years, with extremely hot weather becoming common, heat-related illnesses
have become a serious problem threatening public health and safety [1-3]. In developing
countries such as China, air temperatures hit high records year by year, and deaths caused
by heat stroke have also been increasing [4,5]. During summer days people feel hotter;
in order to achieve thermal comfort, people use air conditioning more frequently and
for longer time, and the exhaust heat from external air conditioning causes deterioration
of the outdoor thermal environment of urban areas [6,7]. With the gradual depletion of
traditional energy sources and the increasingly serious effects of global warming, passive
climate adaptable architectural designs can have low energy consumptions, zero energy
consumption, and even negative energy consumption [8]—these have attracted increasing
attention from researchers. Obtaining optimal building density is an important method for
achieving passive climate adaptability in the outdoor thermal environment of residential
areas. Many studies have focused on optimizing the outdoor thermal environment using
methods such as greenery, water features, and pavement materials [9-15]; other studies
have focused on optimizing buildings, through the layout, height, and density [16-23].
Once a residential area is built, the building density is difficult to change; therefore, through
simulation calculations, studying the optimal building density is an important method for
achieving passive climate adaptation in outdoor thermal environments.
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Building density has great impact on outdoor thermal environments. Kubota et al. [18]
researched the relationship between the building density and the average wind velocity (V)
at pedestrian level in residential neighborhoods by using wind tunnel test, and found that
residential areas with low density (shallow street canyon) can enhance ventilation. Zhou
et al. [24] researched the relationship between the outdoor wind environment and building
density (different piloti ratio) in Wuhan. There are many studies [25-27] that only focus on
the outdoor wind environment, but for residential streets in the daytime in summer, the
influence of temperature and radiation is very large, which must be considered. Bourbia
et al. [28] researched the relationship between the geometry and the microclimate (shade
area and temperature) of urban street canyons. Under low latitude conditions, solar access
to streets can always be decreased by increasing H/W to larger values. Johansson [29] stud-
ied the impact of urban geometry on outdoor thermal comfort in dry and hot climate, and
analyzed the environment through temperature, wind speed, MRT, and PET (physiological
equivalent temperature). Xuan et al. [30] studied the outdoor thermal environment (V,
MRT, SET*) of residential communities with different building densities in Sendai, Japan,
and Guangzhou, China, and obtained a series of quantitative simulation results. Taking
Wuhan as an example, Zhou et al. [31] researched the outdoor thermal environment under
different building densities (different piloti ratio), and gave the optimal range of the piloti
ratio by considering various indicators, such as surface temperature, V, MRT, and SET*. The
MRT can reflect the joint action results of outdoor temperature, radiation, and wind speed.
The SET* takes human factors, such as human metabolic rate and clothing insulation, into
account on the basis of MRT. The research on the relationship between urban building
density and thermal environment in different latitudes in China is insufficient.

China has a vast territory with latitudinal values range from 3°51" N to 53°33.5' N. As
shown in Figure 1, five climatic zones are contained in China. From south to north, the
outdoor thermal environment of the hot summer and warm winter zone, the hot summer
and cold winter zone, the cold zone, and the severe cold zone have various problems.
In order to clarify the influence of building density on outdoor thermal environment in
cities with different climatic zones in China, four Chinese cities (Figure 1) from the hot
summer and warm winter zone to the severe cold zone were taken into account: Guangzhou
(113°33' E, 23°17' N), Wuhan (114°13' E, 30°62’ N), Beijing (116°47’ E, 39°80’ N), and Harbin
(126°77" E, 45°75' N).

Beijing

Hot summer and
cold winter

Guangzhou

Hot summer and /
warm winter

Figure 1. Layout of five climatic zones in China and the location of target cities.
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Therefore, this study will comprehensively consider the thermal environmental factors
(V, T, MRT, SET*), and carry out the simulation study of building density in several cities in
different climatic regions and at different latitudes in China. This study aims to clarify the
relationships between outdoor thermal environment factors and building density, and the
appropriate ranges of building density will be proposed.

2. The Prediction Method
2.1. The Prediction Process

To predict outdoor thermal environment with high prediction accuracy, coupling
analyses of convection, conduction, and radiation [32] were carried out with a numer-
ical analysis system by integrating STAR-CD/RADX (CD adapco Group, Melville, NY,
USA; Star-CD is a commercially available computational fluid dynamics software that
uses fully unstructured mesh generation techniques and finite volume methods) with
additional codes. A 3D, nonlinear k-¢ turbulence model proposed by Craft et al. (1996) was
adopted in CFD convection analyses [33]. Figure 2 shows the flowchart of the prediction
method used in this study, and the prediction method has been used in many previous
studies [30,31,34,35]. Our analysis was conducted in three steps. In step 1, 3D radiation and
1D conduction were carried out in order to obtain the surface temperatures of the ground
and the buildings. In step 2, we conducted a non-isothermal CFD analysis using the surface
temperature result gained in step 1. In step 3, MRT was calculated according to the results
of wind speed and temperature obtained in step 2, and SET* was calculated in combination
with human metabolic rate and clothing insulation.

Input Data
i Meteorological Conditions Properties of the Ground
Location ildi 'mati
: On Analysis Date Building Tuformation and Building Surfaces
Latitude Air Temperature Building Length/Width/Height Albedo
Solar Radiation Structures of Building Wall/Roof Emissivity
Longitude
Cloud Amount Properties of Building Wall/Roof Heat Conductivity
Step1
Radiation Calculation 3D Multi Reflections of 1D Conduction Calculation in the
Longwave and Shortwave (48 Hours) Ground Building Walls/Roofs

Surface Temperatures of Ground and Buildings

<=

Step2

Non-Isothermal Computational Fluid Dynamics Analysis by Using the Simulation Results of Step1

L

Step3
MRT Personal Variables
<u>, <v>, <w>, <T> : ‘
(Mean Radiant Temperature) Activity Clothing

The Evaluation of Outdoor Thermal Comfort SET* (Standard Effective Temperature)

Figure 2. The flowchart of the prediction method for the outdoor thermal environment.
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2.2. Accuracy and Validation

The predecessors of our research group have completed many comparisons and have
verified the accuracy of this simulation method. Li et al. [35] simulated the outdoor wind
environment using 15 turbulence models, and compared the simulation results with the
wind tunnel test result provided by AlJ [36,37]. The results show that Suga cubic nonlinear
k—e model has high accuracy in solving the wind field.

All surfaces in the domain were divided into small surfaces to calculate the urban
surface temperature. For each small surface, various factors were considered, including
solar radiation, sky radiation, longwave radiation between the surface and other surfaces,
convective heat transfer and latent heat transfer between the surface and ambient air, and
conduction heat transfer through the surface. The shape factor was calculated by the Monte
Carlo method [38,39] and the radiative heat transfer was calculated by Gebhart’s absorption
factor [40]. Due to the different absorptivity under shortwave and longwave radiation, the
values of Gebhart’s absorption factor were also different, so each surface was calculated
separately. According to the former studies [34,41,42], and considering the above heat
transfer, the urban surface temperature can be reproduced well.

Li et al. [43] carried out the actual measurement and numerical simulation in building
blocks in Guangzhou in summer. Figure 3a shows the distribution of measuring points
during actual measurement, and Figure 3b shows the analytical region in the simulation.
Figure 4a shows velocity distribution and Figure 4b shows temperature distribution. Table 1
shows comparison between measurement and simulation values of velocities, and Table 2
lists the measurement and simulation values of temperatures in different points.

Regionl
560mX432mX 450m Region2

255mX150mX350m

(b)

Figure 3. Measuring points and the analytical region. (a) The distribution of measuring points during

the actual measurement. (b) The analytical region in the simulation.
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3420
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3370

(b)
Figure 4. Simulation results at the height of 1.5 m above the ground (14:00, 15 August). (a) Velocity

distribution. (b) Temperature distribution.

Table 1. Comparison between measurement and simulation values of velocities at 14:00,

15 August (m/s).
Measuring Point B1 B2 B3 B4 B7 B8 B9
Measuring value 0.70 0.36 0.67 0.27 0.27 0.42 0.58
Simulation value 0.69 0.60 0.68 0.30 0.23 0.62 0.85
Difference 0.01 —0.24 —0.01 —0.03 0.04 —0.20 -0.27

Table 2. Comparison between measurement and simulation values of temperatures at 14:00,

15 August (°C).
Measuring Point B1 B2 B3 B4 B5 Bé6 B7 B8 B9
Measuring value 34.43 33.17 34.01 34.43 33.59 33.59 34.43 33.59 34.01
Simulation value 34.03 33.89 34.04 34.42 33.90 33.89 34.37 35.00 33.71
Difference 0.40 0.72 0.03 0.01 —0.31 —0.30 0.06 —1.41 0.30

As seen from the above, the wind speed simulation values of all measured points are
basically in agreement with the measured values except B2, B8, and B9. The maximum
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wind speed deviation is B9, and then B8 and B2, respectively. Measuring point 2 is located
in the piloti space. Shrubs with a height of about 0.3 m are planted on the north and south
sides of the piloti space to obstruct the air flow, but the grass did not sufficiently obstruct
the air flow, so the wind velocity at B2 was greater than the measured value. B8 is located
under tall trees with dense shade on the sidewalk, and B9 is located under the medium
height trees with sparse shade at the intersection. The role of trees is neglected in the
simulation, which leads to the simulation values of wind velocity at B8 and B9 being larger
than the measured values. Except for B2 and B8, the simulated temperature values at all
the measuring points were in good agreement with the measured values. The present
simulation program is too simple to deal with the shrubs and trees, so the trees near B2
and above B8 and B9 cannot reflect the cooling effect of temperature well; as a result, the
simulated temperature values at B2 and B8 are higher than the measured values. The
simulated temperature at B9 is close to the measured value because the simulated wind
speed is much higher than the measured wind speed. To sum up, the computer simulation
method has good accuracy and can be used in case simulation calculation and research.

3. Simulation
3.1. Analyses Model and Cases

Figure 5 shows the typical residential areas in Guangzhou, Wuhan, Beijing, and Harbin.
It can be seen that the typical modern residential areas in China are mainly in determinant,
facing from north—south. Figure 6 shows the analysis model used in this study. In Figure 6a,
the size of a monomer building and the analysis domain size are listed, and the mesh
number and grid partition are also shown.

(a) ()

Figure 5. Residential area in cities of China. (a) Guangzhou, (b) Wuhan, (c) Beijing, (d) Harbin.

According to the “Guidebook for Practical Applications of CFD to Pedestrian Wind
Environment around Buildings (AIJ] Guideline)” [6], published by Architectural Institute of
Japan, the analyses model shown in Figure 6a was created based on the typical Chinese
residential area. In order to know the effects of building arrangement on outdoor thermal
environment, 6 different north-south building distances (from 10 m to 60 m) in Guangzhou,
Wuhan, Beijing, and Harbin, a total of 24 cases were taken into account. The 6 building
arrangements in the target area are shown in Figure 6b, and all the analyzed cases are listed
in Table 3.
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Figure 6. Analysis model used in this study. (a) Size and mesh of analysis model. (b) Different D/H

and arrangement in the target area.

Table 3. Analysis cases.

The Distance

Case Name Az;;lgs;?n?:te Air Temperature (°C) Latitude (°) between Building Height H (m) D/H
Buildings D (m)
GZ-10 10 0.24
GZ-20 20 0.48
GZ-30 6/21 30.0 °C Guangzhou 30 0 0.71
o 4 - -
GZ-40 (Noon) 2B°17'N 40 095
GZ-50 50 1.19
GZ-60 60 1.43
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Table 3. Cont.

Analysis Date The Distance

Case Name and Time Air Temperature (°C) Latitude (°) between Building Height H (m) D/H
Buildings D (m)
WH-10 10 0.24
WH-20 20 0.48
H- ° .7
I e e
WH-40 40 0.95
WH-50 50 1.19
WH-60 60 1.43
BJ-10 10 0.24
BJ-20 20 0.48
S, oS SR —

BJ-40 40 0.95
BJ-50 50 1.19
BJ-60 60 1.43
HRB-10 10 0.24
HRB-20 20 0.48
HRB-30 6/21 ?1%20 nC) 415{3;31111] 30 o 0.71
HRB-40 40 0.95
HRB-50 50 1.19
HRB-60 60 1.43

Note: GZ—Guangzhou; WH—Wuhan; BJ—Beijing; HRB—Harbin.

3.2. The Analysis Time

In our study, a weather database [44] in China was used. To compare the effect of
distances between the north—south buildings on outdoor thermal environment in four
different climatic cities in summer, 21 June, the summer solstice—when people in the
northern hemisphere receive the most sunshine and daylight hours—was selected. Figure 7
was drawn according to the weather database, and the air temperatures on 21 June in cities
of China were listed. Most people in China go to work from 8:00 to 17:00, and take a lunch
break starting from 12:00. Among the three time points, Harbin, Beijing, and Wuhan have
the highest temperature at 12:00, and Guangzhou has the highest temperature at 17:00.
Guangzhou has low latitude, high solar radiation, and late sunset, so the temperature
at 12:00 is not the highest. In order to facilitate comparison, 12:00 was selected as the
analysis time.

Guangzhou Wuhan Beijing Harbin
—— = — =
35
. #Z5%
@
£ 25 N/
2
g
e 20
<.
15

Q Q Q \] \ \] \ Q \] \] \] \}
S &S]S ST S

work  break work

Figure 7. Air temperature on 21 June.
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3.3. The Analysis Conditions

The air temperatures on typical summer day (shown in Figure 7) were used as the
initial air temperature data in each city. In each case, a 48 h radiation simulation was carried
out including a 24 h preliminary simulation. In radiation simulation step, direct irradiance
and global irradiance were considered.

CFD analyses were carried out when the sun reaches its highest position during the
whole year (12:00 local solar time) in each case. The inlet wind velocities were given as
2 m/s at 10 m height, which obeyed the logarithm law with a power index of 0.3 in all the
four cities. The whole analyses consist of 3 steps as shown in Figure 2. Analysis conditions
in step 1 were listed in Table 4. In step 2, non-isothermal CFD analyses were carried out
with the surface temperature result gain in step 1, and the analysis conditions are shown in
Table 5.

