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Abstract

Naturally ventilated cavity walls (VCWs) retrofit conventional cavity walls with vents
that enable buoyancy- or wind-driven airflow and reduce cooling loads during summer.
When closed, they retain the thermal performance of traditional walls. Previous studies
evaluated VCWs under steady-state conditions but did not capture regional, transient
solar heating effects. This study assesses VCW performance across major U.S. climate
types using a transient 3D solar heating model for east-, south-, and west-facing façades in
four representative cities. Simulated façade temperatures were validated using published
measurements and then applied to a regression-based energy model to estimate cooling
load reductions. Results show 30–40% savings for east/west façades and 10–20% for south
façades, with monthly reductions exceeding 1.0 kWh/m2 in all regions. On-peak savings
(3–7 PM) were at least 1.5× off-peak values, indicating strong peak-shaving capability.
Overall, VCWs offer a low-cost, climate-adaptive retrofit strategy that improves façade
energy performance and reduces peak cooling demand.

Keywords: ventilated cavity wall (VCW); building energy performance; cooling load
reduction; peak-load reduction; computational fluid dynamics (CFD)

1. Introduction
Reducing building energy consumption has become one of the prominent tasks in

designing a sustainable structure, since buildings account for a significant portion of total
energy use in the United States [1]. Among all building systems, the heating and cooling
load takes up a considerable percentage of building energy use. The performance of the
building envelope plays an imperative role in regulating these forces in terms of facilitating
the process of heat flow between the internal and external environments. Improving the
envelope design is therefore essential not only for energy efficiency but also for occupant
comfort and long-term building sustainability.

Conventional cavity walls are widely used in U.S. residential, commercial, and insti-
tutional buildings. In their traditional form, these walls consist of an exterior veneer, an
air cavity, and an insulated inner layer. While the major aim of the air cavity is to act as
a capillary barrier to control moisture, it has not been designed to optimize energy perfor-
mance in the past. However, current studies [2–7] have indicated that if the air cavity can
be ventilated, there would be considerable reductions in solar heat gains and corresponding
cooling requirements during the cooling seasons of the year. The reduction in cooling loads
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is particularly critical during daily and seasonal peak demand periods, as peak electricity
consumption places severe strain on the power grid and dictates utility-rate pricing.

This concept, referred to in this paper as the naturally ventilated cavity wall (VCW),
introduces inlet and outlet vents on the exterior veneer [2,3]. When the vents are open,
either buoyancy-driven or wind-driven flow across the cavity supports convective heat
transfer between the wall and the external environment, thus lowering the wall cooling
load (Figure 1). When closed in the absence of cooling requirements, the wall maintains the
performance characteristic of a conventional sealed cavity wall while continuing to provide
the purpose of insulation. Such versatility provides a promising passive retrofit option
with less disruption to existing stocks [4,5]. Because these effects depend strongly on solar
exposure, VCWs are particularly relevant in U.S. regions with high cooling demand and
long summer peak-load periods.

Figure 1. Schematic of a ventilated cavity wall (VCW). (a) Vent Example in 3D. (b) Wall Front
Face. (c) Wall Section. Reproduced from the previous study on naturally ventilated cavity wall
configurations [2]. Red arrows indicate the direction of buoyancy-driven airflow within the ventilated
cavity, entering through the lower vent inlets and exiting through the upper vent outlets.

Despite its potential, there has not been any extensive assessment of the performance
of VCWs in the various climate zones in the U.S. The existing literature has explored
either laboratory setups or parametric studies related to wall configurations [6,7]. There is
very little information available to architects, designers, and policymakers on the larger
significance of adopting VCW technology in different climate zones in the U.S. Addressing
this gap is essential to determine whether VCWs represent a broadly viable solution for
reducing cooling loads in U.S. buildings. In particular, prior studies such as Na & Shen [2]
focused on steady-state or orientation-specific performance, leaving open questions regard-
ing regional transient behavior, peak-load implications, and broader applicability.

The primary objective of this study is to provide a comprehensive regional assessment
of naturally ventilated cavity walls (VCWs) across multiple U.S. climate zones. Building
upon previous simulation work, this research specifically evaluates the system’s poten-
tial for reducing overall cooling loads and, critically, performs a quantitative economic
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assessment of its peak-electricity load reduction capacity. This work validates the VCW as
a viable, low-cost passive strategy and offers region-specific design guidance to maximize
both energy efficiency and grid-level peak-shaving benefits.

Building on these objectives, this study further advances prior work by incorporat-
ing a new transient regional modeling framework, a normalized irradiance analysis for
comparing climatic regimes, a peak-load and time-of-use (TOU) evaluation, and orientation-
weighted scenarios to capture realistic façade performance. These contributions extend
earlier VCW and ventilated façade studies, including Na & Shen [2], which focused primar-
ily on steady-state or single-orientation behavior.

2. Literature Review
Reducing building energy consumption is one of the critical challenges in sustainable

design, as the building sector accounts for a significant portion of total energy use in the
U.S. [1]. Building envelopes, which are the major barrier between the building interior
and exterior environments [8], play a key role in building energy performance [4,5]. A
well-designed envelope could greatly reduce the building’s cooling and heating demand by
minimizing heat transfer, thus reducing the energy requirements for the building’s HVAC
systems [9,10]. The key design parameters affecting envelope performance include building
shape and orientation, shading devices, insulation, wall and roof assemblies, and aspect
ratio [8]. Modern construction practice emphasizes airtightness and high insulation levels
to minimize unwanted heat exchange [9,10], although over-airtight environments might
reduce the opportunity of passive cooling losses and aggravate the risk of overheating
during cooling periods [2].

2.1. Ventilated and Naturally Ventilated Wall Systems

In response to these challenges, ventilated wall systems have gained increasing atten-
tion as a passive strategy to improve thermal performance [4,5] illustrates the configuration
of an example of VCW. A naturally ventilated cavity wall is an enhanced version of the
conventional wall where inlet and outlet openings are installed on the external veneer
to facilitate buoyancy-induced or wind-driven air flow in the wall cavity [11,12]. In this
context, the ventilation airflow enhances convection currents between the wall surfaces
and the ambient air, thus reducing solar heat in cooling seasons [2,3]. The vents may be
closed during the heating periods to prevent energy loss [2]. This allows VCWs to be a
versatile retrofitting solution for existing cavity walls [13].

