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Abstract: This study aims to evaluate the energy-saving potential of passive solar heating systems
in diverse global climates and introduce a new indicator, the passive solar heating indicator (PSHI),
to enhance the efficiency of building designs. By collecting climate data from 600 cities worldwide
through a simulation model, the present study employs polynomial regression to analyze the impact
of outdoor temperature and solar radiation intensity on building energy savings. It also uses K-means
cluster analysis to scientifically categorize cities based on their energy-saving potential. The findings
underscore the benefits of both direct and indirect solar heating strategies in different climates.
Significantly, the PSHI shows superior predictive accuracy and applicability over traditional indices,
such as the irradiation temperature difference ratio (ITR) and the irradiation degree hour ratio (C-
IDHR), especially when outdoor temperatures are close to indoor design temperatures. Moreover, the
application of a cluster analysis provides hierarchical guidance on passive heating designs globally,
paving the way for more accurate and customized energy-efficient building strategies.

Keywords: passive heating; passive heating indicator; Trombe wall; solar radiation intensity

1. Introduction
1.1. Motivation

Reducing energy consumption and carbon emissions from buildings is pivotal in
addressing the challenges of global energy usage and climate change. A data report [1]
indicates that buildings account for 35% of worldwide energy consumption and about one-
third of total carbon emissions. Specifically, during the heating season, the building sector
consumes approximately 20% of primary energy and 23% of electricity [2–7]. In response,
the development and implementation of zero-carbon building solutions, especially those
that incorporate solar heating technologies, have become essential in achieving energy
efficiency and emission reduction objectives [8–13].

Numerous scholars have focused on researching active solar heating systems (ASHSs)
and passive solar heating systems (PSHSs) to reduce building heating energy consump-
tion [14,15]. Unlike ASHSs, which use mechanical equipment such as solar water heaters
and air heating systems, PSHSs operate without additional energy, attracting significant
research and practical interest [16,17]. During the initial stages of architectural design,
assessing the solar energy resources at the site is crucial to predict a PSHS’s energy-saving
effects and determine the suitability of a direct-benefit (PSHS-d) or indirect-benefit (PSHS-
in) system. China’s solar resource zoning standards [18] divide the country into several
regions according to solar radiation intensity; however, this standard does not account for
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the impact of the temperature difference between the indoor heating design temperature
and the outdoor average temperature on heating energy efficiency. Setting an indoor heat-
ing temperature means that if external temperatures are lower, the greater indoor–outdoor
temperature difference will increase heat loss and require more energy to maintain indoor
warmth. Consequently, in regions with high heating needs, using solar energy to heat
indoor air can significantly reduce energy consumption. To address this need, indices like
the ITR [19] and C-IDHR [20] were developed. The ITR categorizes regions empirically
based on the ratio of the average solar radiation facing south during the coldest month to
the temperature difference between the indoor heating design temperature and the outdoor
average temperature. The C-IDHR is calculated by dividing the solar radiation intensity
by the temperature difference when outdoor temperatures fall below the indoor design
temperature. While these indices are useful, further exploration is needed to address the
following issues:

1. When outdoor temperatures are close to the indoor design temperature, does the
method of calculating energy efficiency by dividing solar radiation intensity by the
temperature difference remain effective?

2. Do the energy-saving potentials of direct-benefit (PSHS-d) and indirect-benefit (PSHS-
in) systems consistently align?

3. Is there a more scientific and effective method to delineate the energy-saving potential
zones of PSHSs?

Therefore, developing an efficient method to refine the passive solar heating indicator
(PSHI) is essential for accurately assessing the energy-saving potential of PSHSs in build-
ings across various regions. This study aims to refine the indicator for passive heating
potential by simulating the heating energy savings achievable in buildings across 600 cities
worldwide, thus creating an extensive database for polynomial regression analysis. It
designates outdoor temperature and solar radiation intensity as independent variables and
building energy savings as the dependent variable. This approach aids in establishing a
relational equation between the PSHI and these crucial variables. Finally, this study uti-
lizes K-means cluster analysis to categorize cities based on their PSHI, providing valuable
insights for designing passive heating systems in buildings.

1.2. Literature Review

This study sheds light on the process of evaluating and grading the energy-saving
potential of passive solar heating systems (PSHSs). Traditionally, solar radiation intensity
has been recognized as a pivotal factor in gauging the efficiency of PSHSs. In China,
existing building standards provide a methodical approach for analyzing the feasibility
of solar energy use in buildings, and newer regulations [18] have introduced a system of
solar energy zoning based on the accessibility of solar radiation resources. As a result, this
measure has become integral in assessing the efficiency of PSHSs.

Nevertheless, recent advancements in design practices, especially in the creation of
efficient PSHSs that do not rely on external heat sources, have shifted the focus toward the
combined impacts of solar radiation and temperature differences [21,22]. This approach
evaluates solar heating effectiveness by considering both solar irradiation levels and the
differential between indoor and outdoor temperatures, referred to as the ITR. Building on
this concept, Meng et al. [14] have developed the C-IDHR, which uses an hour-by-hour
accumulation strategy to classify regional solar heating potential.