Table 4. Analysis conditions in step 1.

Analysis Date and Time 6/20, 00:00-6/21, 24:00

Domain Size 785 m (x) x 865 m (y) x 420 m (z)

Analysis Type Three-dimensional analysis

Analysis State Unsteady state
Turbulence Model A cubic nonlinear k—¢ model proposed by Craft et al. (1996)
Building Volume 60m (x) x 15m (y) x 42m (z)

Temperature Temperature conditions in'Gua'ngzhou, Wuhan, Beijing and
Harbin (Figure 6)
Convective Heat Transfer Coefficient Indoor: 5 W/m2-KOutdoor: 12 W/m2-K

In the final step, analyses were carried out based on the wind velocity and temperature
results obtained in step 2. In this study, since the ground and building surfaces are covered
with concrete, it is not necessary to solve the transfer equation of vapor. All the simulation
area shares the same absolute humidity (0.024 kg/m?), and relative humidity was calculated
based on the temperature results. MRT and human metabolic rate were carried out, and
finally the SET* values in the target area were calculated.

Table 5. Analysis conditions in Step 2.

Analysis Date and Time 6/21,12:00
Domain Size 785 m (x) x 865 m (y) x 420 m (z)

Analysis State Steady state
Turbulence Model Suga’s cubic nonlinear k-¢ model

The wind direction: Southward
Wind speed: 2m/s (10 m)
(u):(u(z)) = (us) (2/zs) o

a=03,zs=10m, us =2m/s

Inflow k:k(z) = (I(z)u(z))?
I(z) = 0.1(z/2¢) 7700
zc =420m
-1
ere(z) = Cyl/zk(z)%tx(i) ey
C, = 0.09
Outflow (u), (v), w, k, &, T: zero gradient
Lateral and Upper Surfaces (u), (v), k, & zero gradient, (w) =0
Velocity: Logarithmic law for smooth walls
Ground and Building Surfaces Temperature: 6/21 12:00 (True solar time)
The result of step1
Advection Term Scheme (u), (v), (w), k, e, T: MARS
Coupling Algorithm SIMPLE
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4. Results
4.1. Surface Temperature

Figure 8 shows the distribution of surface temperature when D is between 10 m and
60 m with 10 m intervals in Guangzhou, Wuhan, Beijing, and Harbin. At 12:00, because
of the high solar elevation, there are few shadows between buildings, so the surface
temperature is very high. In Wuhan, Beijing, and Harbin, the lower the urban latitude is,
the higher the surface temperature is. The average ground temperatures in Wuhan from
WH-10 to WH-60 were 44.2 °C, 46.5 °C, 49.8 °C, 53.1 °C, 54.4 °C, and 55.6 °C, respectively.
Since the air temperature at 12:00 in Guangzhou is lower than that in Wuhan (Figure 7), the
surface temperature in Guangzhou is lower than that in Wuhan too.

| —
D=10 (D/H=0.24) [} /

D=20 (D/H=0.48)

D=30 (D/H=0.71)

|

D=40 (D/H=0.95)

D=50 (D/H=1.19)

D=60 (D/H=1.43)

Guangzhou Wuhan Beijing
Figure 8. The distribution of outdoor surface temperature at 12:00.

4.2. Wind Velocity

Figure 9 shows the relationship between building distance and average wind velocity
in four cities. With the distance between buildings becoming wider, the average wind
velocities around the buildings in four cities decreases first and then increases. When D is
small, it is easier to form wind paths. The wind path can strengthen the wind velocity. As
the value of D gradually increases, the effect of the wind path decreases. When D exceeds
40-50 m, the building density is small, the building’s resistance to the wind becomes smaller
and smaller, and the wind speed will gradually increase.
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Figure 9. The relationship between building distance and average V in the four cities.

4.3. MRT

Figure 10a shows the distribution of MRT around the building at 1.5 m height when
the sun is at its highest position. As the latitude getting lower, the average MRT at 1.5 m
around the building increases. However, although the latitude of Guangzhou is lowest of
the four cities, the results of average MRT in Guangzhou are lower than those cases in the
other three cities. The reason is that Guangzhou city is located near the tropic of cancer,
and when the sun at its highest position, the solar altitude is approximately close to 90°.
When calculating the amount of radiation heat gain from the surrounding area for MRT, a
smaller weight factor is assigned to the amount of radiation heat gain from upper direction
than lateral direction.

Figure 10b shows the relationship between building distance and average MRT in
four cities. The curve representing Wuhan is at the top and Harbin is at the bottom, which
shows that from Wuhan to Harbin, with the increasing of latitude, the MRT value at 12:00
decreases. Among three key time points (8:00, 12:00, and 17:00), the temperature at 12:00
in Guangzhou is not the highest, so the MRT value is not the highest. The overall trend
in Figure 10b is that MRT increases with the increasing of the distance between buildings.
When the distance is in the range of 20-50 m, the MRT rise rate of each city is similar.
For every 10 m increasing in the distance between buildings, the MRT increases by about
1.25°C.
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Figure 10. MRT results. (a) The distribution of MRT at 1.5 m, (b) The relationship between building

distance and average MRT in four cities.

44. SET*

Figure 11a shows the result of SET* at 1.5 m around the building in 10 m, 30 m, and
60 m cases when the sun at 12:00 in the four selected cities. In Wuhan cases, the proportion
of high SET* area is larger than the other three cities when the distance between buildings
is the same. This is mainly because the Wuhan cases have higher MRT value as shown
in Figure 10. In Wuhan, solar radiation reached the vertical surfaces are more than those
in Guangzhou due to its relatively lower highest solar altitude, thus led to higher surface
temperatures on vertical surfaces in Wuhan. On the other hand, as the latitude increases
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from Wuhan to Harbin, the highest solar altitude of each city decreases. This caused the
proportion of building shadows in Wuhan to be less than those in Beijing and Harbin when
the distances between the buildings are the same.

D=10 (D/H=0.24)

D=20 (D/H=0.48) |

D=30 (D/H=0.71) ua

D=40 (D/H=0.95)

D=50 (D/H=1.19)

D=60 (D/H=1.43)

=

Guangzhou Wuhan Beijing Harbin
(a)
46.00 -~ Guangzhou —— Wuhan  —-Beijing -= Harbin
44.00
& 42,00
X
'—
5 40.00
38.00
36.00
0 10 20 30 40 50 60
D (m)

(b)

Figure 11. Results of SET*. (a) The distribution of SET* at 1.5 m. (b) Relationship between building
distance and mean SET.

Figure 11b shows the relationship between building distance and mean SET* in four
cities. As the distance between buildings decreases, a trend firstly increasing and then
decreasing can be observed in the result of SET* around the building. For Wuhan, Beijing,
and Harbin, D = 50 m (D/H = 1.19) is an inflection point. When D is less than 50 m, within
the range of 20-50 m, the smaller the D is, the lower the SET* is, while D is more than 50 m,
the opposite trend will be observed.
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5. Discussion

The buildings in the simulation model of this study are simplified (Figure 6a), but the
actual buildings have balconies, terraces, pitched rooves, and so on. In order to make the
research results better applied to architectural design, it is necessary to conduct field survey
on each typical residential area and compare the measured data with the simulated results
so that the correction coefficient can be proposed.

On a typical meteorological day (21 June), the temperature at 12:00 in Wuhan, Beijing,
and Harbin is the highest among the three key time points (8:00, 12:00, and 17:00), but the
temperature in Guangzhou is the highest at 17:00. For comparison, 12:00 was selected as
the analysis time. From the simulation results, the data of Guangzhou are quite different
from those of the other three cities, and cannot form regular results with them. In future
research, we can simulate the situation at 17:00 in Guangzhou to check whether it can
achieve regularity with the simulation results of the other three cities.

6. Conclusions

Through simulation, we studied the relationships between thermal environment and
building density in four different cities in China. The conclusions can be summarized as
follows: for the outdoor wind environment of a residential area, when the distance between
buildings is small, it is easier to form wind paths. The wind path can strengthen the wind
velocity. As the value of the distance between buildings gradually increases, the effect
of the wind path decreases. When the distance between buildings exceeds 40-50 m, the
building density is low, the building’s resistance to the wind becomes smaller and smaller,
and the wind speed will gradually increase.

The overall trend of relationship between building density and MRT is that MRT
increases with the increase in the distance between buildings. When the distance is in the
range of 20-50 m, the MRT rise rate of each city is similar. For every 10 m increase in the
distance between buildings, the MRT increases by about 1.25 °C.

As the distance between buildings decreases, a trend firstly increasing and then
decreasing can be observed in the results; for Wuhan, Beijing, and Harbin, D = 50 m
(D/H = 1.19) is an inflection point. When D is less than 50 m, within the range of 20-50 m,
the smaller the D is, the lower the SET* is; meanwhile, when D is more than 50 m, the
opposite trend will be observed.
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Abstract: Buildings are one of the key factors in working towards a low-carbon economy to help
mitigate climate change. For this reason, many of the current regulations aim to reduce their
consumption and increase their efficiency, as is the case in the European Union with the Energy
Performance of Buildings Directive (EPBD). Terms such as nearly zero-energy buildings (nZEB) or
zero-emission buildings (ZEB) are increasingly used. However, these terms and regulations focus
on energy and emissions, ignoring user comfort. This research shows the performance of these
buildings in the face of climate change, as their strengths are not limited to energy consumption or
emissions, but also to improving user comfort. By examining the compliance of a real semi-detached
house with the different Spanish energy regulations (NBE-CTE 79, CTE-DB HE 2013 and CTE-DB
HE 2019), its performance in terms of energy and comfort in different future scenarios defined by
the Intergovernmental Panel on Climate Change (IPCC) is evaluated. The results show that the
building with nZEB criteria (CTE-DB-HE 2019) reduces its energy consumption by an average of
84.36% compared to the other two energy standards. In terms of comfort, measured according to
the Fanger criteria (steady state model), the hours throughout the year in the “neutral” thermal
sensation category are similar; however, the hours in the “slightly cool” category are reduced by 57%,
improving by up to eight times the “slightly warm” category. The nZEB building proves to be more
resilient to climate change by mitigating and homogenizing its response to climatic variations.

Keywords: nZEB buildings; energy codes; building energy models; Cédigo Técnico de la Edificacion;
thermal waves; comfort

1. Introduction

High temperatures, drought and wildfires, availability of fresh water, floods, sea-level
rise and coastal areas, etc. are some of the natural consequences of climate change [1].
Unfortunately, these are common words today, which is why there is global concern about
climate change. Since the entry into force of the Paris Agreement, countries have pledged
to take action to mitigate this situation. The goal is to reduce CO, emissions to hold
“the increase in the global average temperature to well below 2 °C above preindustrial
levels and pursuing efforts to limit the temperature increase to 1.5 °C above preindustrial
levels” [2,3]. In the case of the European Union, the objective is to cut emissions by at
least 55% by 2030 compared to 1990 levels, with an ultimate goal of reaching climate
neutrality by 2050. This requires action in all sectors of the economy in a balanced and fair
manner to preserve the EU’s competitiveness. For these reasons, the European Commission
announced in December 2019 the European Green Deal as its roadmap to achieving EU
climate neutrality by 2050 [4]. This document emphasizes the importance of buildings, since
their construction, use and renovation require large amounts of energy and resources, being
responsible for 40% of the energy consumed. In fact, in order to achieve these objectives,
the European Commission estimates that existing buildings require an annual renovation
rate twice as high as the current one (0.4-1.2%).
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This roadmap includes among its documents the Energy Performance of Buildings
Directive (EPBD). Its initial objectives (2002) [5] were the creation of a general framework
for an energy calculation methodology for buildings, the application of minimum require-
ments for new buildings and for those undergoing major renovations, the implementation
of energy performance certificates and the need for an inspection of HVAC systems in
buildings older than 15 years. Subsequently, there was a recast (2010) [6], the “20/20/20”
directive, the objective of which was to reduce energy consumption by 20%, increase the en-
ergy efficiency of HVAC systems by 20% and increase the use of renewable energies by 20%
by 2020. In this version, the term nearly Zero Energy Building (nZEB) started to be used. Its
initial definition was: “a building that has a very high energy performance, (...). The nearly
zero or very low amount of energy required should be covered to a very significant extent
by energy from renewable sources, including energy from renewable sources produced
on-site or nearby”. Then, in 2018 [7], there was an amendment emphasizing the need
for a progressive “transformation of existing buildings into nearly zero-energy buildings,
in particular by an increase in deep renovations” and Member States were encouraged
to provide guidelines and outline measures to achieve these goals on an equal basis for
all citizens.

Currently, there is a proposed recast of the EBPD (2021) [8], which qualifies the
definition of the term nearly Zero Energy Building, emphasizing that nZEB buildings
require, to a significant extent, to be covered by renewable energy, rather than should
be. As can be seen, the definition of the term nZEB is not so straightforward due to both
economic and building design implications [9,10]. Many aspects remain to be defined, for
example, the frequency with which the energy balance of the building should be calculated
in order to take into account renewable energies. What is correct, an annual, monthly or
hourly energy balance? [11,12]. In the case of dwellings with a Mediterranean climate, a
zero annual energy balance may be easy to achieve due to the high energy generation that
can be obtained in summer, but if the balance is considered on a monthly basis, it is difficult
to achieve a zero energy balance in the winter months. This problem can be overcome if it
is possible to share energy with other buildings throughout the year [13].

EU Member States should regularly monitor compliance with this Directive and are
obliged to submit a report every four years to the Commission, but it is up to the Member
States to define how to achieve these objectives. The best way is through the mandatory
building regulations of each country , in particular those related to energy savings. In the
case of Spain, the starting point is the energy code NBE-CT 79 of 1979 (“Norma Bésica de la
Edificacién Condiciones Térmicas de los edificios”) [14] , which was updated in 2006 with
the technical building code CTE-DB-HE (“Cédigo Técnico de la Edificacién-Documento
Bésico-Ahorro de Energia”) [15] . This standard has been updated several times over the
years as building requirements have increased. In 2017, this document defined a nearly zero
energy consumption building—similar to nZEBs—as a building that meets the regulatory
requirements established for new buildings in the CTE [16]. Fortunately, the requirements
have been increasing in the following updates, the last one being CTE-DB HE 2019, which
defines requirements close to the passive house, and approaches the definition of nZEB
established by the EPBD directive [17].