Traditional cavity walls in U.S. buildings, here referred to as non-ventilated cavity
walls (NVCWs). They typically include an outer masonry veneer, an air gap, and an
insulated backup wall [8]. The major purpose of the cavity is a capillary barrier for moisture
management, given that the small weep holes can provide some ventilation capability [11].
Modern building standards, such as TMS 402/602-16, continue to recognize the importance
of such functions as moisture management, as opposed to ventilation for heat transfer
purposes [13,14]. Therefore, despite the vast prevalence of cavity walls in the U.S. building
stock, the practice of cavity wall ventilation retrofits remains limited [2,11,12].

2.2. Similar Passive and Ventilated Façade Concepts

Ventilated cavity walls, in their conceptual origins, stem from other passive designs
utilizing solar- or buoyancy-powered air flow, including Trombe walls and solar chim-
neys [15–17]. These ideas promote air movement to improve indoor comfort and remove
excess heat. Modern double skin façades (DSFs) [18–20] and opaque ventilated façades
(OVFs) [21,22] also incorporate cavity ventilation, natural or forced, to enhance insulation
and cooling performance. The current reviews by Cuce et al. [4] and Abou Ibrahim et al. [5]
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confirm cooling capacity reductions between 20 and 50%, depending on their solar orienta-
tion, cavity configurations, and climatic regimes. Ventilated façades have gradually come
to be acknowledged in low-carbon envelope design.

Experimental work and field measurements, such as Lin et al. [6] and Fantucci et al. [7],
have also investigated the summer performance of ventilated façades and supported the
accuracy of numerical predictions with experimental data obtained with full-scale models.
These experimental works have demonstrated the efficiency in reducing internal wall
surface temperatures and in enhancing facade summer rejection, although they were
mostly carried out in Euro-Mediterranean climates or non-U.S. climates [3,18,21–23] rather
than in North America.

Moreover, these full-scale and field-based studies generally focus on individual façades
or test cells in specific locations and do not provide a regionalized assessment of VCW
performance or peak-load behavior across diverse U.S. climate zones.

2.3. Numerical and Computational Modeling Approaches

Thanks to improvements in computational processing, computational fluid dynamics
(CFD) has become the dominant method for analyzing airflow and heat transfer within ven-
tilated cavities [19,24–27]. CFD simulations provide high spatial resolution of temperature
and velocity fields. This enables detailed parametric exploration of cavity geometry, vent
size, and boundary conditions. These fundamental dependencies were mostly investigated
in works such as Rodrigues and Aelenei [12] and Gan [28]. Modern approaches involving
CFD and other software models [29,30] allowed further parametric studies of complex
multi-zone façades.

However, the current computational cost of dynamical models of ventilated cavity
walls is relatively high. Seasonal transient computational fluid dynamics (CFD) models
are infeasible due to their high computational cost. In order to eliminate such limitations,
approaches utilizing outputs from computational fluid dynamics models with regression
models have been proposed in previous studies [2,6,7,30]. These models allow predictions
of the overall performance of the proposed models.

Although the majority of computational work has been dedicated to investigations of
the airflow and heat transfer in ventilated façades, few studies have subsequently related
such computational results to their economic implications. In practice, the cooling load
reductions achieved through façade ventilation translate directly into lowered peak electric-
ity demand, which is increasingly important under time-of-use (TOU) pricing schemes and
demand-side management programs. Therefore, understanding the relationship between
façade energy performance and peak-load reduction provides a necessary bridge between
building-scale modeling and system-level energy resilience, forming the motivation for the
following section.

2.4. Peak-Load Reduction Strategies, and Time-of-Use (TOU) Economics

While reducing overall energy consumption is a primary goal, mitigating peak-
electricity demand is particularly critical in regions with high cooling demand. Peak
load often occurs during summer afternoons when cooling use surges, requiring activation
of costly “peaker” plants and stressing existing infrastructure. Reducing this peak load
offers substantial benefits, including avoiding costly infrastructure upgrades [31], lowering
environmental emissions, and providing financial savings for end-users through demand-
side management (DSM) programs [32]. Notably, these peak periods also correspond to
highly differentiated electricity pricing, particularly in deregulated markets such as Texas,
where prices can increase by orders of magnitude during peak events (Figure 2).
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Figure 2. An example of the differentiated price during peak time: wholesale electricity prices spike
in Texas [33].

To address this grid challenge, electricity load management strategies can generally be
classified into four types based on their effect on the daily consumption profile: base case,
load shifting, peak shaving, and conservation/efficiency [34] (Figure 3). To incentivize load
reduction during critical hours, utilities commonly employ Time-of-Use (TOU) pricing [35].
Under TOU rates, electricity costs are dramatically higher during defined on-peak hours
(e.g., 3 PM to 7 PM). As the economic return from energy saving is maximized when
the greatest load reduction occurs during these high-cost windows, the focus for passive
systems shifts from general efficiency to peak-shaving capability [36,37].

 
Figure 3. Conceptual illustration of daily electricity consumption under four load-management
strategies: (a) base case, (b) load shifting, (c) peak shaving, (d) conservation/efficiency. Reproduced
from [38]. Dark blue represents the baseline electricity demand profile, while light blue represents
the modified demand profile under each demand-side management strategy.

Building-related peak load reduction strategies fall into two main categories: ac-
tive (e.g., smart thermostats [39], battery storage [40], and load shifting of major ap-
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pliances [41]) and passive (conservation). Passive conservation strategies, which in-
clude high-performance insulation [36,37,42], advanced glazing [18,43], and ventilated
façades [2–5,7,13,21,28,30,44], are particularly effective because they minimize the load
before it reaches the cooling system. Evaluating a passive system like the VCW involves
understanding its ability to provide the greatest savings during peak-stress hours. This
ability can serve as a key metric of its economic and environmental value.

2.5. Research Gap

Although extensive work has been performed concerning double skin and ven-
tilated facade solutions [3–7,15–23,27–30], naturally ventilated cavity walls in conven-
tional masonry construction are less investigated, especially in the context of the
U.S. climate zones. The existing studies mostly involve short-term or site-specific
simulations [6,7,11,12,15,21–23,27], without taking into consideration the effects of solar
radiation intensity in different regions on overall energy efficiency. Consequently, these
real-life or full-scale studies do not offer a regional perspective on VCW retrofits or quantify
their performance under different U.S. climatic regimes. Moreover, few studies address
the practical adaptability of these systems, specifically the ability to open vents in summer
and close them in other seasons as a low-cost retrofit strategy compatible with current
construction practice [2,12,13].