Polynomial regression (PR) models have become indispensable in predicting and
optimizing the performance of complex systems across various fields of scientific
research [23–27]. In the realm of environmental engineering, multivariate polynomial
regression (MPR)-based models have proven effective in delivering rapid and accurate
predictions for systems such as dew point cooling (DPC) by utilizing comprehensive data
analyses [28]. Furthermore, PR models have demonstrated their capability in accurately
predicting the energy value conversion from poultry waste, paving the way for innovative
biomass energy conversion solutions [29].
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The application of PR models extends beyond environmental engineering and en-
ergy sectors, finding relevance in areas such as marketing and water management [30,31].
Notably, research [32] has shown that integrating PR models with K-means clustering
significantly improves the precision of predictions concerning pipeline failures in water
supply networks. K-means clustering has also been effectively applied in various fields, in-
cluding the classification of industrial accidents [33], water pollution [34], urban waste [35],
and building sub-zoning [36], further exemplifying the versatility and effectiveness of these
analytical tools.

1.3. Scientific Originality

The innovation lies in its methodical expansion to evaluate energy savings of PSHSs
across diverse climatic conditions in 600 cities globally, extending beyond the typical focus
on specific locations or climates to provide a global perspective.

Using polynomial regression with outdoor temperature and solar radiation as inde-
pendent variables enhances the connection between the PSHI and environmental factors,
thus improving the precision of energy-saving predictions.

The development of the PSHI enables us to uniquely identify performance differ-
ences between direct-benefit (PSHS-d) and indirect-benefit (PSHS-in) passive solar heating
systems across diverse climates. This innovation addresses existing gaps in accurately
assessing the efficacy of various systems.

Applying K-means cluster analysis to scientifically classify cities by their PSHI, we
can recognize and utilize urban diversity to tailor more precise PSHS applications.

1.4. Aims of This Research

This work is dedicated to thoroughly analyzing and refining passive heating strategies
by creating a polynomial regression model-based PSHI and methodically categorizing
these indicators through K-means clustering. Our goal is to dissect the temperature thresh-
olds critical for the efficacy of the PSHS-d, employing indicators to pinpoint the precise
temperatures at which passive heating yields substantial energy savings in diverse cli-
matic conditions.

We set out to model the interplay between the potential for energy savings in build-
ings and pivotal environmental variables, specifically temperature and solar radiation
intensity. This approach aims to elucidate the joint influence of these factors on passive
heating effectiveness.

Furthermore, our objective includes devising a passive heating potential indicator that
is responsive across a wider range of temperatures. This enhancement will facilitate a more
comprehensive evaluation of PSHSs in varied climatic scenarios.

The culminating aim of this research is to define the gradations of the PSHI and its
respective thresholds, grounded on empirical data. Through K-means cluster analysis, we
plan to scientifically classify cities based on their capacity for energy savings via PSHSs.
This structured classification will enable a targeted application of PSHSs, tailored to the
specific energy-saving potential of different urban environments.

2. Methodology
2.1. Source of Climate Data

This study harnesses climatic datasets from two pre-eminent sources widely recog-
nized in the realm of building performance simulation: the EnergyPlus Weather data [37]
and One Building database [38]. These sources are acclaimed internationally for their con-
tribution to building science research and their utility in practical applications, providing
comprehensive climate baseline data essential for energy simulations and performance
evaluations at every scale—from individual buildings to expansive urban areas.

Drawing on these reputable databases, climate data for over 600 cities across various
major geographic regions were meticulously compiled, as illustrated in Figure 1. This
dataset encompasses detailed hourly climate parameters for each city, including tempera-
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ture, humidity, and solar radiation intensity. These parameters are derived from long-term
observational records and are subject to strict quality control measures to ensure their
reliability and accuracy.
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Figure 1. Geographical distribution of studied cities across the global map.

The wide-reaching coverage and high precision of these datasets furnish a globally
representative and applicable base for analysis within this study. Through methodical
examination of these climate data, this study sets out to develop a novel model for gauging
the passive heating potential. This endeavor aims to provide a more accurate and practical
instrument for designing energy-efficient buildings, enhancing the ability to tailor building
designs to optimize energy savings and performance based on specific climate conditions.

2.2. Definition of Different Indicators of Solar Heating Potential
2.2.1. Equation Analysis of ITR Indicator

The ITR is a crucial metric for assessing building energy efficiency, especially regarding
PSHSs. Defined as the average daily solar radiation from the southern exposure divided by
the temperature difference between indoor and outdoor environments during the year’s
coldest month, the ITR is vital for optimizing natural light and heat. This period usually
sees the highest heating demands, and effective solar radiation utilization can significantly
lower energy needs. Architects and environmental engineers use the ITR in designing
energy-efficient buildings while ensuring thermal comfort. The ITR can be calculated using
Equation (1):

ITR =
Htvs,1min

Ta − To,1min
(1)

where Htvs,1min is the mean daily global solar radiation on the south surface in the coldest
month (Wm−2), Ta is the indoor base temperature (◦C), and To,1min is the mean daily
outdoor temperature in the coldest month (◦C). Ta − To,1min should be positive.