There are several studies that analyze the savings potential of nZEB buildings based
on the Spanish technical building code, such as the one by Cerezo-Narvéez et al. that
studied the impact of nZEB buildings in southern Spain, where energy savings of 69% to
127% are achieved, and a reduction in carbon dioxide emissions of 65% to 118% [18]; or the
one conducted by Garcia-Ballano et al. in which, using a geographic information system
(GIS) with data of the transmittance of buildings, they delimit priority areas to increase the
impact of European funds for the improvement of buildings [19].

In general, when we refer to an nZEB building, we are considering a building with
an energy balance close to zero; however, there are other aspects to take into account in
buildings, such as user response and their ability to create their own operating profiles
and specify their comfort conditions [20]. This aspect, as Aste et al. point out [21], is one
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of the factors responsible for the energy performance gap between energy models and
reality. Buildings are designed according to energy regulations—based on reducing energy
consumption—but when the building is used, users demand comfort and their changes in
the use of the building alter its energy consumption.

The main objective of this research is to show the climate change performance of nZEB
buildings, in particular of buildings considered nZEB by Spanish energy regulations. This
behavior will be analyzed from two approaches: energy consumption and user comfort.
The correlation of both aspects, taking into account climate change, allows us to know
the advantages and disadvantages of this type of building so that they can be useful for
designers, architects, engineers, etc., as well as for users and investors. There are quite a
few studies that deal with nZEB buildings and their energy or comfort performance; some
even deal with both topics at the same time, but none has been found that deals with both
topics and focuses on the performance that this type of building has under climate change.

Regarding studies related to nZEB buildings and their energy consumption, there are
examples that have studied from residential buildings [22] to university campuses [23].
D’Agostino et al. analyze the impact of the climate zone in which the building is located by
studying eight different locations in the European Union [24]. Ascione et al. analyzed the
resilience of nZEB buildings against climate change, highlighting that, in the future, the
energy demand for heating or cooling is likely to increase due to thermal discomfort [25].

From research analyzing the comfort of nZEB buildings, all under real weather condi-
tions, the main trend is the risk of overheating that occurs during free oscillation periods
when the HVAC system is off [26,27]. Yang et al. highlight in their review of the implica-
tions of building energy consumption on user comfort [28] that the risk of the overheating
of buildings whose cooling is based on natural ventilation is even greater in the context
of climate change. In this regard, there is some resistance to include comfort limits in the
definitions of nZEB buildings, as Attia et al. highlight: “Indoor environmental quality re-
quirements regarding discomfort risk and mechanical ventilation are not well developed in
most nZEB national plans”. The fact is that energy savings and comfort limits are opposing
objectives, as Guillén-Lambea et al. explain: “setting the thermal comfort parameters for
anZEB is a big challenge because the parameters must provide adequate indoor thermal
conditions while at the same time guaranteeing the sustainability of buildings”.

There are two main approaches to analyzing user comfort: the steady state model or
heat balance and the adaptive comfort model. The first is based on the studies conducted
by Fanger in the 1970s [29,30], in which he proposes two indices related to the perception of
each user: the predicted mean vote index (PMV) and the predicted percentage of dissatisfied
index (PPD); and classifies the indoor environment according to a scale that predicts the
thermal sensation that users will have. It is the basis for UNE-EN ISO 7730:2006 [31] and
ASHRAE 55-1992 [32]. The second model is based on the user’s thermal sensation and
their ability to adapt according to the ventilation and relative humidity of the spaces. It
has indoor temperature ranges of 18-30 °C with relative humidities up to 80%. ASHRAE
55 standards from 2010 [33,34] and UNE-EN 16798-1:2020 [35], which replaces UNE-EN
15251:2008 [36], are based on this model.

In this research, the Fanger criterion (steady state model) has been chosen since
the objective is to show the impact of climate change on the thermal sensation of nZEB
buildings. This criterion allows to obtain a comfort category value in all indoor temperature
ranges. In contrast, the adaptive criterion takes into account the outside temperature, and
ranges within limits (18-30 °C) between which the user has the capacity to adapt its thermal
comfort sensation with clothing, natural ventilation, etc. Outside these limits, no adaptive
comfort values are obtained; however, with the Fanger criterion, the user’s degree of
discomfort is obtained on a thermal sensation scale.

The research is structured as follows. In Section 2 , the process followed to obtain
the results is described. The starting point is the creation of a building energy model
(BEM) based on a real semi-detached house, to which different retrofits are carried out to
comply with three updates of the Spanish energy regulation (Section 2.1). Then, the
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process of obtaining the weather files with which each building will be simulated is
explained (Section 2.2). The building energy models are simulated with a total of 38 weather
files, from the normative one of the Spanish regulation to weathers created taking into
account the scenarios of the Intergovernmental Panel on Climate Change (IPCC). Finally,
Section 2.3 describes the simulation process to obtain the energy and comfort results for
each combination. Section 3 shows the energy results obtained in terms of total, heating
and cooling energy, and in relation to comfort, the hours of the year within each thermal
sensation category (according to Fanger). Finally, Sections 4 and 5 show the discussion
and conclusions of the research.

2. Analysis Method

Figure 1 shows the outline of the analysis method used to measure the performance of
buildings with nZEB criteria to climate change, both in terms of energy consumption and
comfort. It is divided into three sections: the development of the building energy model
(BEM) in EnergyPlus, in this case according to the different Spanish technical energy codes;
the preparation of the weather files with which the energy models will be simulated; and
the results to be analyzed: energy consumption and user comfort.

g 4 Spanish technical building codes
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Figure 1. Scheme of the analysis method used.

2.1. Building Energy Model Used

The starting point is the creation of the building energy model in a simulation software,
in this case EnergyPlus [37] as it is one of the most widely used softwares for performing
energy simulations [38]. This software passed the BESTEST set by the ASHRAE 140
standard in 2004 [39,40] , and has a very active community of developers who continue
to make improvements to it to provide more capabilities while improving its accuracy.
In May 2022, its buildings database was upgraded to the 2020 version of ASHRAE 140
standard [41].

This energy model is based on a semi-detached house built in 2005. Figure 2 shows,
from left to right, an actual image of the building, together with the graphical representa-
tions of the model made in OpenStudio, one of the softwares that serve as the graphical
interface for EnergyPlus [42,43]. It is a two-storey detached house with four bedrooms,
two bathrooms and a toilet, living-dining room, kitchen and garage. It has a northeast—
southwest orientation and has a series of verandas and overhangs that protect the building
from solar radiation.

The use of this building has been considered appropriate because it was built before
the first Spanish technical building code and, specifically, is based on the NBE-CT-79
standard. Based on this, two models were made to comply with the technical building
codes of 2013 and 2019, since they are the ones that include significant changes focused on
obtaining buildings with nZEB criteria. Table 1 shows some of the significant aspects that
differentiate each of the energy codes.
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Figure 2. Semi-detached house under study. Real image and OpenStudio representation.

As a summary of the evolution of building regulations in Spain, the energy code (NBE-
CT-79) was based on obtaining a value that expressed an overall transmittance coefficient,
called the K-value, which is the weighted average of the thermal transmittance of each
element of the thermal envelope as a function of its surface area. Some thermal envelope
values were limited according to their climatic zone, so the K-value had to be below certain
limits. In 2006, the technical building code was approved, eliminating this K-value and
increasing the thermal transmittance requirements for each of the envelopes. Two new
criteria have been added: limitation of primary energy consumption, both total and from
non-renewable sources; and limitation of energy demand. In this case, Table 1 shows
these parameters for the 2013 technical code instead of the 2006 version, as the latter is
less demanding.

Finally, the current energy standard in force in Spain, the 2019 technical building
code, implemented significant changes with respect to the previous ones. The limitation
of energy consumption was eliminated, focusing on its control. The characteristics of
the envelope were further limited and new aspects related to solar control in summer
and the envelope air-tightness at 50 Pa were added. The K-value was also restored with
limits depending on the compactness of the building, so that compact buildings with
reduced overall transmittance are encouraged. The minimum contribution percentages
of renewable energies to cover DHW demand were also increased. Although there is still
room for improvement, the overall treatment of the different aspects of the building means
that buildings designed to this standard can be considered nZEB buildings, as will be seen
in their energy and comfort performance in Section 3.

The initial building energy model is based on the information about the real building
as it was built. Thereafter, this model was modified to comply with the technical building
codes CTE-DB-HE 2013 and CTE-DB-HE 2019, as if they were energy retrofittings of the
real building. Since EnergyPlus does not have modules to certify that a given design
complies with Spanish energy regulations, the process of creating the models involves the
use of other software to provide us with the necessary information on the modifications
to be made to these models to comply with the different Spanish energy regulations. This
software is a plugin of Openstudio, the SG-Save [44] . The initial model takes into account
the characteristics of the as-built building, which are modified and validated with SG-Save
to comply with the two Spanish technical building codes, the CTE-DB HE 2013 and the
CTE-DB HE 2019.
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Table 1. Differences between the Spanish technical energy codes.

NBE-CT- CTE-DB- CTE-DB-
79 HE 2013 HE 2019 Unit
[14] [45] [17]
Limitation of primary energy consumption @
-Non-renewable primary energy limit - 90 38 kWh/m? year
-Total primary energy limit - - 76 kWh/m? year
Limitation and control of energy demand (?)
-Energy demand heating limit - 47 - kWh/m? year
-Energy demand cooling limit - 15-20 - kWh/m? year
Characteristics of the building envelopes (facades, roofs, etc.) ()
-Walls and floors in contact with outside air 1.2-1.4 0.6 0.41 W/m?2 K
-Ceilings in contact with outside air 0.9 0.4 0.35 W/m? K
-Walls, floors and ceilings in contact with non-habitable spaces or with 1.6 0.6 0.65 W/m? K
the ground
-Dividing walls or interior partitions belonging to the thermal envelope 1.6 0.85-1.2 0.65 W/m? K
-Openings (frame, glass and, if applicable, shutter box) - 2.7 1.8 W/m? K
-Doors with semi-transparent surface equal to or less than 50% - - 57 W/m? K
-Horizontal interior partitions (same use) 14 1.2 1.2 W/m2 K
-Vertical interior partitions (same use) 1.8 1.2 1.2 W/m2 K
-Horizontal interior partitions (different use) 14 0.85 0.85 W/m? K
-Vertical interior partitions (different use) 1.8 0.85 0.85 W/m? K
-Air permeability of openings (100Pa overpressure) - 27 9 m3 /h - m?
-K-value limit as a function of building shape (compactness) 0.84-1.47 - 0.48-0.67 W/m?K
-Solar control of the thermal envelope (4) - - 2 kWh/m? month
-Limit value of the air change ratio at a pressure of 50 Pa ®) - - 6-3 ACH
Building use profiles
Schedules (setpoints, loads, ventilation, etc.) - (6) (7)
Contribution of renewable energies
Minimum annual solar contribution for DHW - 50 70 %

() Based on a 100 m? house. ? The CTE-2013 is based on the limitation of energy demand and the CTE-2019 on its
control. @ All values are for the city of Pamplona (climate D1 according to the Spanish technical code). ) Ability
to block solar radiation and involves the full activation of the mobile shading devices. Month of calculation: July.
® Depending on the compactness. More demanding the less compact. ) All values are defined by the Spanish
technical code. ?) Same schedules as in CTE-2013, except for the absence of 4 nighttime ACH in summer. This
avoids the possibility of free cooling in summer.

Table 2 shows the general differences between the three models developed. As can be
seen, the baseline energy model is very close to the CTE-DB-HE 2013 model. The year of
construction, 2005, is very close to the creation of the first version of the Spanish technical
building code (2006), so its construction characteristics are closer to that standard than to
the NBE-CT 79. Its modifications are mainly based on the increase of insulation in facades,
roofs and slabs-on-grade foundations; and on the replacement of window glazing beads,
which slightly decreases their permeability, slightly reducing the overall infiltration of
the building.

However, the CTE-DB-HE 2019 model does have significant changes with respect to
the other two models, since the current regulation aims to obtain buildings that achieve the
objectives set by the European Commission regarding the energy efficiency of buildings. In
addition, if they follow the requirements of the CTE-DB-HE 2019 in terms of new buildings,
they are considered nZEB buildings in Spain.
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Table 2. General characteristics of the Building Energy Models according to the different Spanish
technical building codes.

NBE-CT-79 CTE-DB-HE 2013 CTE-DB-HE 2019
Building Envelope
Facade: U value [W/m2K] 0.325 0.229 0.127
Roof: U value [W/m2K] 0.428 0.356 0.202
Slabs-on-grade foundations: U value [W/ m2K] 3.579 0.681 0.514
Windows: U-Factor [W/m?K] 2.3 2.3 1.1
Frame and divider: Frame conductance [W/m?2K] 4 4 1.8
Windows permeability (m?/h-m?) 50 27 9
Building systems
HVAC systems-Heating: Performance [%] 0.85 0.85 0.98
DHW Boiler: Performance [%] 0.85 0.85 0.98
Exterior air changes [Ventilation and infiltrations]
Natural ventilation [ach] 0.71 0.71 0.32
Mechanical ventilation with heat recovery 0 0 0.63
(performance 0.76-0.8%) [ach] :
Infiltrations [ach] 0.6 0.5 0.21
Renewable energies
Solar collectors contribution [%] - - 76.7

Regarding the building envelope, not only was the thermal transmittance of the
fagades, roofs and slabs-on-grade foundations significantly decreased, but also the glazing
and window frames were modified to reduce both the U-value of the glazing and the
conductance of the window frames, reducing their permeability. As for the building’s
HVAC systems, the boiler was replaced with a more efficient one and solar thermal col-
lectors were installed to reduce the energy demand for domestic heat water (DHW). No
changes were made to the cooling system since the demand is not significant due to the
weather of the site (Pamplona). Regarding air exchange between a building and the outside
environment, there are two aspects to take into account: ventilation (natural or mechanical)
and infiltrations. The NBE-CT 79 and CTE-DB-HE 2013 models have natural ventilation
in their spaces, while the CTE-DB-HE 2019 model has a heat recovery unit that makes it
possible to take advantage of the thermal energy of the air (heating or cooling), which
means significant savings in its energy demand. All these actions contribute to reducing
the overall infiltration of the building (air changes per hour-ACH), which reduces the
energy demand to comply with the consumption limits established by the Spanish technical
building code.