More importantly, the literature lacks a dedicated quantitative analysis of how VCWs
perform during peak-electricity demand periods (e.g., 3 PM to 7 PM). While Na & Shen [2]
established the regression framework, the present study extends this by integrating region-
specific transient simulations and peak-load metrics. Without metrics such as the Peak
Energy Saving Rate (PESR%) or a comparison of on-peak vs. off-peak performance, the
system’s true economic value as a load-shaving technology remains critically unassessed.
Additionally, optimization-based envelope studies such as Lin et al. [45] highlight the
broader importance of façade configuration and thermal response in cooling load perfor-
mance, reinforcing the need for regional evaluation of VCW retrofits.

• Quantify Regional Cooling Load: Calculate the cooling load reduction in VCWs
in four climatic zones in the United States, utilizing transient solar models and
regression models.

• Assess Peak-Load Performance: Perform quantitative regional analysis concerning
the capacity to reduce the peak electric load of the VCW System during the critical
on-peak period (3–7 PM).

• Determine Economic Viability: Calculate important performance parameters such as
PESR% and Rp, and carry out a comparative study to evaluate the superior economic
advantage of the VCW.

• Provide Design Guidance: Make recommendations to facilitate the design and imple-
mentation of the VCW retrofits in achieving the maximum possible energy savings,
both in general and during peak periods.

3. Methodology
The methodology taken in the proposed work involves simulating the external wall

surface temperatures of VCWs in summer climatic conditions, applying a previously
validated regression-based energy model, and performing a comprehensive analytical
assessment of the resulting energy performance. This combined strategy enables the
estimation of overall energy saving in addition to its primary significance in terms of
peak-load reduction in different climatic regions in the United States. The overall research
workflow, which integrates the simulation models, energy performance calculations, and
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the advanced peak-load assessment for the combined study, is presented in the conceptual
framework shown in Figure 4.

Figure 4. Conceptual framework of the research workflow for assessing the regional energy-saving
performance of ventilated cavity walls (VCWs).

3.1. Solar Heating Model for Simulating Wall Surface Temperatures

Figure 5 illustrates the base-case geometry of the ventilated cavity wall model devel-
oped in our previous study [2], which established regression relationships between surface
temperature and cooling load reduction.
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Figure 5. Base-case geometry of the ventilated cavity wall (VCW) model used in the simulations.
Reproduced from Na & Shen [2].

To supply region-specific surface temperatures, this study developed a transient 3D
solar heating model (Figure 6) to generate hourly façade temperatures across representative
U.S. climates. The resulting temperature profiles were used as inputs to estimate cooling
load reductions based on the previously derived regression equations.

Figure 6. Solar heating model. (a) Schematic of the simulation in cross-sectional view. (b) Geometry
of the solar heating model in 3D.

The transient simulations were conducted in Autodesk CFD [46] with location-specific
climatic inputs, extending our prior model to regional conditions.

Equations (1) and (2) were derived from the authors’ prior steady-state CFD study of
passively ventilated cavity walls [2]. Their application to transient temperatures is justified
by the quasi-steady thermal response of masonry walls, in which high thermal mass leads
to gradual diurnal surface temperature variation. Sensitivity analyses in [2] confirmed
that cooling load predictions remain accurate under such conditions, with both equations
achieving R2 > 0.9. Accordingly, the same correlations were adopted here to estimate
regional VCW performance.

PVCW = −5.19 + 0.15 Ta + 0.08 Te (1)
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PNVCW = 0.24 Te − 5.19 (2)

where Ta and Te denote the ambient and exterior surface temperatures, respectively. Al-
though the present work employs transient CFD modeling to evaluate regional perfor-
mance, these regression formulas serve as reference relationships for comparing predicted
cooling load tendencies under varying climatic conditions.

The transient model (Figure 6) simulated the wall’s thermal response to solar radiation
using Autodesk CFD’s built-in solar and thermal solvers [46]. Convective and radiative
exchanges with ambient air were represented through boundary film coefficients and
surface properties. To reduce computational cost, cavity airflow was not explicitly modeled;
instead, buoyancy effects were incorporated through previously validated regression
relationships. The full governing equations for the solar heating model, including the
transient energy balance and definitions of radiative, convective, and solar flux terms, are
provided in Appendix A.

To simplify the model and isolate regional solar effects, ground radiation was ne-
glected by omitting ground material assignment. Wall thermal resistance and boundary
temperatures were specified according to the parameters summarized in Table 1. Solar
irradiance varied diurnally and by location based on solar geometry, with latitude (φ) and
longitude (λ) defining site-specific sun paths. A clear-sky condition was assumed, and
surface and air emissivities were prescribed to determine radiative heat exchange.

Table 1. Summary of input parameters used in the simulation. These parameters define the boundary
conditions for the transient CFD model and ensure consistent comparison across regional climates.

Parameter Definition Value Unit

Thermal resistance of the wall, Rw

The R-value of the 4-in. brick
veneer, 2-in. air cavity, 4-in.
polystyrene, and 5/8-in. gypsum
board wall [47]

23.8 (4.2) m2k/w or (◦F ft2h)/BTU

Inner wall temperature, Ti
The temperature at the gypsum
board surface (facing the room) 22 (71.6) ◦C or (◦F)

Ambient air temperature, Ta

The temperatures of the ambient
air at different locations refer to
the NOAA data [48]

- ◦C or (◦F)

Emissivity of surface, εk
The emissivity of the common
brick [49] 0.94 -

Emissivity of the ambient air, εa
The emissivity of the air on a clear
day with few clouds [50] 0.93 -

Latitude φ and longitude λ of
the locations

The simulated locations are
Lincoln, NE
Las Vegas, NV
Tucson, AZ
Austin, TX

40◦86′ N, 96◦68′ W
36◦10′ N, 115◦08′ W
32◦13′ N, 110◦55′ W
30◦16′ N, 97◦44′ W

-

Solar constant Es

The solar radiation Ee is
calculated based on the solar
constant, locations, and the time
of the day [51]

650 W/m2

Note: “–” indicates that the parameter is not defined as a single constant value and is specified externally
(e.g., location-dependent or time-varying input).

In both the current and previous studies [2], the north façade was excluded because
negligible solar exposure produces almost no temperature differential (∆Te–a), and there-
fore, no meaningful cooling load reduction. Similar simplifications have been adopted
in ventilated façade and passive wall-cooling studies (e.g., [52,53]), in which cases solar-
exposed orientations define façade cooling loads.
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For the comparative peak-load assessment, cooling loads were considered in three dif-
ferent scenarios of building orientation: (1) East/West dominant (contribution 100:1 ratio),
(2) Equal, and (3) South/North dominant (contribution 100:1 ratio) (more in Section 3.4).