2.2.2. Equation of C-IDHR Indicator

The C-IDHR is a metric developed to evaluate the potential of solar heating. It
functions as a preliminary step to ascertain whether the temperature differential between
indoor and outdoor environments exceeds zero, a critical consideration before incorporating



Buildings 2024, 14, 1364 5 of 19

solar radiation values into the assessment. The formulation of the C-IDHR involves a series
of equations, specifically Equations (2)–(4):

IDHR =
HN,hp

HDHhp
(2)

HN,hp = ∑
hp
i=hps,1h HN,i × sign(15 − To,ih)

sign(15 − To,ih)

{
1, 15 − To,ih > 0
0, 15 − To,ih ≤ 0

(3)

HD Hhp = ∑hp
i=hps,1h (15 − To,ih)× (15 − To,ih) (4)

where HD ,hp is the cumulative hourly solar radiation value for the heating period (HP)
(Wm−2), and HD Hhp is the temperature difference between the indoor base temperature
and the outdoor air temperature.

2.3. Definition and Calculation of PSHI
2.3.1. Building Geometry

This research assesses the influence of PSHSs on the heating energy consumption of
buildings situated in diverse climatic zones. By conducting a simulation and analysis on
three distinct building models, this study illuminates the energy-saving capabilities of both
the PSHS-d and PSHS-in. Researchers frequently use an ideal room as a building model
to demonstrate the energy savings provided by PSHSs across various climates [39–42]. In
this context (as Figure 2 shows), Building A serves as the baseline model, with dimensions
of 4 m × 6 m × 3.4 m and a south-facing window-to-wall ratio of 0.3, replicating the
heating demand of a typical residential building. Building B, while maintaining the same
dimensions, features an increased window-to-wall ratio of 0.5. This adjustment aims to
explore the energy efficiency of the PSHS-d, highlighting the advantages of straightforward
and effective solar access [43–46]. Building C is designed to assess the efficacy of a PSHS-in,
incorporating a Trombe wall [47–50] to leverage its reliable thermal insulation properties.
Simulation experiments, employing accurate climatic data, were conducted to compare the
heating energy requirements under different PSHSs for these models.

Buildings 2024, 14, x FOR PEER REVIEW 6 of 20 
 

 

 
Figure 2. Model of simulated building. 

To guarantee the adaptability and precision of the models, particularly since a build-
ing’s winter heating demand is contingent on outdoor temperature, solar radiation, and 
specific building parameters like an envelope and PSHSs, this study utilized the ASHRAE 
Thermal Zoning Guidelines. These guidelines helped in selecting code-compliant enve-
lope materials for each model (as Table 1 shows), ensuring optimal building performance 
across various climates. Table 2 in this study meticulously outlines the interior health 
gains (such as equipment power, lighting power, and occupant density) and other param-
eters employed in the analysis. Figure 3 illustrates the tools used for the experiments. 

Table 1. Thermal conductivity of building exterior envelope used in experiment. 

Thermal Zone 
Component 

Exterior Wall Exterior Roof Exterior Window 
1 1.47 3.76 0.18 
2 2.17 4.64 0.22 
3 2.35 4.64 0.25 
4 2.88 5.52 0.32 
5 3.23 5.52 0.32 
6 3.58 5.52 0.34 
7 3.58 6.40 0.43 
8 4.81 6.40 0.50 

Table 2. Set-points of building models used in experiment. 

Parameter Description 
Internal heat gain Lighting: 8 W/m2; equipment: 5 W/m2 

People density 30 m2/per people 
Occupancy schedule 24 h per day throughout the year 

Temperature set-point for ideal air conditioning Heating: 18 °C 
Air infiltration Air flow per exterior surface area (m3/s·m2) = 0.00033 

Figure 2. Model of simulated building.

To guarantee the adaptability and precision of the models, particularly since a build-
ing’s winter heating demand is contingent on outdoor temperature, solar radiation, and
specific building parameters like an envelope and PSHSs, this study utilized the ASHRAE
Thermal Zoning Guidelines. These guidelines helped in selecting code-compliant enve-
lope materials for each model (as Table 1 shows), ensuring optimal building performance
across various climates. Table 2 in this study meticulously outlines the interior health gains
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(such as equipment power, lighting power, and occupant density) and other parameters
employed in the analysis. Figure 3 illustrates the tools used for the experiments.

Table 1. Thermal conductivity of building exterior envelope used in experiment.