Finally, another key aspect of any nZEB building is the reduction of energy consump-
tion due to the production of energy from renewable sources in or near the building itself.
In the case of the CTE-DB HE 2019 model, it has solar thermal collectors that provide 76.7%
of the annual DHW demand. However, as will be explained in Section 3 , this contribution
will not be taken into account in the results since the comparisons between the models are
made only for heating and cooling, without taking into account DHW energy demand,
since its energy demand is the same for the three models.

2.2. Weather File Creation

The second aspect of the analysis method is the creation of the weather files, with
which we will perform the simulations. As shown in Figure 1, three types of weather
files will be used: typical meteorological year (TMY), actual meteorological year (AMY)
and future weather scenarios based on the Intergovernmental Panel on Climate Change
(IPCC) [46,47]. As Bhandari et al. point out, each of these weather files should be selected
based on the purpose, location, and engine used in the simulation [48].

Typical meteorological year files represent the weather at a location over a given period
of time without taking into account extreme weather conditions. They are used to check
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the performance of buildings under standard conditions, to obtain energy performance
certificates, etc. In this case, the weather used is the one established by the Technical
Building Code (CTE) for the place of the case study (Pamplona, Spain), which corresponds
to D1 weather.

Actual meteorological year (AMY) files are specific to a given location and time
period. They are produced using data from actual weather stations located in or around the
building, and can even be obtained by interpolating data from other nearby weather stations.
The latter option is often used by external data providers (third-party weather companies).
This type of file takes into account what has happened at a particular place and time, so it
includes information regarding unusual weather events that have occurred, such as heat
and cold waves. They are used to calibrate building energy models, calculate utility costs
and energy bills, study the actual performance of HVAC systems, etc. [49]. In this case study,
the weather files are developed from the data of the weather stations of the Government of
Navarra [50] and using the EnergyPlus auxiliary program, weatherconverter. Ten years
have been chosen, from 2010 to 2020, which represent to some extent the onset of the
climate change we are experiencing, as they include several hot and cold waves [51,52].
They also provide climate continuity with the IPCC future weathers (2020 to 2100).

Finally, future weather files that take into account the different climate change sce-
narios. Three tools are currently available to generate such files [53]: the CCWeatherGen
tool, developed by Jentsch et al. in 2013 [54]; the WeatherShift tool, which is a collaborative
project of Arup North America Ltd (Arup) and Argos Analytics LLC [55]; and the Me-
teonorm software [56,57], which allows access to typical meteorological years and historical
time series, as well as modifying weather files based on global climate models according to
the IPCC Fourth Assessment Report (AR4-2007).

The CCWeatherGen tool, initially only valid for UK weather files, was later adapted to
the whole world (CCWorldWeatherGen). Using a Microsoft Excel sheet, the weather file in
*.epw format (EnergyPlus weather) was transformed into a future weather file through a
morphing methodology that allowed us to obtain future weather files for the years 2020,
2050 and 2080 [54,58]. The WeatherShift™ tool is based on the representative concentration
pathway emission scenarios (RCP4.5 and RCP8.5) of the IPCC fifth assessment report (AR5-
2015). However, it generates weather files for cities near Madrid and Barcelona (in the case
of Spain), quite far from Pamplona, the city under study. The Meteonorm software allowed
us to process weather files from 2020 to 2100 every 10 years for any location in the world.
They are based on three future emissions scenarios—B1, A1B and A2—in order of weather
severity. The Bl scenario is based on world population growth peaking mid-century, with
rapid changes in economic structures towards a service and information economy; the A1B
scenario assumes very rapid economic growth, a world population similar to Bl and rapid
introduction of new, more efficient and balanced technologies using all energy sources;
and the A2 scenario describes a very heterogeneous world with high population growth,
slow economic development and slow technological change [59]. Due to its versatility and
ease of use, it was the tool used for the generation of future weather scenarios in this study.
Twenty-seven weather files are generated, nine for each climate change scenario (B1, A1B
and A2 in order of climate severity), at 10-year intervals, from 2020 to 2100.

2.3. Simulation and Variables under Study

Once the building energy models and weather files to be used were defined, the next
step of the methodology was the selection of the results to be analyzed. The results to be
analyzed were energy (total, heating and cooling) and comfort levels; the former to analyze
the impact on energy consumption of the requirements for a building to be considered nZEB
according to the Spanish technical building code, and the latter to measure the performance
of this type of buildings with regard to climate change. Whereas energy consumption is
simple to measure (kWh/m? year), the measurement of user comfort can depend on many
variables, as highlighted in the introduction (see Section 1).
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As explained above, two main comfort models are available, the steady state model or
heat balance and the adaptive comfort model. The Spanish technical building code does
not consider the adaptive comfort model, but establishes, for example at residential level,
limits for the temperature set-points at which users are supposed to be comfortable. The
quantitative drawback of the adaptive model is that it does not provide information on
the user’s degree of comfort, but rather on his or her ability to adapt thanks to the outside
environment. EnergyPlus has different modules for measuring user comfort (Fanger, Pierce
Two-Node, Kansas State University Two-Node, ASHARE 55, etc.). Among them, the Fanger
steady-state method was chosen because it allowed us to establish different comfort levels
in the whole possible comfort-discomfort range. This facilitates the measurement of the
degree of improvement or worsening of buildings with nZEB criteria in terms of comfort
levels, where the “neutral” level is the desirable level as opposed to the extreme levels of
“hot” and “cold”.

With all these data, it was possible to analyze the performance of buildings with nZEB
criteria to climate change.

3. Results

Figure 3 shows the energy consumption results of the HVAC systems for the different
models, taking into account all the weather scenarios described in Section 2.2. The DHW
consumption of the models has not been taken into account in the plots since it is the same
consumption for the three Spanish energy codes, although it is true that the CTE-DB HE
2019 model, in addition to having a higher efficiency boiler, has solar thermal collectors to
reduce the DHW energy demand, specifically more than 75% of the energy required. It was
decided not to add this consumption in order to highlight the differences that depend on
the thermal envelope, since it is the envelope that is responsible for user comfort, which
will be analyzed later in Figures 4-9.

The structure of Figure 3 is based on three bar charts, from top to bottom: total energy
consumption, heating consumption and cooling consumption in kWh/m? year. As can be
seen, the predominant consumption in Pamplona is heating, with cooling consumption
being around 8.5% on average with respect to heating [for NBE-CT-79 and CTE-DB HE
2013 models]. Each color represents a model, with brown-sienna corresponding to the
NBE-CT-79 model, gray to the CTE-DB HE 2013 model and dark green to the CTE-DB
HE 2019 model. The weather scenarios are ordered from left to right as follows: the first
one is the typical normative weather of the Spanish technical building code, in this case
corresponding to climate zone D1 (similar to typical meteorological year-TMY); followed
by ten real weather events of Pamplona from 2011 to 2020 (actual meteorological year-
AMY), in which the background has been shaded to facilitate their analysis; and finally,
the weather scenarios developed with the Meteornorm v7 software taking into account
the IPCC considerations for climate change scenarios B1, A1B and A2 (in order of weather
severity). They have been grouped by years, from 2020 to 2100.

As can be seen, the CTE D1 regulatory weather is similar to the real weather from 2011
to 2020, being one of the most demanding in terms of heating and therefore less severe in
terms of cooling. However, what is really remarkable from the consumption graphs is the
important difference between the NBE-CT-79 and CTE-DB HE 2013 models versus the CTE-
DB HE 2019 model (an average of 84.36%). As explained in Section 2.1, this model complies
with the requirements of the CTE-DB HE 2019 for new buildings, being considered by
the Spanish regulations an nZEB building. The requirements of this standard make the
building robust to the great weather variability of the years (2011 to 2020). The models of
the previous technical building codes reproduce in their consumptions the weather changes
with oscillations in their total consumptions of up to 30.9 kWh/m? year compared to
5 kWh/m? year of the CTE-DB HE 2019 model. This proves that nZEB buildings not only
substantially reduce their consumption but are also prepared to deal with weather changes
and are therefore robust.
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Figure 3. Energy consumption [Total, Heating, Cooling] taking into account, typical meteorological
year, actual meteorological year and future weather scenarios (IPCC).

Regarding future weather scenarios, all graphs show a logical trend—global warming
causes a decrease in heating consumption and an increase in cooling consumption. How-
ever, the change in total consumption is more noticeable in the NBE-CT-79 and CTE-DB HE
2013 models, with oscillations of up to 23.67 kWh/m? year compared to 1.79 kWh/m? year
for the CTE-DB HE 2019 model. This variation appears to be larger for cooling consumption,
but this is due to the scales of the graphs (10 kWh/m? year versus 90 kWh/m? year for
heating). In summary, it can be concluded that nZEB buildings are better prepared for
climate change in terms of their energy consumption.

The next point to be analyzed is user comfort. Figures 4-9 show the comfort values of
the different models both for the CTE D1 normative weather scenario and the real weathers
from 2011 to 2020 (Figures 4-6) and for the future weathers taking into account the climate
change scenarios defined in the IPCC, in this case those corresponding to scenario A2

(Figures 7-9). Appendix A shows these same comfort graphs, but with the remaining
scenarios, A1B and B1.
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Figure 4. Comfort results taking into account the NBE CTE-79 standard and the Pamplona actual
meteorological years (AMY).
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Figure 6. Comfort results taking into account the CTE-2019 standard and the Pamplona actual
meteorological years (AMY).

Each of the figures is divided into three sections, from top to bottom, corresponding to
the NBE-CT-79, the CTE-DB HE 2013 and the CTE-DB HE 2019 Spanish technical building
codes. Each section has two views, since the bar diagram hides the results of the lower
height bars. The height of each bar corresponds to the hours in which the living spaces
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are in the same comfort category according to Fanger’s steady-state method [29,30]. Each
year has a total of 8760 h, hours in which the spaces are configured with users undertaking
a sedentary activity, with 1 “clo” of clothing and in which the temperature and relative
humidity depend on the conditions of the envelope and the outside conditions (weather).
Fanger established a temperature-based psychophysical scale to measure the degree of
comfort or discomfort of users, with the following thermal sensations: “cold”, “cool”,
“slightly cool”, “neutral”, “slightly warm”, “warm” and “hot”. What each bar shows is
the annual sum of hours in each comfort category for a given model in a given weather.
This facilitates the comparison of the comfort performance of the different models for the
different weathers analyzed.

As can be seen in the graphs in Figures 4-6, the comfort level behavior of the NBE-
CT-79 and CTE-DB HE 2013 models is similar, with a greater tendency towards “slightly
cool” thermal sensations, with mean values of hours: “slightly cool” = 3502 h, “neutral” of
5132 h and “slightly warm” of 26 h. In contrast, the CTE-DB HE 2019 model not only has
more hours of the year within the “neutral” range according to Fanger, with oscillations
from 4432 to 6077 h, but its temperature distribution is more well-balanced with means
of “slightly cool” of 2241 h and “slightly warm” of 926 h. It is true that there are hours
when there may be a slight overheating of the spaces, which corresponds to what has been
highlighted in Section 1; however, its overall thermal behavior is better in relation to the
other models.

In the case of the graphs in Figures 7-9, those corresponding to weathers that take
climate change into account, their behavior is similar. There is a greater range of hours in
the “neutral” classification of the NBE-CT-79 and CTE-DB HE 2013 models (5611-6437 h)
versus the CTE-DB HE 2019 model (5608-5991 h); however, the distribution of thermal
sensations is more well-balanced in the CTE 2019 model, with averages of “slightly cold”
hours of 1081 h and “slightly warm” of 1419 h, reducing the former by 57% and improving
the latter by up to eight times. It is likely that nZEB buildings will have higher cooling
consumptions in the future due to global warming; however, they will also have a more
well-balanced thermal behavior than the rest of the buildings without nZEB criteria.
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Figure 7. Comfort results taking into account the NBE CTE-79 standard and the Pamplona weather
file generated with Meteonorm based on the IPCC scenario (A2).

258



Buildings 2022, 12, 1755

~ 6000~

~5000 ~

~4000 ~

~3000

~2000 ~

~1000 ~

— — =N = =
O e - _ . ~ He . . p— o
N o - ~ o Warplot ot - = o @
o8 ¥3 o ~ o Neyp,2light| Wollwar™ aral™ - - o35 3o
NQ oW poO o _ ~ ~C Sligh) SUtray” Y Warm gty geut 00\ o\~ = - o8h 3N

NRR 3 5 8 Colg 00! tly cooy El pn oot 9 2588w N

I S~
& gaw

2090
2100

o
IS
—
~

Figure 8. Comfort results taking into account the CTE-2013 standard and the Pamplona weather file
generated with Meteonorm based on the IPCC scenario (A2).
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Figure 9. Comfort results taking into account the CTE-2019 standard and the Pamplona weather file
generated with Meteonorm based on the IPCC scenario (A2).

4. Discussion

One of the drawbacks of analyzing comfort in a building that follows the temperature
setpoints of the energy standard is that these setpoints are defined in terms of user comfort
ranges, so envelope retrofitting should only affect energy consumption and not comfort.
In fact, for the residential case, the Spanish technical building code establishes minimum
temperature ranges for winter of 17 °C from 23 h to 7 h and 20 °C from 7 h to 23 h; and in
summer, maximum temperature ranges of 25 °C from 15 h to 23 h and 27 °C from 23 h to
7 h; which means that out of the 8760 h of the year, the residential building is only in free
oscillation from 7 h to 15 h in summer. However, these values are lower (winter) and upper
(summer) limits, which do not correspond to Fanger’s “neutral” thermal sensation (the
desirable one), so the distribution of thermal sensations based on this scale not only gives us
information on which model has a greater number of hours in each comfort ranges, but also
on how it is distributed throughout the year, both at times when it is within the setpoint
temperature and when there are no limit values, the hours of free oscillation. As can be
seen in the results, although the analyzed building is within the setpoint temperatures most
of the year, its thermal behavior, directly related to the number of hours in each comfort
range, varies significantly among the different Spanish technical building codes, with the
CTE-DB HE 2019 being the one that achieves a building with a robust performance in the
face of climate change.