The material properties, geometric dimensions, and location-specific climatic inputs
used in the simulations are summarized in Tables 2 and 3, respectively. All cases were
simulated for the full summer period (June–August). Four representative U.S. cities (Table 3)
were selected to capture typical boundary conditions across cold-humid, mixed/hot-dry,
extremely hot-dry, and hot-humid ASHRAE climate zones [54]. These locations were chosen
to illustrate regional variability in VCW performance rather than to provide exhaustive
national coverage.

Table 2. Physical properties of materials used in the wall model. The selected values represent typical
construction materials and influence the thermal response and heat storage capacity of the wall assembly.

Parameter Definition Values Unit

Wall/Air block length, L The horizontal length of the
wall and the air block 4 m

Wall/Air block height, H The vertical length of the wall
and the air block. 2.5 m

Wall thickness, Dw

The wall consists of three
layers, including 4-in. brick
veneer, 2-in. air cavity, 4-in.
polystyrene, and 5/8-in.
gypsum board wall [8]

27 (10 5/8) cm (in.)

Air width, Da The width of the air block 4 m

Table 3. Representative U.S. climate zones selected to evaluate ventilated cavity wall performance.

City State Latitude φ longitude λ ASHRAE Zone Climate Type Key Features

Lincoln NE 40◦86′ N 96◦68′ W 5A Cold-humid Large temperature swings

Las Vegas NV 36◦10′ N 115◦08′ W 3B Mixed/Hot-dry High solar radiation

Tucson AZ 32◦13′ N 110◦55′ W 2B Hot-dry Very high solar load

Austin TX 30◦16′ N 97◦44′ W 2A Hot-humid High humidity and
moderate solar gains

Notes: The climate types are derived from the ASHRAE zone definitions: 1. The number (2, 3, 5) indicates
the temperature zone (Hot, Warm, Cool/Mixed). 2. The letter (A, B) indicates the moisture regime (A for
Humid/Moist, B for Dry).

Although the simulations were conducted for the full summer period (June–August).
To provide a clear and interpretable visual comparison across climates, representative days
were extracted from the full simulation results. For each city, the representative day was
defined as the day whose 24 h wall surface temperature profile exhibited the smallest
deviation from the corresponding hourly monthly means.

The numerical runs were carried out in controlled and idealized environments. The
model considered heat transfer primarily through conduction and radiation between wall
layers, while ambient conditions such as wind and air movement were represented through
boundary parameters rather than fully resolved airflow fields. Moreover, the solar intensity
pattern for a situation with clear skies was also applied.

3.2. Numerical Model Validation

The present numerical model in 3.1 was validated through the temperature measured
by two experimental studies. One referred to a south wall temperature measurement on
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two July days in Las Vegas [55], while the other was conducted by the author in Lincoln [56].
The summary of the experimental settings is shown in Table 4.

Table 4. Experimental settings used for model validation. These data define the boundary conditions
and material configurations employed to verify the accuracy of the numerical simulation against
measured wall-temperature profiles in Las Vegas and Lincoln.

Location Las Vegas [55] Lincoln [56]

Wall orientation South South, West

Wall configuration

25 mm stucco
25 mm extruded styrofoam
5 × 10 cm at 0.3 m on-center wood frame
13 mm drywall

10 cm brick veneer,
5 cm air cavity,
10 cm polystyrene
15 mm gypsum board

Room temperature 25 ◦C (77 ◦F) 22 ◦C (71.6 ◦F)

The device used to measure the
wall temperature A wide array of thermocouples FLIR thermal camera

The interval time of the records 1 min 30 s

The numerical model was validated by comparing simulated wall surface temper-
atures with measured data from two independent experimental studies. As shown in
Figure 7, good agreement was observed for both locations and orientations, with minor
deviations attributable to unmodeled environmental effects (e.g., clouds, wind, shading,
and ground radiation).

Figure 7. Comparison of the simulated and measured wall temperatures in (a) a fall day in Lincoln,
(b) a summer day in Lincoln, (c) two summer days in Las Vegas [55,56]. The agreement between the
curves demonstrates the model’s reliability in predicting surface-temperature variation.

Quantitative agreement between simulated and measured temperatures was evaluated
using RMSE, MBE, and the coefficient of determination (R2). As summarized in Table 5,
RMSE values ranged from 1.1 to 1.5 ◦C, and R2 exceeded 0.94 across all cases, indicating
strong model accuracy.
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Table 5. Quantitative comparison between simulated and measured temperature data for the South and
West walls across different locations. Each RMSE, MBE, and R2 value represents the overall fit between
instantaneous temperature profiles (30 s to 1 min intervals) for a representative validation day.

Wall Location (Subplot) RMSE (◦C) MBE (◦C) R2

South (a) Lincoln (summer) 1.3 −0.4 0.96

West (a) Lincoln (summer) 1.5 −0.3 0.95

South (b) Lincoln (fall) 1.1 −0.2 0.95

West (b) Lincoln (fall) 1.2 −0.3 0.94

South (c) Las Vegas (summer) 1.4 −0.4 0.93

West (c) Las Vegas (summer) 1.3 −0.2 0.94

Sensitivity checks comparing coarse and fine meshes, as well as different timestep and
iteration settings, showed negligible impact (<1%) on predicted wall surface temperatures;
therefore, a 10,000-node mesh and a 600 s timestep were adopted.

3.3. Energy-Saving Intensity and Monthly Energy Analysis by Regions

Energy saving at different locations was estimated using steady-state VCW simulation
results reported in the authors’ previous study [2]. With the formulas for estimating energy
load for the base case VCW and NVCW, the energy saving intensity can be calculated by

Ps = |PNVCW|−|PVCW| (3)

where PS is the energy saving intensity; PNVCW is the energy load of the non-ventilated
cavity wall; PVCW is the energy load of the naturally ventilated cavity wall (W/m2).

The monthly energy load on the NVCW, VCW, and the energy saving in the different
locations were estimated by calculating the integrations of the numeric data using MATLAB
R2024a [57].

ENVCW =
∫ t

0
PNVCW(x)dx (4)

EVCW =
∫ t

0
PVCW(x)dx (5)

∆ES = ENVCW − EVCW =
∫ t

0
PS(x)dx (6)

where ENVCW is the monthly energy load of the non-ventilated cavity wall (KJ/m2); EVCW

is the monthly energy load of the naturally ventilated cavity wall (KJ/m2); t is time (s); ∆ES
is the monthly energy saving when using the naturally ventilated cavity wall (KJ/m2).

The monthly energy saving rate is the percentage of energy:

ESR% = ∆ES/ENVCW (7)

where ESR% is the percentage energy saving in one month. Calculations were performed
separately for east-, south-, and west-facing façades under the representative summer
months (June, July, and August) for each study location.