Thermal Zone
Component

Exterior Wall Exterior Roof Exterior Window

1 1.47 3.76 0.18
2 2.17 4.64 0.22
3 2.35 4.64 0.25
4 2.88 5.52 0.32
5 3.23 5.52 0.32
6 3.58 5.52 0.34
7 3.58 6.40 0.43
8 4.81 6.40 0.50

Table 2. Set-points of building models used in experiment.

Parameter Description

Internal heat gain Lighting: 8 W/m2; equipment: 5 W/m2

People density 30 m2/per people
Occupancy schedule 24 h per day throughout the year

Temperature set-point for ideal air conditioning Heating: 18 ◦C
Air infiltration Air flow per exterior surface area (m3/s·m2) = 0.00033
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2.3.2. Polynomial-Based Regression Models

This study proposes the adoption of a polynomial regression model for the heating
energy saving potential indicator. This model is better suited to accurately depict the
complex nonlinear relationships between environmental factors—such as temperature and
solar radiation intensity—and the potential for energy savings in buildings.

Polynomial regression excels in managing nonlinear relationships, thereby effectively
establishing a correlation between environmental variables and the potential for building
energy savings. This method stands out for its simplicity and interpretability compared
to more complex models like neural networks, making it easier to identify critical factors
that influence energy-saving potential and to devise effective energy-saving strategies.
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The strength of polynomial regression lies in its ability to linearly relate to its coefficients,
gaining its versatility from the power to approximate functions through polynomials.

In light of the focus on two key environmental parameters, temperature and solar
radiation intensity, this study employs a binary polynomial regression model. This model
is characterized by the following equation:

y = β0 + β1x1 + β2x2 + β3x1
2 + β4x1x2 + β5x2

2 + β6x1
2x2 + β7x1x2

2 + · · ·+ ϵ (5)

Here, y is the dependent variable, x1 and x2 are the independent variables, β0, β1, . . .,
represent the model parameters, and ϵ denotes the error term.

This research aims to investigate eight distinct fitting scenarios to assess the energy-
saving potential of PSHSs comprehensively. These scenarios are categorized based on
two primary environmental factors: solar radiation intensity and temperature. For solar
radiation, this study will examine the impact of both southward-facing solar radiation
intensity and the total solar radiation intensity on the building’s passive heating potential.
Regarding temperature, the analysis will focus on two aspects: the average outdoor tem-
perature during the heating period and the differential between the indoor heating design
temperature and the average outdoor temperature.

2.3.3. Statistical Metrics for Analyzing Polynomial Fits

This study applies polynomial function fitting to delve into the energy-saving potential
of PSHSs within buildings. To quantitatively evaluate the effectiveness of the fit, this study
employs two statistical metrics: the coefficient of determination (R2) and the mean square
error (MSE). R2, which ranges from 0 to 1, is used to compare the goodness-of-fit among
various models, with values closer to 1 denoting a model’s enhanced capability to explain
the variability in the data. On the other hand, MSE quantifies the average of the squares of
the differences between the predicted and observed values, serving as an indicator of the
model’s prediction accuracy. Lower values of MSE are indicative of higher accuracy. The
calculations for R2 and MSE are as follows:

R2 = 1 − ∑(yi − ŷi)
2

∑(yi − y)2 (6)

MSE =
1
n
− ∑n

i=1(yi − ŷi)
2 (7)

where yi is the ith observed value, yi is the ith predicted value, y is the average of the
observed values, and n is the total number of observations.

2.3.4. Indicator Classification for K-Means-Based Cluster Analysis

In this investigation, the fitted polynomial model was employed to categorize passive
solar heating potential indicators through K-means cluster analysis. K-means is a type of
unsupervised learning algorithm that aims to enhance clustering quality by minimizing
the Euclidean distance, denoted as L. This method effectively groups samples with high
similarity into the same cluster, facilitating the analysis of data with inherent groupings but
without pre-labeled classifications.

The algorithm achieves this by dividing the dataset into k distinct clusters, where
k represents the predetermined number of clusters. It ensures that each data point in
the dataset is nearest to the centroid of its cluster. The centroid is essentially the center
point of a cluster, calculated as the mean position of all of the points in the cluster. This
process iteratively adjusts the positions of the centroids and the assignment of data points
to clusters until an optimal grouping is achieved, where the total intra-cluster variation (or
the sum of the Euclidean distances between the data points and their respective cluster
centroid) is minimized.
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The Euclidean distance, which is a measure of the straight line distance between two
points in Euclidean space, is defined by the following formula:

L = ∥x − mi∥ 2 (8)

mi =

(
1
n∑n

i=1 xi,
)

(9)

Here, x represents the data sample points, mi is the center of cluster i (centroid), n is
the number of data samples within cluster m.