The global energy crisis we are experiencing is forcing countries to consider differ-
ent strategies to reduce their energy consumption and, therefore, reduce their energy
dependence. In the case of Spain, on 1 August 2022, Royal Decree-Law 14/2022 was
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approved, which temporarily modifies the temperature setpoints established in the energy
regulations [60]. New minimum winter temperature limits of 19 °C and maximum sum-
mer temperature limits of 27 °C have been established. The Royal Decree-Law estimates
that each degree of temperature increase or decrease represents an annual energy saving of
7%. However, user comfort does not understand this type of problem. As can be seen in
Section 3, buildings with nZEB criteria make it possible to maintain an adequate degree of
comfort for a longer period of time, with reduced energy consumption, being prepared for
this type of decisions as well as for climate change variations.

5. Conclusions

Nearly Zero Energy Buildings are proving to be one of the measures with the greatest
impact on the reduction of greenhouse gas emissions, as can be seen in the significant
reduction of their consumption. For this reason, their introduction in the building sector
is being promoted through mandatory regulations, as is the case of Spanish technical
building code. There is a multitude of research that analyzes this type of building in terms
of energy and even user comfort, although there are no studies that carry out both analyses
simultaneously and, above all, that take into account the variations that climate change
may entail in the future, as highlighted by Picard et al.: “Building performance and solar
energy system simulations are clearly undertaken with standardized weather files, which
do not generally take climate change into account.” [22].

This study analyzes all these aspects simultaneously in order to serve designers,
architects, engineers, etc. as a useful tool to show users and investors that the benefits
of this type of buildings are not only at the energy level but also at the comfort level,
both if we take into account the current weather and the possible consequences of climate
change. Often the interventions to be carried out to achieve this type of building have a
long payback period if they are analyzed taking into account only energy savings, which
sometimes prevents certain types of investments.

The main conclusions of the results obtained are described below:

e Energy savings of the different Spanish energy standards. There is a big difference
between housing built according to Spanish standards NBE-CT-79 and CTE-HE 2013,
versus the new construction criteria of the technical building code CTE-HE 2019 (an
average of 84.36%), which considers these buildings nZEB buildings;

®  Energy savings of nZEB buildings in relation to climate change. The study carried out
with current (2011 to 2020) and future (2020 to 2100) weather series shows that these
buildings are optimally adapted to both the meteorological oscillations of recent years
and the severity of the climate change scenarios defined by the IPCC;

e Adjustment of Spanish regulations to the nZEB criteria. The reduction of the thermal
transmittance of the envelopes, the increase in the performance of HVAC systems
and the control of air exchange thanks to the reduction of infiltrations and the use of
mechanical ventilation with heat recovery, have proven to be effective measures for
obtaining nearly Zero-Energy Buildings (nZEB);

e Comfort performance of nZEB buildings in the face of climate change. It is also
observed that this type of building is not only robust in energy terms, but when
analyzing user comfort, its performance is significantly superior by homogenizing and
balancing the distribution of thermal sensations in the spaces. This reduces the number
of hours with thermal sensations according to Fanger of “slightly cool”, increasing
the number of hours in both “slightly warm” and “neutral”. This is due to the greater
insulation and airtightness of the spaces in this type of building, which makes the
decrease or increase in temperatures when the air conditioning systems are turned off
more homogeneous and well-balanced, thus increasing the comfort time of the users.

In summary, nZEB buildings are a safe bet to reduce greenhouse gas emissions while
maintaining adequate comfort conditions and being able to adapt to climate oscillations,
both current and those predicted in climate change scenarios.
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6. Future Works

The comfort analysis used in this study is based on the steady state model or the
heat balance, and does not take into account the adaptive comfort due to its dependence
on the outside temperature. However, in a future study, both criteria will be analyzed
simultaneously, since the adaptive model allows the identification of which times of the year
are more critical, being able to subsequently measure comfort using the temperature-based
psychophysical Fanger scale. The objective will be to evaluate whether the measures taken
to obtain user comfort are cost-effective. Design decisions for the improvement of buildings
to ensure adequate comfort conditions throughout the year often involve oversizing the
facilities to respond to these critical moments. The quantification and evaluation of these
periods in terms of comfort will make it possible to optimize the design and use of facilities
subject to slight user discomfort.
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Appendix A. Comfort Analysis (IPCC Weathers)

Figures A1-A6 correspond to the user comfort results according to Fanger of the three
models (NBE-CT-79, CTE-DB HE 2013 and CTE-DB HE 2019) under the different climate
change scenarios established by the IPCC. Figures A1-A3 corresponds to scenario A1B and
Figures A4-A6 to scenario B1. How to interpret each of these graphs is explained in the
Section 3.

~ 6000

~5000 ~

~4000 ~

~3000 ~

~2000 ~

~1000

=
=== N =

og = ~ - o
N8R o - = o~ WapHot wol ' - - > 2R
S92 Fogs - - S~ Slighgy, M WalTh ar A —— 2539

o n o _ - . Ne, htry, W W krd \ _ _ o o
N < © o - Sli Utrg) War, ey eu’ 00\ A _ o o N

« c © «

] S 5 22 o Colg Coo ~''ghtly, coof m S\ig “5\'\9“‘\" SRS - B28g R
~ S © S 9 o N
NRZ =9 "
~ ~a N

Figure A1. Comfort results taking into account the NBE CTE-79 standard and the Pamplona weather
file generated with Meteonorm based on the IPCC scenario (1AB).
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file generated with Meteonorm based on the IPCC scenario (1AB).
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Figure A4. Comfort results taking into account the NBE CTE-79 standard and the Pamplona weather
file generated with Meteonorm based on the IPCC scenario (B1).
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Figure A5. Comfort results taking into account the CTE-2013 standard and the Pamplona weather
file generated with Meteonorm based on the IPCC scenario (B1).
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Abstract: It is of great theoretical and practical significance to optimize and improve the design
of rural human settlement units through system ecology analysis based on emergy evaluation
indices. From the perspective of system ecology, the rural living environment system is multivariate
and complicated, with strong correlations and obscure boundaries between levels. Therefore, the
definition of a rural human settlement unit in China is proposed in this research and can be divided
into three scales: the microcosmic scale, mesoscale, and macroscopic scale. This research adopted
a new method for the design of rural human settlement units by adopting emergy as a common
dimension in order to solve the problem of dimensionality disunity between resource environment
elements and society economy elements. Through the establishment of the static emergy analysis
model and dynamic emergy prediction model, qualitative and quantitative analysis approaches of
the rural human settlement unit were combined. According to the design orientations of industry-
invigorative, environment-friendly, and ecology-balanced, corresponding with production-living-
ecology integration, emergy evaluation indices including the emergy self-sufficiency ratio, emergy
investment ratio, net emergy yield ratio, environmental load ratio, and emergy sustainable indices
were calculated and predicted by means of system dynamics simulation. The dynamic emergy
prediction results showed that the emergy self-sufficiency ratio and emergy sustainable indices
basically presented a decreasing tendency, from 0.34 to 0.15 and from 0.76 to 0.57, respectively,
with the passage of time; the values of the emergy investment ratio, net emergy yield ratio, and
environmental load ratio basically presented an increasing tendency, from 2.13 to 2.78, from 1.66 to
2.12, and from 2.23 to 3.61, respectively, with the passage of time. In practice, the evaluation method
based on the emergy analysis of the technical strategies and spatial arrangements of the rural human
settlement unit can provide data support for designing standards, planning guidelines, and creating

constructional instructions for the rural living environment of China.

Keywords: emergy; production-living-ecology; human settlement unit; system dynamic; emergy

evaluation indices

1. Introduction

Since the new socialist countryside construction policy was proposed in China, local
governments have paid great attention to the construction of rural living environments
and have advanced fruitful pilot demonstration projects [1,2]. Thus, significant progress
has been made in terms of the urban development in rural areas and the construction
of new rural communities [3,4]. Since the strong promotion of local government was
the main approach to accelerate the pace of rural human settlement construction, we
found few research or reports in the academic sector [5]. Most of the research focused
on the relationship between human and land utilization [6]. The existing construction
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pattern blindly imitates the pattern of urban human settlement construction, which has
a lack of adequate scientific and specific guidance and leads to the relatively premature
advance of the construction practice process and a series of ecological issues [7,8]. The
grim situation of the rural ecological environment can be specifically summarized as the
disequilibrium utilization of natural resources, serious rural environmental pollution, and
the weak ecological awareness of rural construction.

In the human settlement research domain, urban human settlement as the research
object has been more popular than rural human settlement, and policy making, as the
research hotspot, has been seen as more interesting than construction design. Xue et al. [9]
conducted an analysis of the temporal and spatial changes in the suitability and charac-
teristics of urban human settlements in which the urban real human settlements index
and pseudo-human settlements index was proposed. These research results can help
decision-makers to identify the key factors influencing urban human settlements and make
better decisions. Musakwa [10] presented data on the land and spatially integrated urban
human settlements in strategic locations in South Africa. These data were used to facilitate
decision-making on the land reform of human settlements as well as requirements for land-
use management. Researchers of rural human settlements usually pay attention to three
major areas: spatial utilization [11,12], agricultural production [13,14], and economic activi-
ties [15,16]. In conclusion, most social scientists have considered rural human settlement
as a whole for qualitative results, other than hierarchic systems with explicit boundaries
and detailed energy/mass circulation. Hence, the application of system ecology analysis
and the conception of unitization for quantitative technical results should be considered in
further studies.

The purpose of rural living environment optimization is to solve the practical problems
facing human settlement quality and to provide reasonable territory design strategies and
technological update methods in order to promote the “beautiful countryside” construction
and the creation of a modern livable rural environment. “Promoting Beautiful Countryside”
means integrating ecological construction by vigorously conducting afforestation activities,
continuously improving the rural living environment, focusing on toilet upgrading and
garbage treatment, accelerating the long-term mechanism for household sewage treatment,
and building an ecological environment with a blue sky, green land, green mountains, and
clean water [17]. The key measures for realizing rural revitalization are also in connection
with the advanced and scientific design of rural human settlements, with strong maneuver-
ability in protecting the natural pastoral style, continuing the rural regional culture, and
elevating the quality of the rural living environment. Agricultural production, the living
habitat, and the ecological environment are the three important components of the rural
living environment system, among which there are mutualistic symbiotic relationships [18].
Present research on “production-living-ecological” are usually focused on the coupling
coordination analysis of rural space [19-21]. Although the “production-living-ecological”
concept contains research categories from different disciplines, it is necessary to combine
the production, living, and ecological systems for interdisciplinary research to propose
appropriate academic theories to guide the construction of rural human settlements and
living environments. A framework of water consumption prediction and optimal allocation
for “production-living-ecology” was put forward in the paper by Xu et al. [22]; taking the
Zhangye Basin as an example, the water consumption for “production-living-ecology” was
predicted and optimized in three scenarios: an economic development priority scenario, an
environmentally sustainable development scenario, and a conventional development scenario.
The work of Liao et al. [23] took the administrative village as the evaluation object, conducting
an evaluation system from the angle of “production-living-ecology” optimization, and the
ordered weighted average operator was introduced to weigh the functional potential of low-
slope hills in a cultivated land protection ecological protection preference and urbanization
development in Dali City. In another work, the value evaluation and classification model
of land use function was established by Zou et al. [24] in rural land use planning and man-
agement in China based on the function of “production-living-ecology”. The disunity of the
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evaluation system and the variableness of the evaluation criteria are common characteristics in
existing studies. Introducing common indices for quantitative evaluation based on the system
ecology theory for the “production-living-ecological” analysis of rural human settlement can
effectively remedy the disunity and variableness issue.

To study the relationship between the natural environment and human society, schol-
ars conducted quantitative research on the limited resources, considering energy as the
common scale, which is confined to the same form of energy analysis [25,26]. Different
types of energy are derived from different sources, where there is a fundamental difference
between energy quality and value. Thus, incomparability between different forms of en-
ergy occurred in the quantitative research on the sustainable development of the resource
environment and social economic system, defined as an organic community [27]. Emergy
analysis and evaluation is the core method of system ecology research [28]. Considering
the fact that different types and sources of energy possess different energy qualities, which
cannot be directly compared and calculated, Odum proposed the conception of “solar
emergy” as a metric to break through the barrier of different energy qualities in traditional
energy analytical methods [29]. Emergy creates a uniform dimension of energy flow, mass
flow, and information flow, providing a new perspective for the quantification of essential
data in the quantitative evaluation and understanding of the relevance of the resource
environment system and social economy system [30].

Research findings related to the emergy analysis of ecological systems recently concen-
trated on agricultural systems [31,32] and production, such as vegetable production [33],
crop production [34], and green tea production [35]. As for the rural human settlement
and living environment field, there are two research orientations: technical strategy and
cultural feature. A diachronic emergy method was proposed by Zhu et al. [36] to integrate
the social development model, social-ecological factors, and emergy assessment into the en-
vironmental history research framework. Some suggestions for the sustainable eco-tourism
model, eco-agriculture technology, and social-ecological integrated governance were es-
tablished. Methods for standardizing natural and economic inputs were developed by
Falkowski et al. [37] to allow for a more comprehensive evaluation of the system. Emergy
values for the transfer of traditional ecological knowledge, maintenance, and creation were
assessed at the individual and community levels. The findings highlighted the importance
of protecting the sustainability of knowledge transfer systems that produce traditional
ecological knowledge and developing a practical education system. Table 1 shows the
existing methods for comprehensive sustainability assessments with evaluation indicators
on rural human settlements.

Table 1. Existing methods for sustainability assessments with evaluation indicator comparisons.