To facilitate cross-climatic comparison, the simulated cooling load reductions were
further normalized by local solar irradiance to highlight the relative effectiveness of the
VCW in different solar exposure environments. The normalized energy-saving efficiency
(ηnorm) was defined as follows:

ηnorm =
ENVCW
Isolar, m

× 100% (8)
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where Isolar, m (kWh·/m2·per month) is the average monthly solar irradiance incident on
the façade for the corresponding location and orientation. The monthly solar irradiance
incident on each façade orientation Isolar, m was estimated by converting the corresponding
horizontal global irradiance IGHI, m obtained from the National Solar Radiation Database
(NREL-NSRDB) [58]. The relationship can be expressed as follows:

Isolar, m = fori × IGHI, m (9)

where Isolar, m = average monthly solar irradiance incident on the façade (kWh/m2·per
month), IGHI, m = monthly average global horizontal irradiance (kWh/m2·per month),
and fori = façade irradiance conversion factor (dimensionless), determined based on solar
geometry for each orientation and latitude.

The conversion factors fori for east, south, and west façades (Appendix B Table A1)
account for the solar altitude and azimuth variation during the summer months (June–
August) [59]. For each city, the horizontal irradiance IGHI, m was multiplied by the correspond-
ing fori value to estimate the façade-level irradiance, as summarized in Appendix B Table A2.

3.4. Peak-Load Reduction and Comparative Orientation Analysis

Peak-load performance was evaluated during typical summer on-peak hours (3–7 PM).
Building-level energy-saving intensity was obtained by area-weighting orientation-specific
savings. North façades were assumed NVCW (Pn ≈ 0) due to negligible savings.

Three orientation scenarios were evaluated: N–S dominant, Equal, and E–W dominant,
using k = 100 to define bound cases. To isolate orientation effects, the extreme ratios (100:1
and 1:100) were treated as conceptual limits for sensitivity analysis rather than realistic
building configurations.

PNS =
Pe + 100Ps + Pw

202
(10)

PEQ =
Pe + Ps + Pw

4
(11)

PEW =
100Pe + Ps + 100Pw

202
(12)

where PNS, PEQ, and PEW are the energy saving intensity of the buildings with north and
south facing dominated wall orientation, equally wall area in the four orientations, east
and west facing dominated wall orientation, respectively (w/m2); Pe, Ps, and Pw represent
the energy saving of east, south, and west walls, respectively (w/m2).

The Peak Energy Saving Rate (PESR%) was defined as the percentage reduction in
cooling load during the on-peak period relative to the NVCW baseline. For each building-
orientation scenario, peak-period energy consumption and savings were calculated using
the same weighted approach applied in Equations (10)–(12), and PESR% was subsequently
obtained using Equation (13).

PESR% = ∆ ES′/E′
NVCW × 100% (13)

where PESR% is the percentage of monthly cooling saving during the peak time from 3 PM
to 7 PM; ∆ ES′ is the monthly cooling saving during peak time when using self-ventilated
cavity wall (kWh/m2); ENVCW ’ is the monthly total energy load of the non-ventilated cavity
wall during peak time (kWh/m2).

Furthermore, the ratio of the peak to the off-peak time hourly average energy saving
Rp was computed to quantitatively determine if the VCW system preferentially mitigates
load during the most critical hours (i.e., Rp > 1).

Rp =
∆ ES

′
/4

(∆ ES − ∆ ES′)/20
(14)
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where Rp is the ratio of the hourly on-peak to the off-peak time average energy saving.

3.5. Economic and Emission Estimation Framework

To assess the broader energy-saving potential and environmental implications associ-
ated with VCW retrofits, the cooling energy savings were translated into carbon dioxide
savings and dollar savings. The analysis adopted a representative U.S. grid emission factor
per kWh of electricity saved, consistent with the national average grid mix. For economic
estimation, typical summer time-of-use (TOU) electricity rates were assumed. The to-
tal monthly and peak-period savings were then estimated by multiplying the modeled
energy-saving intensity (kWh/m2) by façade area and rate differentials. A representative
small commercial or residential building façade area of 500 m2 was used to approximate
total savings, assuming roughly equal orientation distribution across four façades. The
total monthly and peak-period savings were then estimated by multiplying the modeled
energy-saving intensity (kWh/m2) by the assumed façade area and TOU rate differentials.
These simplified assumptions provide a consistent basis for comparison across the four
regional case studies.

4. Results and Discussion
4.1. Wall Surface Temperature Patterns and Climatic Drivers

As shown in Figure 8, east- and west-facing walls consistently reached higher peak
temperatures than south-facing walls across all climate zones. This pattern stems from
solar geometry: east and west façades receive more direct morning and afternoon radiation,
whereas the south façade receives comparatively diffuse radiation during midsummer
peak hours.

Figure 8. Diurnal wall surface and ambient temperatures for typical summer days in four U.S. cities:
(a) Lincoln, 12 July 2016, (b) Las Vegas, 4 July 2016, (c) Tucson, 6 July 2016, and (d) Austin, 7 July 2016.
Each plot compares east-, south-, and west-facing façades with local ambient temperature.
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The corresponding seasonal peak wall surface temperatures across all four cities are
summarized in Appendix C Figure A1, providing a complementary overview of maximum
thermal exposure during the summer months.

The critical parameter for the performance of a naturally ventilated cavity is not
the absolute wall temperature, but the temperature differential between the exterior wall
surface and the ambient air (∆Te–a), which drives the buoyancy-induced airflow. Figure 9
summarizes the monthly average ∆Te–a, clearly demonstrating that east and west walls
maintained a significantly larger driving potential for ventilation than south walls.

Figure 9. Monthly average wall and ambient temperature difference.

Climatic conditions modulate the magnitude and duration of elevated wall temper-
atures. Hot-dry regions exhibit higher peak temperatures and longer periods of solar
exposure, while cooler climates benefit from larger wall air temperature differentials that
enhance buoyancy-driven heat removal.

Appendix C Figure A2 further illustrates the distribution of wall surface temperature
durations across orientations and climates, highlighting the prolonged periods during which
east and west façades maintain elevated temperatures and sustained ∆Te–a during summer.

In summary, the surface temperature analysis establishes that (1) east and west walls
present the greatest opportunity for heat removal due to their large ∆Te–a, and (2) this
potential exists across all studied climates, albeit with varying magnitudes. These thermal
conditions form the fundamental basis for the cooling load reductions quantified in the
following sections.