In cluster analysis, evaluating the performance of clustering involves using metrics
such as the sum of squared errors (WCSS). WCSS measures the coherence of clusters by
calculating the sum of the squared distances between each sample and its cluster center,
essentially assessing each sample’s similarity to its cluster centroid and summing these
squared differences. A general principle is that as the number of clusters increase, WCSS
tends to decrease because the clusters become tighter, indicating a reduction in the disper-
sion among clusters. This relationship is captured in the following algorithmic expression:

WCSS = ∑k
i=1 ∑x∈Ci

L (10)

Here, k represents the number of clusters, Ci denotes the ith cluster, x signifies the
point within cluster i, and mi is the centroid of cluster Ci.

Initially, with an increase in the number of clusters, WCSS usually shows a downward
trend. However, after reaching a certain threshold, the decrease in WCSS begins to plateau,
indicating that adding more clusters does not significantly reduce the distance between the
points and their respective centroids.

To identify the optimal number of clusters, the elbow rule is applied. This involves
looking for an inflection point on the WCSS versus the number of clusters graph. Beyond
this inflection point, the rate of decrease in WCSS becomes less significant, creating an
“elbow” shape on the graph. Identifying this point helps ascertain the most appropriate
number of clusters for the dataset. Once the optimal number of clusters are determined,
the centroid of each cluster is calculated. The arithmetic mean of the centroids of adjacent
clusters in the one-dimensional feature space then becomes the threshold for distinguishing
between clusters.

3. Result and Analysis
3.1. Relationship between Energy-Saving Potential and Single Factors

This section delves into the energy-saving efficacy of both the PSHS-d and PSHS-in, ex-
ploring how various factors—outdoor temperature, the differential between indoor and out-
door temperatures, total solar radiation, and south-facing solar radiation—affect the poten-
tial for energy savings. The investigation reveals that, contrary to expectations, the distribu-
tion of data pertaining to the PSHS-d does not exhibit an inverse proportional relationship.

As illustrated in Figure 4, the colored dots represent the energy-saving potential at
each data point, with deeper colors indicating higher energy-saving potential and lighter
colors representing lower energy-saving potential. the correlation between building energy
savings and the average outdoor temperature showcases a parabolic trajectory. The apex of
energy savings is observed when the average outdoor temperature is around −0.6 ◦C. Below
this pivotal temperature, a decline in outdoor temperature corresponds with diminished
building energy savings, and conversely, an elevation in outdoor temperature also leads
to a reduction in savings. In regions with low temperatures, the solar energy captured by
the PSHS-d is insufficient to offset the heat loss at night. Conversely, in warmer regions
with lower heating demands, the PSHS-d does not yield significant energy savings. This
pattern is indicative of the PSHS-d’s approach to augmenting the window-to-wall ratio,
which enhances solar radiation absorption and aims to increase indoor temperatures during
daylight hours, thereby reducing the necessity for heating.
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However, the effectiveness of the PSHS-d in promoting energy savings is limited in
colder climates due to the augmented heat loss at night through windows. Despite their
role in facilitating solar gain, windows are not as thermally insulating as walls, leading to
greater energy loss in such environments. Conversely, in regions with higher temperatures,
the contribution of solar heating strategies to energy savings is negligible, given the already
low demand for heating in these areas.

3.2. Polynomial Fitting Results for Different Scenarios

In this comprehensive analysis, 70% of the data from 600 cities on heating energy
savings under the PSHS were used as the training set to develop the polynomial, and the
remaining 30% were used as the test set to verify the polynomial’s accuracy. This study
explores eight distinct scenarios, focusing on models that predict indoor temperatures for
both the PSHS-d and PSHS-in. These models take into account various factors such as the
average outdoor temperature, the difference between indoor and outdoor temperatures,
and the intensity of solar radiation. The PSHS-d covered in scenarios 1 through 4 highlights
the immediate effect of solar radiation. In contrast, the PSHS-in encapsulated in scenarios 5
through 8 may give more weight to the outdoor temperature.

The findings (as shown in Table 3) reveal that models based on the PSHS-in generally
achieve higher R2 values and a lower mean square error (MSE) across most scenarios,
pointing to superior predictive accuracy. This suggests that the PSHS-in is more effective
in capturing the nuances of how environmental factors influence indoor temperatures.
Nonetheless, it is noteworthy that scenarios 3 and 4, which are part of the PSHS-d, register
relatively lower R2 values and a higher MSE. This implies that in these scenarios, the effects
of the indoor–outdoor temperature difference and solar radiation intensity on predicting
indoor temperatures may not be as significant as the influence of other variables. Based on
R2 and MSE, the fitting models for scenario 1 and scenario 5 were chosen as the polynomial
model’s result.

Table 3. Comparative regression models for PSHS-d and PSHS-in across 8 scenarios.