Assessment Orientations Assessment Methods Assessment Goals
. . . Spatial planning and
Agricultural production [38] System dynamics [39] management [40]
Living habitat arrangement [41] Emergy analysis [42] Energy source utilization [43]
Ecological environment [44] Analytic hierarchy process [45] Cultural revitalization [46]

From the perspective of system ecology, the rural living environment system is mul-
tivariate and complicated, with strong correlations and obscure boundaries between all
levels of the system. Drawing lessons from the concept of a “unit”, with dual proper-
ties that are systematic and self-contained, the definition of a rural human settlement
unit of China was proposed which can be divided into three scales: the microcosmic
scale (courtyard unit), mesoscale (cluster unit), and macroscopic scale (village unit). En-
ergetic flow diagrams were drawn and the total energy inputs/outputs of each scale
were calculated through static emergy analysis. According to the design orientations of
industry-invigorative, environment-friendly, and ecology-balanced, corresponding with
production-living-ecology integration for different spatial arrangements and technical
strategies, respectively, emergy evaluation indices including the emergy self-sufficiency
ratio (ESR), emergy investment ratio (EIR), net emergy yield Ratio (EYR), environmental
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means of a system dynamics simulation. The technical framework of this research is shown
in Figure 1.
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Figure 1. The technical framework of this research.

2. Methodology
2.1. Conception and Hierarchy Division of the Rural Human Settlement Unit
2.1.1. Rural Human Settlement Unit with the Integration of Production-Living-Ecology

Itis necessary to establish a series of appropriate social organization patterns, metabolic
technology systems, and spatial layout frameworks to support and coordinate with the
sustainable development process of the rural human settlement. A “unit” is the result of the
conceptualization of this appropriate scheme [47]. A unit is a self-contained system with
clear boundaries, complete structure, proper scale, and specific function, which operates
independently. Moreover, the element configuration is function-oriented, and the elements
are mutually associated, interactive, and restrictive in a certain manner, forming an organic
and orderly integrated unit. The most important feature of the unit is hierarchical, indicat-
ing that a smaller-scale unit is generally subordinate to a larger-scale unit, and the existence
of a minimum unit that cannot be divided [48].

Due to the accelerating urbanization process in recent decades, the decline of the coun-
tryside has become an unavoidable objective reality, leaving dilapidated village houses and
facilities as well as deserted farmland. Based on this, the government has been vigorously
promoting the mergence and relocation of the villages, causing a great change in the rural
human settlement form in China. In addition, capital injection has also led to unprece-
dented diversity in the form and substance of the countryside, such as the emergence
of leisure and sightseeing agricultural parks and agricultural residences integrated with
enterprises [49]. On the other hand, the inherent attribute that determines the potential
scale hierarchy of the unit can be as small as a single courtyard or as large as a whole village.
For this reason, unitary construction is the most appropriate analyzing approach for the
classification, organization, and conceptualization of rural human settlements. Different
from highly industrialized and globalized cities, rural areas are closely related to the local
geography, climate, culture, and resource environment, which are so diversified that they
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cannot be summarized by applying a standardized formula. The unitary construction of
rural human settlements means that on the basis of universal research, strategies must
be generated according to the actual conditions, which is the realistic pathway necessary
to implement the sustainable development of rural human settlements and the living
environment [50].

Unitization is the ecological strategy frame of the rural human settlement. Based
on the role definition mentioned above, rural areas must adopt innovative production-
living-ecology integration strategies to reduce their dependence and impact on the local
environment. The most effective and direct mode is to establish each functional unit accord-
ing to ecological principles and minimize or even eliminate the input of resources/energy
and the output of waste through complementary symbiosis and integrated coordination
among elements in the unit. In this interaction mechanism, the unit of the smallest scale
(basic unit) with a relatively simple structure still needs external material transport and
waste elimination. The main function of the smallest scale unit is to satisfy the requirement
of people’s activities in the unit. As the collection of the smallest scale units, the unit of
intermediate scale with better functional characteristics needs to not only satisfy the require-
ment of people’s activities but also improve the overall operational efficiency of the unit
and reduce the input and output of external substances. The largest scale unit consists of
intermediate scale units with various functional patterns and complementary relationships,
which can reasonably achieve self-sufficiency to the maximum extent, completely handle
self-generated waste, and realize independence.

According to the current investigations of the rural living environment, this research
selected and trimmed statistical data from the 2017-2020 yearbook of China, including
natural information (altitude, water resources, solar radiation, air temperature, precipita-
tion, etc.), economy information (GNP, tourist income, investment, energy consumption,
etc.), social information (demographic change, salary income, social goods and services
consumption, etc.), and ecological information (construction land change, water and soil
loss, waste emission and disposal, etc.), to establish the typical rural human settlement
unit model of China. Considering the circulation mode of mass and energy among the
agricultural production, living habitat, and ecological environment, with different em-
phasis, the rural human settlement unit can be divided into three scales on basis of the
“unitization” conception (Figure 2). The hierarchy division of the rural human settlement
unit is according to the ecological self-circulation radius; the radius of the macroscopic
scale is 6.25 km, which is approximately the village scale, then the mesoscale scale and
microcosmic scale are defined by the rural living habitat radius, respectively [51].

e  Microcosmic scale (courtyard unit)
e  Mesoscale (cluster unit)
e Macroscopic scale (village unit)

¥y ¥ o
R e
A Q1 HAR AR

)

N~ N V;

(b) ()

Figure 2. Schematic diagram of the hierarchical division of the rural human settlement unit. (a) Court-
yard unit; (b) Cluster unit; and (c) Village unit.
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2.1.2. The Hierarchy Division of the Rural Human Settlement Unit

(1) The element composition and system circulation of the microcosmic scale (courtyard unit)

The courtyard unit is the basic unit of life and production. Since the planting area is
relatively small, fertilizer can be supplied from the biogas residue generated by the biogas
digester. Scattered planting and breeding provide food for people, and agricultural waste
such as the remaining stems and leaves can be utilized as fodder for poultry and livestock.
The feces of poultry and livestock along with the organic refuse and fecal waste generated
by people are the raw materials put into the biogas digester; water resources are mainly
from external transportation and rainwater collection. The water resources from external
transportation should experience a step utilization process, while the water resources
from the rainwater collection can be used as domestic water in daily life and planting
water. Eventually, the water resources will flow into the sewage purifier for filtration
before gradually seeping into the underground. The energy demand includes electric
energy and heat energy; electricity resources are mainly from external transportation and
photovoltaic power generation. Through the fermentation of the household biogas digester
and the continuous flow of nutrients, biogas can be continuously obtained for cooking and
a solar water heater can provide hot water for daily washing. The energetic flow diagram
according to the element composition and system circulation of the courtyard unit is shown
in Figure 3.

Photovoltaic power

Figure 3. Energetic flow diagram of the courtyard unit.

(2) The element composition and system circulation of the mesoscale (cluster unit)

The cluster unit consists of several courtyard units. In addition, the cluster unit
contains large areas of agricultural production space, road transportation infrastructure,
and public space outside the living area. Centralized agricultural production activities such
as crop planting and livestock breeding can be engaged in the agricultural production space.
Feces from the centralized breeding along with the organic refuse and fecal waste generated
by people are collected and discharged into the biogas field for biogas, biogas residue,
and biogas slurry production through fermentation. Part of the biogas is directly supplied
to the dwellers for cooking, and the other part is transferred to the biogas generator as
raw material and converted into electricity. The biogas residue and biogas slurry are
then returned to the farmland as fertilizer. The domestic sewage is discharged into the
constructed wetland through a sewage network, which can not only purify the water source
but also create a public leisure landscape in the unit. The impounding reservoir collects
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and stores rainwater within a certain range in the cluster unit as water for agricultural
plating and greening, which can save a large part of the water resources. The energetic flow
diagram according to the element composition and system circulation of the cluster unit is
shown in Figure 4.

Figure 4. Energetic flow diagram of the cluster unit.

(3) The element composition and system circulation of the macroscopic scale (village unit)

Compared with the cluster units, the village unit is larger in scale, more diversified
in production factors, and has great differences in spatial form. In this unit, the living
community is formed by high-density residential areas in which the agricultural production
space basically does not exist. The agricultural production space in the form of a modern
agriculture park owns plenty of biomass resources, due to its main responsibility of large-
scale planting and breeding along with its partial tourism and manufacturing function.
Meanwhile, a medium-sized biogas field and biogas generator are not capable of meeting
the requirements of human settlement, so a multifunctional biogas factory is selected
for energy supplement. The circulation of the village unit consists of two systems: a
living system in the high-density community and a production system in the modern
agricultural park. The energetic flow diagram according to the element composition and
system circulation of the village unit is shown in Figure 5.
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Figure 5. Energetic flow diagram of the village unit.

2.2. Analytical Procedures of the Ecological Emergy Theory

Emergy refers to the past available energy use to measure the flow of matter or energy
into and out of a thermodynamic ecosystem account. It is the available solar energy
or the energy contained in solar concrete energy used directly or indirectly to provide
a service or product [29]. The unit of emergy is emjoule, to distinguish it from joule,
referring to the available energy of one kind consumed or produced in transformations. For
example, sunlight, fuel, electricity, and human services can be put on a common basis by
expressing them all as the emjoules of solar energy required to produce each one. Different
forms of energy contain different energy qualities, and energy conversion work plays a
dominant role in resolving the amount of emergy. The following two terms of integration
enable values that differ from other environmental accounting metrics: the “available”
portion of energy volume and the contribution of memory “indirect” energy transfers. The
thermodynamic basis of the emergy theory has a particular emphasis on the availability
of energy resources since availability determines the distance from the thermodynamic
equilibrium of the ecosystem under observation and thus the ability of the target system to
do work in relation to its surroundings.

2.2.1. Static Emergy Analysis Model

The emergy of a product or service can be calculated by the multiplication of an
inefficiency factor (named transformity) and the quantity of available energy input or
output. Hence, the total emergy can be obtained by the summation of the emergy value of
each transformation process, which is expressed by Equation (1):

En= f (E; - Try) @
i=1

where E;, represents solar emergy, E; is the energy or mass input and output, and Tr; is the
transformity referring to the specific emergy value of the input and output. Transformity
measures the quality of energy, which is the intensive unit of emergy. A higher transformity
indicates a higher location in the energy hierarchy chain. The unit of transformity is sej/unit
(J, kg, or g). The transformity value can be obtained from emergy databases and previous
research or it can also be derived from the global baseline. Thus, transformity becomes a
matter of the ecosystem components and a sort of property of energy simultaneously [52].
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The expression of the total emergy input of natural resources is as follows (Equation (2)):
I=R+N )

where R represents the emergy input of renewable natural resources and N represents the
emergy input of non-renewable natural resources. The expression of the total emergy input
of auxiliary resources is as follows (Equation (3)):

U=P+0 3)

where P represents the emergy input of non-renewable purchased resources and O repre-
sents the emergy input of organic resources. Then, the expression of total emergy input is
as follows (Equation (4)):

T=I1+U 4)

Researchers have conducted a large number of original studies to propose various
emergy evaluation indices for assessing the sustainability of the system or products accord-
ing to the emergy concept. Odum established the definition of emergy evaluation indices,
named the emergy self-sufficiency ratio (ESR), emergy investment ratio (EIR), net emergy
yield ratio (EYR), environmental load ratio (ELR), and emergy sustainable indices (ESI) [53].
These emergy evaluation indices are defined as follows (Equations (5)—(9)):

I

ESR = =
SR == ©)
ESR is generally applied to analyze and evaluate the external exchange as well as the
economic development level of the system. A higher value of ESR indicates more abundant
internal resources, a stronger self-sufficiency capacity, and a weaker external exchange

capacity of the system.

EIR = % (6)

EIR is also known as the ratio of economic emergy to environmental emergy, which is
applied to measure the economic development level and the environmental stress of the
system. A higher value of EIR indicates a higher economic development level and less
dependence on the natural environment of the system.

Y
EYR = — 7
= )
where Y is the total emergy output of the system.

EYR is adopted for measuring the ability of production processes to exploit internal
resources. This indicator also shows the amount of gross emergy required in order to
maintain the production. The higher the EYR value, the greater the return obtained from
the emergy contributed to the system.

u+N
L= UEN) ®)
R

ELR reflects the pressure of production activities on the internal environment due to
the excessive exploitation of internal non-renewable resources and/or investment from the
external environment compared with renewable resources. The higher the ELR value, the
more environmental pressure and negative impacts the system has.

EYR
ESI= 2o )

ESI is the ratio of EYR to ELR, measuring the pressure on the internal environment,
the ecological sustainability, and the net benefit to the society of the system. The system is
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U: Total emergy input of auxiliary resources

not sustainable with an ESI value of less than 1 and is moving toward a more sustainable
direction with an ESI value between 1 and 10. The sustainability of the system is profound
when the ESI value is greater than 10.

2.2.2. Dynamic Emergy Prediction Model

The formulas of the system dynamics model are from the combination of mathematical
expressions which accurately describe the relationship among the factors in a system.
Figure 6 shows the system dynamics causal relationship diagram of the rural human
settlement unit. According to the influencing factors that affect the emergy evaluation
indices, simplified as U (total emergy input of auxiliary resources), R (emergy input of
renewable natural resources), and Y (total emergy output), and the influencing logic
(dynamics causal relationship), this study adopted system dynamics simulation software
Vemsim to edit the system dynamics formulas of the rural human settlement unit with
different design orientations for the variation tendency prediction of the emergy evaluation
indices (2021-2035).

R: Emergy input of renewable natural resources

) | Domestic waste recovery rate
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Figure 6. System dynamics causal relationship diagram of the rural human settlement unit.

The technical strategies and spatial arrangements of three design orientations, namely,
ecology-balanced, industry invigorative, and environment-friendly, were set for the com-
parative analysis of the variation tendency prediction of the emergy evaluation indices.

e  Ecology-balanced design orientation

The principle of ecology-balanced design orientation is to achieve a highly adaptive,
coordinated, and unified state through energy flow, material circulation, and information
transfer between people and the environment within a certain period of time. When rural
human settlement units attain equilibrium, the relationship among each composition inside
of the system maintains a certain proportion. The input and output of energy and materials
tend to be equal for a comparatively long time, and the structure and function are relatively
stable. In addition, the system can return to the initial state through self-regulation when
interfered with from the outside, according to the concept of sustainable development.