4.2. Regional Energy Performance Analysis

The temperature differentials between wall surfaces and ambient air (∆Te–a) strongly
influence the convective cooling potential of ventilated cavities. This section quantifies
how these thermal patterns translate into regional cooling load reductions.

4.2.1. The Energy Consumption Rate

Leveraging the simulated temperature data from Section 4.1, the energy loads on
both ventilated (VCW) and non-ventilated (NVCW) cavity walls were estimated using
Equations (1) and (2). Full diurnal energy load curves for all regions are provided in
Appendix C Figure A3.

Across all four cities, the simulated load curves followed the expected diurnal cycle
driven by solar radiation. VCWs consistently reduced midday peak loads relative to NVCWs,
with the largest reductions occurring when ∆Te–a was highest, reinforcing the role of buoyancy-
driven ventilation in moderating heat transfer. This behavior was consistent across climates,
though with varying magnitude reflecting local temperature and radiation intensities.
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4.2.2. The Energy Saving Intensity

To better illustrate energy efficiency performance, the energy saving rates of the east,
west, and south walls were calculated using Equations (1) and (2), and plotted in Figure 10.
The energy saving profiles revealed that the wall orientation could have a significant impact
on the energy saving magnitude. The results indicated that the peaks of the east and west
wall energy saving rate were generally higher than that of the south wall across all regions.

Figure 10. Diurnal energy saving for typical summer days in four U.S. cities: (a) Lincoln, 12 July 2016,
(b) Las Vegas, 4 July 2016, (c) Tucson, 6 July 2016, and (d) Austin, 7 July 2016. Each plot compares the
VCW vs. NVCW’s saving potential for east-, south-, and west-facing façades.

These peaks shifted with solar position—east walls in the late morning, south walls
in early afternoon, and west walls in the late afternoon—corresponding to periods of
intensified solar gains. This pattern reflects stronger buoyancy-driven ventilation during
hours when ∆Te–a is highest, indicating that VCWs passively track and mitigate diurnal
load fluctuations.

4.2.3. Summary of Monthly Energy Consumption, Energy Saving, and Energy Saving
Rates by Regions

Monthly cooling loads for NVCW and VCW systems were obtained by integrating
hourly results in MATLAB R2024a [57]. Because this subsection evaluates accumulated cool-
ing demand, results are expressed in kWh/m2 rather than instantaneous W/m2. Figure 11a
shows that ventilating the cavity reduced total cooling loads across all orientations and
narrowed the performance gap between east/west façades and the typically lower-load
south façade.

As shown in Figure 11b, east and west façades achieved relatively stable monthly
savings of ~1.1–1.2 kWh/m2 across regions, whereas south-wall savings increased from
June to August, reflecting the seasonal shift in the solar path. South-wall savings also
increased with latitude, consistent with a larger ∆Te–a under cooler ambient conditions.

These trends mirror the ∆Te–a patterns in Figure 9: larger temperature differentials
produce greater cooling load reductions.

The energy-saving rate ESR% (Figure 12) further confirms these differences. Across
regions, east and west façades consistently achieved 30–40% ESR%, while south façades
achieved roughly 10–20%. Lincoln showed the highest ESR%, driven by favorable solar
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geometry and cooler ambient conditions. In hot–dry climates such as Las Vegas and Tucson,
high ambient temperatures reduced ∆Te–a, limiting ESR% despite strong solar gains.

 

Figure 11. Monthly energy consumption of (a) NVCW and VCW (b) monthly energy saving of VCW
at the representative locations.

Figure 12. ESR% in the different locations in summer.

The measured ESR% aligns with documented reductions in Mediterranean ventilated
façades (20–50%) [7], confirming that VCWs can achieve comparable performance with far
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simpler construction requirements. Unlike double-skin or opaque ventilated façades, VCWs
can be integrated into conventional cavity walls with minimal structural modification,
offering a cost-efficient retrofit strategy.

Table 6 summarizes the average ESR% for each region, highlighting the consistently
higher performance of east and west façades relative to south façades across all climates.

Table 6. Summary of monthly average (June, July, and August) energy-saving rates (ESR%) by wall
orientation and region.

City East Wall South Wall West Wall Average ESR%

Lincoln, NE 49.3 43.7 50.2 47.7
Las Vegas, NV 34.6 24.7 34.3 31.2
Tucson, AZ 33.9 18.6 32.3 28.3
Austin, TX 41.3 20.8 40.7 34.3

To enable cross-location comparison under differing solar exposures, energy savings
were normalized by incident irradiance (Table 7). The resulting normalized efficiencies
(ηnorm) provide a climate-independent measure of VCW performance and indicate a modest
reduction at lower latitudes, reflecting diminishing incremental benefit as façade tempera-
tures approach thermal equilibrium in extreme hot climates.

Table 7. Normalized Energy-Saving Efficiency (ηnorm) by Orientation and Location (June–
August Average).

Location East South West

Lincoln, NE 1.47% 0.72% 1.53%
Las Vegas, NV 1.32% 0.49% 1.35%
Tucson, AZ 1.24% 0.31% 1.21%
Austin, TX 1.23% 0.25% 1.24%

These findings suggest that, in mid-latitude regions, east and west façades tend to
exhibit a more favorable balance between solar exposure and ventilation potential. South
façades may require additional measures (e.g., reflective coatings, shading, and selective
vent control) to achieve comparable performance. Collectively, these results quantify VCW
cooling load reduction across representative U.S. climate zones, directly addressing the
study’s objective of evaluating regional VCW performance (RO1).

4.2.4. Interpretation of Regional Variations

Regional differences in VCW performance are primarily governed by the balance
between solar irradiance and ambient air temperature, which together determine the
wall–air temperature differential (∆Te–a) driving buoyancy-induced ventilation.

In hot–dry climates such as Las Vegas and Tucson, intense solar gains and clear-sky
conditions elevate wall temperatures, but high ambient air temperatures reduce the wall–air
temperature differential (∆Te–a) that drives buoyancy-induced airflow. As a result, VCW
cooling efficiency is lower than expected despite strong solar exposure.

In cooler climates such as Lincoln, larger diurnal temperature swings produce higher
∆Te–a values, enabling stronger natural convection and yielding higher ESR% even under
lower solar intensities. These conditions favor more effective passive heat removal.