Predictive Model R2 MSE

Scenario 1 y = −4.96 + 0.16Ta + 0.22SRIs − 0.01T2
a − 0.01TaSRIs 0.89 2.40

Scenario 2 y = −3.96 + 0.05Td + 0.13SRIs − 0.01T2
d + 0.01TdSRIs 0.87 2.40

Scenario 3 y = −2.25 + 0.17Ta + 0.06SRIt − 0.01T2
d 0.66 6.16

Scenario 4 y = −1.96 + 0.04Td + 0.03SRIt − 0.01T2
d 0.56 7.99

Scenario 5 y = 9.08 − 0.51Ta + 0.03SRIs 0.92 2.72
Scenario 6 y = 0.55 + 0.43Td + 0.01SRIs 0.91 2.86
Scenario 7 y = 9.00 − 0.51Ta − 0.01SRIt 0.91 2.74
Scenario 8 y = 0.38 + 0.45Td − 0.01SRIt 0.92 2.74

Scatter plots (Figure 5) serve as visual aids, offering an intuitive understanding of the
relationship between predicted values and actual observations. These plots are particularly
illustrative in the context of the PSHS-in, where the strength of the relationship between
predictions and actual indoor temperatures is clearly demonstrated. This visual evidence
reinforces the statistical findings, highlighting the PSHS-in’s enhanced ability to accurately
predict indoor temperatures based on the examined environmental factors.
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3.3. Comparison of ITR, C-IDHR, and PSHI
3.3.1. Global Distribution of Indicators

Utilizing equations to compute passive solar heating potential indicators like the ITR
and C-IDHR, this study paints a global picture of PSHSs’ potential on a world map (as
shown in Figure 6). The analysis employs quantitative metrics to evaluate the effectiveness
of PSHSs across diverse latitudes and regions, with darker colors on the graphs indicating
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superior heating outcomes. Each point of origin marks the lower value threshold for each
heating metric, providing a visual guide to the potential applicability of PSHSs worldwide.
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The ITR metric, which assesses the proportion of heat energy from solar radiation
relative to a building’s heating demand, highlights the effectiveness of passive solar heating
by considering solar radiation intensity and the indoor–outdoor temperature difference
during winter. Areas near the equator show higher ITR values, benefiting from intense
solar radiation and minor temperature differences, signaling effective heating capabilities
in these regions.

In contrast, the C-IDHR metric focuses on direct solar radiation heating hours, exclud-
ing periods when outdoor temperatures rise above the indoor heating design temperature.
This metric suggests that areas with high C-IDHR values are those where direct solar
radiation is prevalent and temperatures remain below 18 ◦C. However, lower C-IDHR
values at approximately 20◦ latitude indicate that despite favorable ITR conditions, the
effectiveness of solar radiation for heating is reduced when daytime outdoor temperatures
exceed the indoor heating design threshold.

The PSHI-d evaluates the direct utilization of solar radiation for heating. Notably,
regions above 40◦ N latitude are highlighted as particularly suitable for the PSHS-d due to
favorable climatic and solar radiation conditions. Yet, areas above 60◦ N face limitations
under extreme winter conditions, aligning with findings from previous studies [46]. The
difference lies in that this study extends over a broader range of areas and shows that
from a baseline of 40◦ N, decreasing latitude corresponds with rising temperatures, while
increasing latitude leads to colder temperatures and more pronounced attenuation of the
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PSHI-d. In high-latitude, low-temperature regions, the solar energy captured by the PSHS-d
is insufficient to offset the heat loss, so the PSHS-d is not recommended in those regions.

Moreover, the PSHI-in demonstrates a close correlation with latitude. Darker shades
near the North Pole and lighter shades toward the equator reflect the impact of the PSHS-in,
which focuses on enhancing thermal insulation for improved heat retention and utilization
of solar radiation in colder climates. Consequently, colder regions exhibit higher PSHI-in
values, emphasizing the significance of building insulation and solar radiation management
for heating purposes, especially in harsh winter conditions.

This comprehensive analysis, represented through a series of maps, juxtaposes global
variations in passive solar heating potential across different evaluation metrics. While the
ITR metric may overlook specific local climatic nuances, affecting its broad applicability,
the C-IDHR metric addresses this by discounting periods of excessive outdoor tempera-
tures. Similarly, the PSHI-d metric underscores the geographical suitability of the PSHS-d,
whereas the PSHI-in metric showcases the pronounced benefits of the PSHS-in in reducing
energy consumption through enhanced insulation and solar utilization in colder climates.