(1) Technical strategies

The technical strategies of ecology-balanced design orientation are identical to the
technical strategies of the initial settings for static emergy analysis. In the courtyard
unit, technical strategies include a biogas digester, solar water heater, photovoltaic panel,
sewage purifier, and rainwater collector; in the cluster unit, technical strategies include a
medium-sized biogas field, small-sized biogas generator, constructed wetland with sewage
concentrated disposal functions, and impounding reservoir for rainwater collection; and
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in the village unit, technical strategies include a biogas factory, wetland landscape, and
impounding reservoir.

(2) Spatial arrangements

The spatial arrangements of ecology-balanced design orientation are identical to the
spatial arrangement of the initial settings for static emergy analysis. In the courtyard
unit, spatial arrangements include roof planting, facade planting, courtyard planting, and
courtyard breeding adjacent to the biogas digester; in the cluster unit, spatial arrangements
include a centralized living area (courtyard units) surrounded by agricultural production
space, a medium-sized biogas field combined with small-sized biogas generator adjacent
to centralized breeding, and a public space consisting of constructed wetland and a leisure
square; and in the village unit, spatial arrangements include a living area (cluster units)
adjacent to a wetland landscape, away from large-scale breeding, combined with a biogas
factory and modern agricultural park adjacent to the manufacturing infrastructure.

e Industry invigorative design orientation

The principle of industry invigorative design orientation is to maximumly exploit
the potential of rural human settlement units regarding landscape design, crop planting,
livestock breeding, energy manufacturing, tourism development, and the service industry,
enhancing the efficiency and speed of the internal energy flow. The main purpose of
the design orientation is to realize the maximum emergy output. Of course, this design
orientation will also lead to an increase in the utilization rate of non-renewable resources
and the emission of pollutants.

(1) Technical strategies

The technical strategies of the industry invigorative design orientation are more
suitable for agricultural-related production. Compared with the technical strategies of
ecology-balanced design orientation, technical strategies are added that include automatic
irrigation with more electric power consumption in the courtyard unit, a wind power
generator for energy supply in the cluster unit, and geothermal energy utilization for
leisure tourism and investment attraction in the village unit.

(2) Spatial arrangements

Compared with the spatial arrangements of ecology-balanced design orientation, roof
planting, facade planting, and courtyard planting are replaced with greenhouse planting
adjacent to buildings in the courtyard unit; the public space consisting of a constructed
wetland and leisure square is replaced with distributed sewage disposal in the cluster unit;
and the modern agricultural park adjacent to the manufacturing infrastructure is replaced
with a modern agricultural park combined with a manufacturing infrastructure adjacent to
leisure tourism in the village unit.

e  Environment-friendly design orientation

The principle of environment-friendly design orientation is to establish a positive
interactive relationship between people and the environment. The core objective of the
design orientation is to regulate the production and consumption activities inside of the
rural human settlement unit within the ecological carrying capacity and environmental
capacity limitations, formulating critical feedback mechanisms of effective control of the
production and consumption activities through the quality and state variation of the eco-
logical environment elements. By analyzing the mechanism and pathway of the metabolic
waste flow generation and discharge especially, this design orientation tends to effectively
monitor the whole process of production and consumption activities. Multiple measure-
ments are then adopted in order to reduce the amount of pollution production, ultimately
realizing harmless pollution and lowering the adverse impact on the external ecological
environment system.

(1) Technical strategies

The technical strategies of the environment-friendly design orientation are more
suitable for environmental protection. Compared with the technical strategies of the
ecology-balanced design orientation, the technical strategy sewage purifier is replaced with
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geothermal heating in the courtyard unit; the small-sized biogas generator is replaced with
solar power generation in the cluster unit; and the wetland landscape is eliminated in the
village unit.

(2) Spatial arrangements

Compared with the spatial arrangements of ecology-balanced design orientation, roof
planting and facade planting are eliminated in the courtyard unit; the leisure square is
eliminated in the cluster unit; and the manufacturing infrastructure is eliminated in the
village unit.

The dynamic variation tendency prediction of the emergy evaluation indices of the
rural human settlement then can be applied in the following aspects: On the one hand, the
dynamic emergy evaluation indices prediction can assist designers to analyze approaches
to improve the energy efficiency levels by assessing the suitability under different design
orientations, while on the other hand, the dynamic emergy evaluation indices prediction can
assist administrators and developers to formulate a reasonable scheme for both economic
and environmental benefits.

3. Results and Discussions
3.1. Static Emergy Analysis of the Rural Human Settlement Unit
3.1.1. Static Emergy Analysis of the Courtyard Unit

(1) Emergy input and output of the courtyard unit

Table 2 shows the emergy input and output of the courtyard unit in 2020. The emergy
input consisted of renewable natural resources (R), non-renewable purchased resources
(P), and organic resources (O). The total emergy input value was 4.30 x 10'° sej, in which
the R input, P input, and O input accounted for 53.67%, 33.80%, and 12.53%, respectively.
The emergy output consisted of planting, breeding, and photovoltaic power. The total
emergy output value was 5.77 x 10 sej, in which the planting output, breeding output,
and photovoltaic power output accounted for 30.94%, 66.03%, and 3.03%, respectively.

Table 2. Emergy input and output of the courtyard unit.

Item Raw Data Unit Tran.sforr.mty Solar E{nergy
(sej/Unit) (sej)

Sunlight 2.30 x 10'® ] 1 2.30 x 10'®

Renewable natural resources (R) Rain chemical 3.68 x 10° ] 3.05 x 10* 1.12 x 101

Rain potential 4.77 x 107 ] 4.70 x 10* 2.24 x 102

Total 231 x 10%®

Construction 3.50 x 103 $ 3.40 x 1012 119 x 10

Maintenance 2.00 x 102 $ 3.40 x 1012 6.80 x 101

H 2 12 15

Non-renewable purchased resources (P) ]liqulpmentA . 5.80 x 10 $ 340 x 1012 197 x 1013
Municipal electricity 60.40 $ 3.40 x 10 2.05 x 10

Municipal water 16.30 $ 3.40 x 10'2 5.54 x 10'2

Total 1.46 x 10'°

Organic resources (O) Labor force 7.45 x 108 ] 7.24 x 10° 5.39 x 105

Total input 4.30 x 10'®

Bean 5.49 x 10° ] 6.90 x 10° 3.79 x 10'%

Vegetable 1.35 x 101 ] 8.30 x 10* 1.11 x 10%°

Planting (Y) Fruit 2.54 x 10° ] 5.30 x 10° 1.35 x 101°

Potato 1.96 x 1010 ] 8.30 x 10* 1.63 x 10%°

Total 1.79 x 101

Pork 6.38 x 10° ] 4.00 x 10° 2.55 x 10'®

Beef 1.73 x 10° ] 4.00 x 10° 6.92 x 10'®

9 6 15

Breeding (Y) Poultry 212 x 10 J 1.70 x 106 3.60 x 1014
Dairy 412 x 108 I 2.00 x 10/ 8.24 x 10

Egg 6.31 x 108 J 2.00 x 10° 1.26 x 10%°

Total 3.81 x 10

Others (Y) Photovoltaic power ~ 1.06 x 1010 ] 1.65 x 10° 1.75 x 10'%

Total output 5.77 x 10'®
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(2) Emergy evaluation index calculation of the courtyard unit

As can be seen from Table 3, the EIR value of the courtyard unit was 86.34%, indicating
that the exploitation and utilization level of the natural resources of the unit at the microcosmic
scale was comparatively low. The courtyard unit still depended on the construction and
production facilities of urbanization and industry. Thus, the growth space of this evaluation
index was relatively large in terms of ecological and self-sufficient development goals. The
EYR value was 289.48%, which means that the emergy output of the unit itself was capable
of compensating for the purchase of emergy and gaining emergy profit. Few manpower
resources with high emergy value were invested in this unit except for the maintenance of
buildings, equipment, and facilities, reflecting the acceptable production efficiency of the
ecosystem. The ELR value was at an absolutely low level of 86.34%; the consumption of
environmental resources and emission of wastes and pollutants were well regulated, and
the environment loads lay in a secure range. The ESR value was 53.67%; on the one hand,
the natural resources in this rural human settlement unit were relatively abundant, and the
resource base and security level for economic development were comparatively high. On the
other hand, this index also reflected the current situation of the insufficient emergy purchasing
power of the recycling system under the goal of self-sufficiency. The ESI value was 3.35, with
powerful renewability and the promising prospect of sustainable development.

Table 3. Emergy evaluation index calculation of the courtyard unit.

Item Value
Emergy input of renewable natural resources (R) 231 x 106
Emergy input of non-renewable natural resources (N) —_—
Total emergy input of natural resources (I) 2.31 x 1016
Emergy of non-renewable purchased resources (F) 1.46 x 1010
Emergy input of organic resources (O) 5.39 x 10'°
Total emergy input of auxiliary resources (U) 1.99 x 10
Total emergy input (T) 4.30 x 10
Total emergy output (Y) 5.77 x 1016
Emergy self-sufficiency ratio (ESR) 53.67%
Emergy investment ratio (EIR) 86.34%
Net emergy yield ratio (EYR) 289.48%
Environmental load ratio (ELR) 86.34%
Emergy sustainable indices (ESI) 3.35

3.1.2. Static Emergy Analysis of the Cluster Unit

(1) Emergy input and output of the cluster unit

Table 4 shows the emergy input and output of the cluster unit in 2020. The emergy
input consisted of renewable natural resources (R), non-renewable natural resources (N),
non-renewable purchased resources (P), and organic resources (O). The total emergy input
value was 1.34 x 10 sej, in which the R input, N input, P input, and O input accounted for
36.57%, 0.97%, 45.82%, and 16.64%, respectively. The emergy output consisted of planting,
breeding, and biogas energy. The total emergy output value was 1.81 x 1019 sej, in which
the planting output, breeding output, and biogas energy output accounted for 53.59%,
41.26%, and 5.15%, respectively.
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Table 4. Emergy input and output of the cluster unit.

Item Raw Data Unit Tran§for@ity Solar E{nergy
(sej/Unit) (sej)
Sunlight 4.84 x 108 ] 1 4.84 x 10'8
Renewable natural resources Rain chemical 2.01 x 10'2 ] 3.05 x 10* 6.13 x 106
(R) Rain potential 423 x 1010 ] 4.70 x 10* 1.99 x 10%°
Total 490 x 108
Non-renewable natural Net topsoil loss 7.56 x 1011 ] 1.7 x 10° 1.29 x 1017
resources (N)
Construction 1.05 x 10° $ 3.40 x 10'2 3.58 x 1018
Maintenance 7.31 x 10* $ 3.40 x 10'2 2.49 x 107
Non-renewable Equipment 6.80 x 10° $ 3.40 x 102 2.31 x 10'8
purchased resources (P) Municipal electricity 9.74 x 10? $ 3.40 x 102 3.31 x 10*
Municipal water 5.82 x 102 $ 3.40 x 1012 1.98 x 10%
Total 6.14 x 10'8
Organic resources (O) Labor force 2.93 x 101 J 7.24 x 10° 2.23 x 108
Total input 1.34 x 10"
Bean 4.78 x 101 ] 6.90 x 10° 3.30 x 10'7
Vegetable 6.52 x 1011 ] 8.30 x 10'° 5.41 x 10
Fruit 1.09 x 10" ] 5.30 x 10° 5.78 x 10%©
Planting (Y) Potato 1.96 x 102 ] 8.30 x 10* 1.63 x 1017
Corn 8.36 x 1012 ] 4.90 x 10° 4.10 x 10'8
Wheat 9.73 x 10'2 ] 5.10 x 10° 4.96 x 10'8
Oil plant 5.14 x 1010 ] 6.90 x 10° 3.55 x 10'®
Total 9.70 x 108
Pork 1.02 x 102 ] 4.00 x 100 4.09 x 108
Beef 5.68 x 101! ] 4.00 x 10° 227 x 1018
Breeding (Y) Poultry 435 x 10191 ] 1.70 x 102 7.40 x 101:
Dairy 8.26 x 10 ] 2.00 x 10 1.65 x 10
Egg 1.77 x 101 ] 2.00 x 10° 3.54 x 107
Total 7.47 x 108
Others (Y) Biogas energy 5.65 x 1012 J 1.65 x 10° 9.32 x 107
Total output 1.81 x 10"

(2) Emergy evaluation index calculation of the cluster unit

As can be seen from Table 5, the EIR value of the cluster unit was 166.48%, indicating
that the exploitation and utilization level of the natural resources of the unit at the mesoscale
was distinctly higher than that of the unit at the microcosmic scale. Compared with the
courtyard unit, the dependency and the quantity demanded of the external resources were
lower. Generally speaking, the growth space of this evaluation index was still relatively
large in terms of ecological and self-sufficient development goals. The EYR value was
215.76%, lower than that of the courtyard unit. More manpower resources with high
emergy value were invested in this unit, mainly for the construction of the impounding
reservoir and the maintenance of the wetland. The ELR value was 170.84%, higher than that
of the courtyard unit. The consumption of environmental resources and emission of wastes
and pollutants were both strengthened, and the secure range of the environmental loads
was extruded. The ESR value was 37.53%, lower than that of the courtyard unit. On the one
hand, this was a reflection of the reduction in the natural resource utilization in this rural
human settlement unit; on the other hand, this index also indicated that in order to realize
the goal of self-sufficiency, the unit needed the supplement of external resources. The ESI
value was 1.26, which means that the renewability is lower than that of the courtyard unit,
therefore, internal resource utilization for the purpose of sustainable development should
be promoted.
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Table 5. Emergy evaluation index calculation of the cluster unit.