In hot–humid regions like Austin, VCW performance remained moderate. Although
humidity was not explicitly modeled, elevated atmospheric moisture can reduce buoyancy
forces and partially inhibit convection, consistent with documented observations [2].
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Orientation further modulates these climatic effects, with east and west façades ben-
efiting from concentrated morning and afternoon solar exposure that generates stronger
transient ∆Te–a than the more diffuse midday irradiation received by south façades. Together,
these results link the observed regional and orientation-dependent performance trends to the
underlying physical drivers governing VCW behavior, including solar geometry, ambient
temperature, and the resulting wall–air temperature differential (∆Te–a) (RO2).

4.3. Peak-Load and Performance Assessment
4.3.1. The Impact of the Building Orientation on Its Peak Load Shaving

The orientation of a building, which determines the proportion of east, south, and west
façades, significantly influences peak-load reduction. As explained in the methodology, the
south/north-dominated and east/west-dominated cases represent bounding scenarios (ratios
of 100:1 and 1:100), while the equal-orientation case reflects a balanced façade distribution.

Weighted energy-saving intensities for these scenarios (Appendix C Figure A4) show
a clear hierarchy:

• East/west-dominated buildings consistently achieve the greatest peak-time energy savings;
• Followed by equal-orientation buildings;
• And finally, south/north-dominated buildings.

Minor deviations were observed only in brief afternoon periods in Lincoln, where strong
south-wall summer performance temporarily elevated the south/north-dominated case.

Across regions, east/west-dominated and equal-orientation buildings maintained
savings above their daily averages during 3–7 PM, the critical peak period. South/north-
dominated buildings displayed more location-dependent performance, with Lincoln
outperforming the hotter climates. This pattern aligns with the ∆Te–a dependence
described earlier.

4.3.2. Summary of Monthly Peak Time Energy Consumption of NVCW, VCW, and Energy
Savings by Regions

Appendix C Figure A5 summarizes the monthly peak-time energy use for NVCW and
VCW systems. For NVCWs, west façades exhibited the highest peak cooling loads, reflect-
ing prolonged afternoon solar exposure. VCWs reduced peak loads across all orientations
and narrowed the disparity between the west and other façades.

Peak-time cooling-energy savings (Appendix C Figure A5b) show the following:

• West façades achieved the largest monthly savings (0.47–0.54 kWh/m2);
• East façades followed (0.12–0.18 kWh/m2);
• South façades showed the greatest variability, performing best in Lincoln and least in

Tucson and Austin during June–July.

Figure 13 summarizes PESR% for each orientation. West walls achieved the highest
PESR% (36–53%), followed by east walls (17–39%), while south walls exhibited a wide
range (3–49%).

The south façade showed low early-summer performance in hot climates but consis-
tent improvement from June to August across all locations. Lincoln again led all three
orientations due to cooler ambient air and larger ∆Te–a.

Similarly, Figure 14 shows PESR% for entire buildings under the three façade distri-
bution scenarios. Across the following climates:

• East/west-dominated buildings achieved the highest PESR% (29–48%);
• Equal-orientation buildings followed (24–49%);
• South/north-dominated buildings achieved the lowest values (4–49%).
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Figure 13. The monthly PESR% of different wall orientations in Lincoln, Las Vegas, Tucson, and
Austin in summer.

Figure 14. The monthly PESR% of buildings with different orientations in Lincoln, Las Vegas, Tucson,
and Austin in summer.

This ranking mirrors the orientation level trends and reinforces the strong influence of
solar geometry. Lincoln consistently delivered the highest PESR% across all scenarios, and
all locations exhibited increasing PESR% from June to August, especially for south/north-
dominated buildings.

The ratio of peak to off-peak hourly savings (Appendix C Figure A6) exceeded 1.5
in most cases, confirming that VCWs provide disproportionately greater cooling bene-
fits during utility peak-demand hours. Exceptions occurred only for the south/north-
dominated cases in June (Tucson) and July (Austin), where high ambient temperatures
suppressed ∆Te–a.

These peak-period results highlight VCWs’ intrinsic peak-shaving capability, address-
ing their relevance for cross-regional comparison and demand responsive performance
evaluation (RO3).

4.4. Sustainability and Life-Cycle Implications

Lower exterior wall temperatures achieved by VCWs can reduce mean radiant tem-
perature (MRT) near the façade by 1–3 ◦C, improving perimeter-zone comfort without
additional cooling load [60–62]. By limiting façade heat gain, VCWs also reduce cooling
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loads, supporting more efficient operation of mechanical systems and improved envelope
performance [63].

From a sustainability perspective, VCWs provide meaningful operational energy
savings with minimal embodied-carbon impact, as retrofits require little new material and
preserve existing wall assemblies [64–66]. Based on simulated results, normalized energy
savings of 1.2–1.5% per month on east and west façades correspond to approximately
0.4–1.4 kg CO2/m2 avoided during summer operation, or roughly 500–600 kg CO2 per
season for a representative 500 m2 façade under the U.S. average grid emissions factor [67].

VCWs further offer economic and grid-level benefits under Time-of-Use pricing struc-
tures, where modest peak-period energy reductions translate into measurable cost savings
and reduced demand during critical hours [35,68]. These attributes align with emerging
energy-code requirements and demand-response strategies, suggesting that VCWs could
serve as a practical compliance or incentive pathway within ASHRAE, IECC, or utility
DSM programs [10,69].

Beyond performance metrics, VCWs integrate readily with conventional masonry,
rainscreen, or architectural façade systems, enabling scalable adoption without structural
modification. Collectively, these characteristics position VCWs as a low-carbon, low-
disruption retrofit strategy that enhances comfort, reduces peak demand, and supports
sustainability and resilience objectives—particularly in façade-driven cooling climates.

5. Conclusions and Future Directions
5.1. Summary of Findings

This study presented and validated a simulation-based framework for evaluating the
thermal and energy-saving performance of ventilated cavity walls (VCWs) across four
representative U.S. cities with distinct climatic conditions. A transient 3D solar heating
model built in Autodesk CFD was used to simulate façade surface temperatures under
regional summer conditions, and the outputs were coupled with a validated regression-
based model to estimate cooling load reductions.

Across climates, VCWs reduced cooling loads by approximately 30–40% on east and
west façades and 10–20% on south façades, with monthly savings exceeding 1.0 kWh/m2

in all cities. Peak-period savings were, on average, 1.5× higher than off-peak savings,
demonstrating strong intrinsic peak-shaving capability.

These results collectively show that VCWs provide a scalable, low-cost, and climate-
robust façade retrofit strategy capable of enhancing envelope performance in diverse
U.S. conditions.

5.2. Engineering Validation

The validated solar heating/CFD framework reproduced measured wall temperatures
with high accuracy (RMSE ≈ 1 ◦C; R2 > 0.94). Integrating these simulations with regression-
based cooling load estimation enabled consistent ESR% prediction across climate zones.