3.3.2. Comparison of ITR, C-IDHR, and PSHI-d

To assess the predictive power of each indicator for heating energy savings more
effectively, the ITR, C-IDHR, and PSHI-d were calculated for seven representative cities,
as depicted in the accompanying figure. The graph illustrates the efficacy of the PSHI-d
across these cities by including data on the C-IDHR, ITR, heating degree day (HDD18 ◦C),
and south-facing solar radiation intensity, as show in Figure 7.
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Despite the varying climates of Harbin and Chengdu, both cities show PSHI-in values
of 0. Harbin experiences a significantly colder climate, with temperatures averaging at
14.77 ◦C and a higher heating degree day count of 5497 ◦Cd, along with greater southward-
solar radiation (65.28 Wh/m2) compared to Chengdu’s 25.32 Wh/m2. This suggests that
Harbin’s solar gains are likely nullified by night-time losses, eliminating the benefits of
daytime energy savings. Conversely, Chengdu’s warmer climate does not compensate for
its low solar radiation intensity, rendering direct solar heating ineffective for substantial
energy savings. The case of Harbin illustrates how, despite higher solar radiation, the
equilibrium between heat loss and radiation in colder settings can neutralize changes in
energy consumption. Meanwhile, in milder climates like Chengdu, low solar radiation
intensity and heating demand result in a negligible impact on heating energy savings,
highlighting the comprehensive nature of the PSHI-in in evaluating the energy-saving
potential of the PSHS-d through a balance of solar gains and losses.
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In Pagri, Provo, and Lhasa, the southern solar radiation intensities are 234.61 Wh/m2,
161.00 Wh/m2, and 191.28 Wh/m2, respectively. The building heating demand (HDD18 ◦C)
is 6394, 3291, and 3657, with respective PSHI-in values of 12.04 kWh/m2, 8.80 kWh/m2, and
9.67 kWh/m2. This demonstrates that in climates with high radiation and low temperatures,
buildings are particularly suited to using the PSHS-in to effectively harness solar radiation
and reduce heating needs. Additionally, the positive PSHI-in values not only confirm
the suitability of these regions to the PSHS-in but also rank the cities by energy-saving
potential, with Pagri having the highest, followed by Lhasa, and Provo having the lowest.

Interestingly, Xiamen, despite its high average temperature (13.98 ◦C) and solar ra-
diation intensity (104.03 Wh/m2), has a PSHI-d value of just 1.39. This implies that the
PSHS-d may offer only marginal efficiency improvements in warmer climates.

The varied predictions for solar heating potential in Xiamen across the three indicators
underscore the unique advantage of the PSHI-in, which considers the impact of climate on
energy savings beyond mere temperature and solar radiation intensity. Employing 0 as a
benchmark, the PSHI-in provides an intuitive measure for evaluating the efficiency and
energy savings of PSHSs.

3.3.3. Comparison of ITR, C-IDHR, and PSHI-in

Figure 8 displays the ITR, C-IDHR, and PSHI-IN, providing a comprehensive overview.
The data from Irkutsk, with an average temperature of −16.14 ◦C and southward solar
radiation intensity of 88.24 Wh/m2, demonstrate a PSHI-in value of 20.84. This value un-
derscores the significant energy-saving potential of passive solar heating strategies under
conditions of low temperature and solar radiation. Similarly, Harbin, with its PSHI-in value
of 19.2239, further emphasizes this potential, given its low temperature (−14.77 ◦C) and
solar radiation intensity (65.28 Wh/m2). These findings question conventional methodolo-
gies that rely on simple ratios of solar radiation to indoor–outdoor temperature differences,
namely the C-IDHR and ITR, which may not fully appreciate the energy-saving capacity in
extremely cold climates. The shortfall of these traditional metrics is their inability to fully
account for the advantages of the PSHS-in, which not only improve insulation but also
optimize solar thermal efficiency through an insulating air layer. By employing a buffer air
layer between the building and its surroundings, the PSHS-in effectively reduces heat loss
and boosts thermal efficiency.
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Pagri, exhibiting the highest PSHI-in value of 22.09, benefits significantly from its
high south-facing solar radiation (234.61 Wh/m2), demonstrating the increased energy-
saving potential of passive solar heating in environments that are both warmer and have
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higher radiation. Conversely, Chengdu, despite its warmer average temperature of 7.86 ◦C,
shows a lower PSHI-in value of 6.08, attributed to its lesser south-facing solar radiation
(25.32 Wh/m2), indicating a reduced potential for energy savings through PSHSs. This
trend is also observed in Xiamen, where despite a warm climate and high solar radiation,
the PSHI-in value is only 6.11, contrasting with the optimistic predictions of the ITR and
C-IDHR (13.51 and 25.09, respectively), suggesting an overestimation of energy-saving
potential by these metrics.

The PSHI-in’s conservative yet more accurate assessment highlights the limited addi-
tional benefits of solar energy in warmer climates, especially where outdoor temperatures
are close to indoor comfort levels. Its detailed analysis of temperature and radiation show-
cases that significant energy savings can be achieved in cold climates with moderate solar
radiation, while in warmer climates, the potential for additional energy savings diminishes,
despite adequate solar radiation.

In summary, the PSHI-IN not only proves its accuracy and relevance but also empha-
sizes the critical role of climate factors in assessing energy efficiency. Integrating the PSHI-in
into the design of PSHSs allows professionals to better leverage solar energy resources,
thereby enhancing the overall efficiency of buildings.