Item Value

Emergy input of renewable natural resources (R) 490 x 10'8
Emergy input of non-renewable natural resources (N) 1.29 x 10Y7
Total emergy input of natural resources () 5.03 x 10'8
Emergy of non-renewable purchased resources (F) 6.14 x 10'8
Emergy input of organic resources (O) 223 x 1018
Total emergy input of auxiliary resources (U) 8.37 x 1018
Total emergy input (T) 1.34 x 10"
Total emergy output (Y) 1.81 x 10"

Emergy self-sufficiency ratio (ESR) 37.53%

Emergy investment ratio (EIR) 166.48%

Net emergy yield ratio (EYR) 215.76%

Environmental load ratio (ELR) 170.84%

Emergy sustainable indices (ESI) 1.26

3.1.3. Static Emergy Analysis of the Village Unit
(1) Emergy input and output of the village unit

Table 6 shows the emergy input and output of the village unit in 2020. The emergy
input consisted of renewable natural resources (R), non-renewable natural resources (N),
non-renewable purchased resources (P), and organic resources (O). The total emergy input
value was 2.02 x 10%° sej, in which the R input, N input, P input, and O input accounted for
31.99%, 0.87%, 49.27%, and 17.77%, respectively. The emergy output consisted of planting,
breeding, biogas energy, processing product, and service. The total emergy output value
was 2.37 x 1020 sej, in which the planting output, breeding output, biogas energy output,
processing product output, and service output accounted for 31.14%, 46.20%, 2.66%, 7.51%,

and 12.49%, respectively.

Table 6. Emergy input and output of the village unit.

Ttem Raw Data Unit Transformity (sej/Unit) Solar Emergy (sej)
Sunlight 6.36 % 10 ] 1 6.36 x 10
Renewable natural resources (R) Rain chemical 3.32 x 103 ] 3.05 x 10* 1.01 x 10'8
Rain potential 4.64 x 10" ] 470 x 10* 2.18 x 101
Total 6.46 x 10"
Non-renewable natural resources (N) Net topsoil loss 1.02 x 108 ] 1.70 x 10° 1.74 x 108
Construction 1.42 x 107 $ 3.40 x 10'? 4.84 x 10"
Maintenance 8.95 x 10° $ 3.40 x 10'? 3.04 x 10%
Non-renewable purchased resources (P) Eﬁ“ipme“? . 840 x 10° $ 340 x 1012 285 x 101
Municipal electricity 2.73 x 10* $ 3.40 x 102 9.28 x 101
Municipal water 7.48 x 10° $ 3.40 x 102 2.54 x 101
Total 9.95 x 10
Organic resources (O) Labor force 4.96 x 1012 ] 7.24 % 100 3.59 x 10"
Total input 2.02 x 10%
Bean 6.57 x 1012 7 6.90 x 10° 453 x 108
Vegetable 8.05 x 1012 ] 8.30 x 10* 6.68 x 107
Fruit 2.13 x 10'2 ] 5.30 x 10° 1.13 x 108
Planting (Y) Potato 424 x 101 ] 4.90 x 10° 2.08 x 10"
Corn 5.10 x 10'? ] 1.48 x 10° 7.55 x 107
Wheat 8.67 x 1013 ] 5.10 x 10° 442 x 10"
QOil plant 2.03 x 10% ] 8.30 x 10* 1.68 x 10'8
Total 7.38 x 10"
Pork 1.71 x 1013 ] 4.00 x 10° 6.85 x 10
Beef 8.95 x 10'2 ] 4.00 x 10° 3.58 x 10"
Breeding (Y) Poultry 4.35 x l():: ] 1.70 x 10° 7.40 x 107
Dairy 1.05 x 10 J 2.00 x 10° 2.09 x 107
Egg 2.12 x 102 ] 2.00 x 10° 4.24 x 108
Total 1.09 x 10%
Biogas energy 3.83 x 101 ] 1.65 x 10° 6.32 x 10!
. Processing product 5.24 x 10° $ 3.40 x 10'? 1.78 x 10%
Others (Y) Service 8.71 x 106 $ 3.40 x 1012 2.96 x 10"
Total 5.37 x 10"

Total output

2.37 x 10%

(2) Emergy evaluation index calculation of the village unit
As can be seen from Table 7, the EIR value of the village unit was 204.16%, indicating
that the exploitation and utilization level of the natural resources of the unit at a macroscopic
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scale continuously increased. Compared with the courtyard unit and cluster unit, the
dependency and the quantity demanded of external resources continuously decreased. In
other words, the growth space of this evaluation index was even larger in terms of ecological
and self-sufficient development goals. The EYR value was 174.98%, lower than that of
the courtyard unit and cluster unit. The proportion of manpower resources purchased
continuously increased, mainly for the construction of manufacturing facilities and the
management of tourism. The ELR value was 212.36%, higher than that of the courtyard
unit and cluster unit. The environmental loads became heavier because of the increasing
consumption of environmental resources and the emission of wastes and pollutants. The
ESR value was 32.88%, lower than that of the courtyard unit and cluster unit, which
indicates that it was impossible to realize the goal of self-sufficiency. Lastly, the ESI value
was 0.82, which means the danger of unsustainability was emerging in this unit.

Table 7. Emergy evaluation index calculation of the village unit.

Item Value

Emergy input of renewable natural resources (R) 6.46 x 107
Emergy input of non-renewable natural resources (N) 1.74 x 108
Total emergy input of natural resources (I) 6.63 x 107
Emergy of non-renewable purchased resources (F) 9.95 x 10
Emergy input of organic resources (O) 3.59 x 10
Total emergy input of auxiliary resources (U) 1.35 x 1020
Total emergy input (T) 2.02 x 10%
Total emergy output (Y) 237 x 102

Emergy self-sufficiency ratio (ESR) 32.88%

Emergy investment ratio (EIR) 204.16%

Net emergy yield ratio (EYR) 174.98%

Environmental load ratio (ELR) 212.36%

Emergy sustainable indices (ESI) 0.82

3.2. Dynamic Emergy Prediction of the Rural Human Settlement Unit
3.2.1. Dynamic Emergy Prediction Model Verification

This research adopted a historical data verification method for the dynamic emergy
prediction model verification. The fractional error between the simulation value and the
actual value was the validation criteria for whether the model passed the historical data
verification. When the fractional error is smaller than 10%, the model can be considered as
passing the verification. The fractional error is expressed as the following Equation (10):

(10)

where ¢ denotes the fraction error; t denotes the year of the simulation; and k denotes the
variable attributes. When k = 1, the variable is ESR; k = 2, the variable is EIR; k = 3, the
variable is EYR; k = 4, the variable is ELR; k = 5, the variable is ESI; S denotes the simulation
value; and A demotes the actual value.

Considering the availability of the historical data, the ESR, EIR, EYR, ELR, and ESI
of 2017-2020, calculated from the emergy data, were selected as the historical data to be
compared with the simulation data of the village unit for the verification of the prediction
model (Table 8). The results showed that the maximum fractional error between the actual
historical data and the simulation data of the village unit was 8.96%, which is within the
acceptable range. In view of the scientific reliability of the prediction model certifiably passing
the verification process, the dynamic emergy evaluation indices prediction was proven to be
capable of reflecting the development tendency of the rural human settlement unit.
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Table 8. Dynamic emergy prediction model verification.

Item Year Simulation Value Actual Value Fractional Error
2017 0.38 0.36 5.56%
ESR 2018 0.36 0.34 5.88%
2019 0.35 0.34 2.94%
2020 0.33 0.33 0%
2017 1.97 1.92 2.60%
EIR 2018 2.02 1.95 3.59%
2019 2.05 2.01 1.99%
2020 2.08 2.04 1.96%
2017 1.74 1.7 2.35%
2018 1.75 1.72 1.74%
EYR 2019 177 175 1.14%
2020 1.78 1.75 1.69%
2017 1.99 1.86 6.99%
2018 2.05 1.98 8.59%
ELR 2019 2.14 2.07 3.38%
2020 2.31 212 8.96%
2017 0.75 0.79 5.06%
EsI 2018 0.76 0.79 3.80%
2019 0.77 0.81 4.94%
2020 0.8 0.8 2.44%

3.2.2. Dynamic Emergy Evaluation Index Prediction

The dynamic emergy evaluation indices prediction results of the rural human settle-
ment are shown in Figure 7 (the village unit, for instance). The ESR values of the ecology-
balanced design orientation of the rural human settlement unit were higher than those
of the industry invigorative design orientation and lower than those of the environment-
friendly design orientation. Because of the maximum avoidance of the external resource
input from the manufacturing infrastructure, the initial ESR values of the environment-
friendly design orientation were higher than those of the other two design orientations.
The ESR values presented a decreasing tendency with the passage of time, indicating that
the self-sufficiency abilities decreased with the gradual maturity of the development of
tourism. In addition, the requirements for external resources and exchange activities with
the external environment were also increasingly enhanced.

The EIR values of the environment-friendly design orientation of this unit were
higher than those of the ecology-balanced design orientation and lower than those of
the industry invigorative design orientation. The rural human settlement unit of the
industry invigorative design orientation developed the internal resources for tourism and
manufacturing infrastructure to the maximum so it was necessary to reinforce the monetary
and manpower resource investment with regard to the investment attraction, publicity,
and ancillary facility construction. According to the above reasons, the initial EIR values
of the industry invigorative design orientation were higher than those of the other two
design orientations. The EIR values basically presented an increasing tendency with the
passage of time, indicating that with the increasingly enhanced emergy output abilities, the
proportions for infrastructure construction, maintenance, and operation investments were
also heightened.

The EYR values of the ecology-balanced design orientation of this unit were higher
than those of the environment-friendly design orientation and lower than those of the indus-
try invigorative design orientation. The currency revenue of the tourism and agricultural
processing industry was the main emergy growth point, therefore the initial EYR values
of the industry invigorative design orientation were higher than those of the other two
design orientations. The EYR values basically presented an upward trend with the passage
of time, indicating that with the development of society and the progress of technology,
more efficient energy utilization modes and more reasonable spatial arrangements of the
unit assisted the improvement of the capacity for emergy output.
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Figure 7. Dynamic emergy evaluation indices prediction of the village unit. (a) ESR prediction;
(b) EIR prediction; (c) EYR prediction; (d) ELR prediction; and (e) ESI prediction.
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The ELR values of the ecology-balanced design orientation of this unit were higher
than those of the environment-friendly design orientation and lower than those of the
industry invigorative design orientation. The damage to the external environment of the
rural human settlement unit of the industry invigorative design orientation was mainly
from the investment attraction and ancillary facilities construction in the full life cycle, so
the initial ELR values were higher than those of the other two design orientations. The
ELR values basically presented an increasing tendency with the passage of time, indicating
that the external resources input in the early stage of development was the direct cause,
resulting in the increase in the emergy emission to the external environment. The growth
rates of the ELR values would decline from 2026 to 2031, which means that the construction
pace in this period would have slowed down, releasing the external environmental pressure
to a certain extent. The growth rates of the ELR values would then rise again after 2032,
indicating that the production accumulation and external emergy output in the early stage
of development, coupled with possible population growth and the improvement of living
standards, would lead to the increase in pollutant emissions in the next stage. With the
expansion of the industrial scale, the negative impact of the rural human settlement unit on
the external environment would be continuously strengthened in the forecastable future.

The ESI values of the industry invigorative design orientation of this unit were higher
than those of the environment-friendly design orientation and lower than those of the
ecology-balanced design orientation. The ESI values basically presented a downward trend
with the passage of time, and the curve roughly corresponded to the curve of the ELR.
The decline rates of the ESI values would decrease from 2026 to 2031 and rise again after
2032. At the macroscopic scale of the rural human settlement unit, both the initial and
final values of the ESI with different design orientations in the prediction interval were
lower than the critical value (ESI = 1) of sustainable development. However, decreasing ESI
values do not represent decreasing sustainability. Due to the constant improvement of the
unit in the early stage, the internal emergy would accumulate continuously, which would
become the intrinsic driving force for the sustainable development of the system. Although
the ESI value would eventually approach zero in the forecastable future, the sustainable
development capacity of the rural human settlement unit would not decrease, tending to
dynamic equilibrium.

It is of great theoretical and practical significance to optimize and improve the design
of rural human settlement units through system ecology analysis based on the emergy
evaluation indices. Theoretically, this research proposed a new method for the design of
rural human settlement units by adopting emergy as a common dimension in order to
solve the problem of dimensionality disunity between environmental resource elements
and society economy elements. Through the establishment of the static emergy analysis
model and dynamic emergy prediction model, the qualitative and quantitative analysis
approaches of the rural human settlement units were combined, expanding the application
scope of system ecology and the emergy theory. In practice, the results of this study have
important application value for the formulation and implementation of the ecological and
sustainable rural development strategy in China. The evaluation method based on the
emergy analysis of the technical strategies and spatial arrangements of the rural human
settlement unit can provide data support for designing standards, planning guidelines, and
creating constructional instructions for the rural living environment of China.

4. Conclusions
This study drew the following conclusions:

(1) This research creatively proposed the concept of the rural human settlement unit
of China, based on the ecological circulation characteristics of the rural living envi-
ronment, which can be divided into three scales: the microcosmic scale (courtyard
unit), mesoscale (cluster unit), and macroscopic scale (village unit). Three design
orientations, namely, the industry invigorative, the environment-friendly, and the
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ecology-balanced, of the rural human settlement unit were provided, corresponding
with the integration of production-living-ecology.

(2)  The results of the static emergy analysis indicated that the ESR, EYR, and ESI values
of the rural human settlement units at a smaller scale were higher than those at a
larger scale, while the EIR and ELR values of rural human settlement units at a smaller
scale were lower than those at a larger scale.

(3) The results of the dynamic emergy prediction indicated that the ESR values of the
environment-friendly rural human settlement unit > those of the ecology-balanced
unit > those of the industry invigorative unit; the EIR values of the industry invigora-
tive unit > those of the environment-friendly unit > those of the ecology-balanced unit;
the EYR values of the industry invigorative unit > those of the ecology-balanced unit
> those of the environment-friendly unit; the ELR values of the industry invigorative
unit > those of the ecology-balanced unit > those of the environment-friendly unit;
and the ESI values of the ecology-balanced unit > those of the industry invigorative
unit > those of the environment-friendly unit. In addition, the ESR and ESI values
basically presented a decreasing tendency from 0.34 to 0.15 and from 0.76 to 0.57,
respectively, with the passage of time; the EIR, EYR, and ELR values basically pre-
sented an increasing tendency from 2.13 to 2.78, from 1.66 to 2.12, and from 2.23 to
3.61, respectively, with the passage of time.
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