Beyond average load reduction, peak-load analysis confirmed that VCWs preferen-
tially reduce cooling demand during 3–7 PM, aligning with utility stress periods and
Time-of-Use (TOU) pricing. This establishes VCWs not only as passive cooling devices but
also as effective peak-shaving technologies.

Normalization by incident solar irradiance further provided a climate-independent met-
ric for cross-regional benchmarking, supporting architectural and engineering design decisions.

5.3. Practical Implementation Guidelines

Based on the results, several practical recommendations for VCW retrofits can be made:

https://doi.org/10.3390/architecture6010002

https://doi.org/10.3390/architecture6010002


Architecture 2026, 6, 2 22 of 29

• Climatic and Orientation Suitability. VCWs performed effectively across all tested
climate types. East and west façades consistently delivered the largest reductions
(≈30–40%), whereas south façades showed moderate but meaningful reductions. In
hot-humid climates, smaller temperature gradients reduced buoyancy-driven ventila-
tion, but valuable peak-period savings remained.

• Architectural Integration and Relevance of Design. VCWs can be added to both
new and existing masonry structures with minimal material use, making them com-
patible with rainscreens, perforated façades, and terracotta systems. Their low vi-
sual impact supports modern architectural objectives for combined thermal and
esthetic performance.

• Energy and Policy Implications. VCWs’ peak-load reduction potential supports their
application in demand-side management, alongside measures such as cool roofs and
high-performance glazing. Given increasing emphasis on envelope-level efficiency in
codes such as ASHRAE 90.1 and IECC, VCWs represent a viable compliance pathway.

These insights provide a practical foundation for applying VCWs in climate-
specific retrofits.

5.4. Limitations and Future Research

Several simplifying assumptions were made to ensure computational tractability. The
model assumed dry air, steady ambient conditions, and parameterized wind effects using
convective film coefficients, rather than fully resolving wind-driven flow. Future work
should integrate coupled wind–buoyancy simulations or wind tunnel experiments to
represent the combined effects of natural and forced convection more accurately.

Material configurations were limited to a standard brick–cavity–insulation assembly.
Exploring alternative façade materials and construction systems may broaden applicability
across architectural typologies. Expanded regional analysis, including humid-subtropical
and marine climates, is also warranted.

While this study focused on summer performance, seasonal operation strategies—
such as closing vents during winter—require further investigation, as do smart or adaptive
venting controls based on IoT systems. Dynamic, sensor-based VCW systems may enable
real-time optimization and improved demand-response integration.

Future research should also quantify indoor environmental impacts (e.g., MRT,
PMV/PPD) and integrate VCWs into whole-building simulation platforms such as Energy-
Plus [70] to evaluate both comfort and annual energy performance.

Overall, advancing dynamic, comfort integrated, and smart control VCW models will
accelerate their adoption as a sustainable façade strategy in emerging energy-efficient and
climate-resilient building design.
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Appendix A. Governing Equations for the Solar Heating Model
The transient exterior wall surface temperatures were computed using Autodesk CFD

by solving the energy equation with coupled solar-radiation, convection, and surface-to-
surface radiation boundary conditions.

Appendix A.1. Transient Energy Equation

ρCp
∂T
∂t

+∇·(−k∇T) = qsolar + qconv + qrad

where

ρ = the density;
Cp = the specific heat;
k = the thermal conductivity, T is temperature;
qsolar = the absorbed solar flux;
qconv = convective exchange with ambient air;
qrad = surface-to-surface radiation, respectively.

Appendix A.2. Solar Heat Flux

Qsolar = α I cosθ

where

α = surface absorptivity;
I = incident solar irradiance;
θ = solar incidence angle.

Appendix A.3. Surface-to-Surface Radiation

qrad = εσ
(

Ts
4 − Tsur

4
)

where

ε = emissivity;
σ = Stefan–Boltzmann constant;
Ts = exterior wall surface temperature at the computational boundary;
Tsur = temperature of surrounding radiative surfaces participating in surface-to-surface
heat exchange.

Appendix A.4. Convective Heat Exchange

qconv = h(Ts − Tair)

where h = convective heat-transfer coefficient.

Tair = ambient air temperature used in defining convective heat exchange at the exterior
wall boundary.
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Appendix B. Supplementary Tables

Table A1. Estimated façade irradiance conversion factors fori (vertical façade/horizontal plane) for
summer months (June–August) [59]. An average number was used for calculating.

City East South West

Lincoln, NE 0.38–0.45 0.55–0.65 0.36–0.44

Las Vegas, NV 0.42–0.48 0.65–0.72 0.40–0.47

Tucson, AZ 0.43–0.50 0.68–0.75 0.42–0.49

Austin, TX 0.45–0.52 0.70–0.78 0.44–0.50

Table A2. Average monthly global horizontal irradiance IGHI, m and façade solar irradiance
(kWh/m2·per month) for summer months (June–August).

City IGHI,m East South West

Lincoln, NE 196.15 81.40 117.69 78.46

Las Vegas, NV 243.35 88.27 134.36 85.32

Tucson, AZ 222.44 91.21 140.25 89.25

Austin, TX 207.89 95.13 145.15 92.19

Appendix C. Supplementary Figures

Figure A1. Peak wall -surface temperatures for summer (June, July, August) in four U.S. cities.

 

Figure A2. Monthly distribution of wall surface temperature durations (June–August 2016) for east,
south, and west orientations across four U.S. cities. Each stacked bar represents the cumulative
number of hours within 10 ◦C intervals.
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Figure A3. Diurnal energy load PNVCW and PVCW for typical summer days in four U.S. cities:
(a) Lincoln, 12 July 2016, (b) Las Vegas, 4 July 2016, (c) Tucson, 6 July 2016, and (d) Austin, 7 July 2016.
Each plot compares the VCW vs. NVCW’s cooling load for east-, south-, and west-facing façades.

Figure A4. Diurnal energy saving PS for typical summer days in four U.S. cities: (a) Lincoln, 12
July 2016, (b) Las Vegas, 4 July 2016, (c) Tucson, 6 July 2016, and (d) Austin, 7 July 2016. Each plot
compares the VCW vs. NVCW’s saving potential for east-, south-, and west-facing façades Diurnal
energy saving.
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Figure A5. Diurnal Monthly peak time (3 PM to 7 PM) (a) energy consumption, and (b) energy saving
in Lincoln, Las Vegas, Tucson, Austin in summer.

Figure A6. The Ratio of On-peak to Off-peak time hourly average energy saving Rp for the buildings
with different orientations.
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