3.4. Indicator Grading Results

This study utilized K-means cluster analysis to evaluate the practical application of the
PSHI by categorizing the passive heating potential across different climate regions. After
implementing the PSHS-d, it was observed that some buildings showed negative energy
savings, indicating a potential increase in heating energy consumption. To ensure the
indicator’s practical relevance, instances of negative energy savings were excluded, thereby
creating a separate category. The elbow rule was then applied to determine the optimal
number of clusters within the filtered dataset. By examining the dataset characteristics and
considering the practical implications of the PSHI, this study explored various grading
schemes ranging from 2 to 10 clusters, monitoring changes in the within-cluster sum of
squares (WSCC) metric.

According to the elbow rule, increasing the cluster count, k, generally decreases the
sum of squares of errors (SSE) and improves the homogeneity of samples within clusters.
When k is less than the true classification number of the dataset, increasing k significantly
enhances the quality of clustering and markedly reduces SSE. However, once k reaches the
actual classification number, the reduction in SSE slows and plateaus with further increases,
thus identifying the dataset’s true cluster count through an ‘elbow’ pattern in the graph.
For PSHI-d cluster analysis (as shown in Figure 9), increasing k from 3 to 4 led to a drop
in WSCC values from 366 to 157 (a 57% reduction) and further to 98 (a 33% reduction),
pinpointing k=3 as the elbow point. Consequently, the optimal cluster count for the PSHS-d
was determined to be three, culminating in a total of four clusters including the negative
energy savings category. Likewise, the identification of the elbow phenomenon at k = 4 for
the PSHS-in’s cluster analysis indicated an optimal count of 4 clusters.
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Cluster centers were then calculated to establish grading thresholds, classifying heat-
ing potential levels from “L1” to “L4,” from low to high (as shown in Figure 10). For the
PSHS-d, clusters were defined with thresholds set at 0 (differentiating between energy-
saving and non-energy-saving), 2.6, and 6.4, which indicate diminished heating energy
savings. For the PSHS-in, the PSHI-in hierarchical thresholds were established at 6.8,
12.3, and 18.3, as depicted in the figure below. This methodology provides a systematic
framework for quantitatively assessing and enhancing PSHSs.
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3.5. Limitations and Prospects of This Study

This study offers valuable insights into the evaluation of PSHSs, but it also acknowl-
edges certain methodological and interpretative limitations. Initially, our analysis was
based primarily on theoretical model buildings, without incorporating field test data. While
the simulation tool used provided detailed estimates of energy savings, the lack of real-
world validation could potentially limit the applicability of our findings, since it can result
in discrepancies between the simulated energy savings of PSHSs and the actual energy
savings observed in real buildings. Obtaining field data that include information on ac-
tual architectural geometry design, envelopes, and occupant behavior would significantly
enhance the accuracy of the simulation assessments of PSHSs’ energy-saving potential in
buildings. Additionally, this study did not comprehensively examine the impact of various
building design parameters on the potential for energy savings. Moreover, the polynomial
model employed, which focuses on building energy savings, may not capture the full
extent of potential savings achievable through PSHSs, especially in regions with high
altitudes. These limitations underscore the need for future research directions, including
the collection and analysis of field test data and a more detailed investigation into the
influence of various design parameters on the benefits of passive heating.

The PSHI developed in this study introduces a new quantitative tool for assessing the
energy-saving potential of PSHSs across various global climates. Moving forward, this work
will assist architects and engineers in developing more precise passive heating solutions
adapted to specific climatic conditions and provide data support for policymakers to
encourage the adoption of efficient passive heating technologies. Future research will delve
into combining the PSHI zoning results with urban characteristics to create implementation
guidelines, optimizing passive heating system designs and enhancing global building
energy efficiency toward sustainable development goals.

4. Conclusions

In this study, we successfully developed passive heating potential indicators (PSHIs)
based on a polynomial regression model and employed the K-means clustering method
to systematically grade these indicators. This approach facilitated the quantitative as-
sessment and optimization of PSHSs. This study’s key findings and conclusions include
the following:

• An in-depth examination of the PSHS-d has uncovered critical temperature points
where energy-saving effects vary under different climatic conditions. Notably, the
relationship between building energy savings and average outdoor temperature fol-
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lows a nonlinear parabolic distribution, peaking at an average outdoor temperature of
approximately −0.6 ◦C.

• We constructed a relational model to assess building energy-saving potentials, in-
corporating temperature and solar radiation intensity as variables. This model not
only quantifies the impact of these environmental factors on passive heating’s en-
ergy efficiency but also serves as a precise guide for building design and energy
efficiency improvements.

• The proposed passive heating potential metrics extend across a broad temperature
range, enabling the assessment of energy-saving potential in climates from extremely
cold to mild. This expansion significantly broadens the applicability of passive heat-
ing technologies.

• By integrating experimental data, we determined the optimal number of PSHI ratings
and their thresholds. Employing the elbow rule allowed us to identify the optimal
number of clusters, facilitating a scientific categorization of the global energy-saving
potential of passive heating through cluster analysis.
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