2022 Building Performance Analysis Conference and
SimBuild co-organized by ASHRAE and IBPSA-USA
Chicago, IL
September 14-16, 2022

Building Envelope Optimization for Future Climatic Demands by Simple-Box Model
Energy Simulation
Mitra Azimi1 2, and Juan Carlos Baltazar1 2
1
Texas A&M University, College Station, TX
2
Energy System Laboratory, College Station, TX
The names and affiliations SHOULD NOT be included in the draft submitted for review.
The header consists of 10 lines with exactly 14 point spacing.
The line numbers are for information only. The last line below should be left blank.
Abstract
This paper investigates opportunities to perform an
early-stage energy simulation using a simple-box model
to improve the project's resiliency for future climatic
demands. This study analyzes different weather datasets
to evaluate the energy-efficient envelope design
decisions for a K-12 prototype school in a hot and humid
climate zone (2A) due to climate change. The analysis
considers twenty-three years of individual historical
weather files from 1998 to 2020, six typical
meteorological year weather files, and two future
weather projection files. This study found that the
cooling load may rise in the future while the heating load
may significantly decrease. The sensitivity analysis for
reducing cooling loads showed that window-to-wall
ratio (WWR%) and glazing type more affect the cooling
energy loads than other envelope features for the
provided construction characteristics of the prototype
school substantially.

proposed design diminishes over time as the design
progress and the effort required to implement changes
increases (Figure 1). Architecture projects can
significantly benefit from energy modeling from the
design starting point. The decisions made in the early
design phase based on building performance modeling
can reduce the size and cost of mechanical systems and
lead to a more efficient design in terms of energy, cost,
and project goals. ASHRAE 209-2018 standardizes the
shift in the current design process to utilize building
energy simulation as a design-aided tool and could help
mitigate climate change impacts rather than a
compliance tool (ASHRAE, 2018).

Introduction
The design decision-making process in architecture
includes different steps. Architects usually rely on the
rules of thumb based on their professional experience or
shared information that has been transferred within and
across companies for years. These rules of thumb include
assumptions for project performance based on the
orientation, material, site analysis, system types,
structure etc. There is an intuitive agreement among
professionals that building design decisions in the earlystage influence building energy consumption in its whole
life (Shaghaghian et al., 2021). Surveys showed that
professionals often use simulation tools to verify the
design performance and meet building code
requirements at the design development phase (D.D.)
rather than integrating them in support of the design
process. The D.D. energy model is generated using the
existing design and system selection with only limited
performance improvements (AIA, 2019). According to
previous research, the impact of building energy
modeling in enhancing the performance efficiency of the
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Figure 1:Project Development Relationship Between
Time & Level of Effort, adapted from (Karpman et al.,
2019).
Though building energy modeling can improve lowenergy buildings' design and operation, the energy
simulation's accuracy directly depends on the precision
of input variables, including the weather parameters data
(AIA, 2019). In practice, for the building energy
simulation, a single input weather file, usually TMY3, is
picked to illustrate the climatic conditions that
a building might experience in its life cycle. Although
the typical year files (TMYs) can shorten the
computational work, there are limitations in generating
typical year weather files' selection criteria. When the
climate as the baseline in analysis changes itself, the
results of energy use or discomfort hours are less
informative for the building's performance (Rastogi,
2013). According to the Intergovernmental Panel on
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Simulation Methodology
This paper explores whether or not different weather
files in building energy models can change the envelope
design decisions for climate change in the early stage of
design. This study follows the "ASHRAE 209-2018
standard" simple box which is based on the "U.S.
Department of Energy Commercial Reference Building
Models of National Building Stock" characteristics.
These prototype buildings were made based on the
statistical average of commercial building stock for form
(size and shape), and the input parameters for the
prototype building models came from several sources
such as ASHRAE Standard 90.1 and IECC (NREL,
2011). This study uses ASHRAE 90.1-2016 specific
prototype model. The purpose of simple-box energy
modeling is to identify the energy's end-use distribution
that affects building conceptual design in the early
design process. This method is a simple, quick, and
accurate enough whole building energy modeling to
make design decisions in the early design phases. In
addition, a sensitivity analysis in early-stage design can
determine the impact of thermal loads, which defines the
HVAC sizing and energy consumption. Changing the
building
geometry,
orientation,
and
thermal
1

characteristics of the envelope and structure would
provide reasonable estimations for analysis in the design
development phase.
Characteristics of the Simple-box Model
The reference building that is chosen for this study is the
DOE1 secondary school reference building in the 2A
climate category (Figure 2).

Figure 2:Schematic view of the simulation model of the
Secondary School Prototype Building
This secondary school prototype model has an E-shape
layout with a 210,887 ft2 area. This model represents a
two-story building in which the floor-to-floor height is
13ft, and the glazing fraction is 35% on the north, south,
and west side, while WWR is 17.5% on the east side. The
site location is the city of College Station, TX, which is
located in climate zone 2A. According to Pless et al.
(2007), secondary school buildings has in average,
approximately 1200 students. The general occupancy
schedule follows the typical school schedule in the U.S.
for weekdays, weekends, and holidays (Figure 3).
Prototype K-12 Schoold General Occupancy Schedule (The Classrooms, Lobby, Mechanical,
Corridors, and Bathrooms)
1
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Climate Change (IPCC) latest report (AR6), the climate
changes every year (IPCC, 2021); it is not clear yet
which of the possible IPCC scenarios will eventually
happen. The building sector is responsible for a third of
global final energy use and around 40% of GHG
emissions (Moghaddasi et al., 2021). To achieve
expected performance in a lifetime, the design team
should consider future conditions and significant
variations in the design stage (Rastogi, 2016). Although
an early-stage energy simulation promotes the design
energy performance, a single-year building energy
simulation based on a typical meteorological year (e.g.,
TMY3) may not show the future behavior of the building
against the changing climate. Also, the design team
chooses multiple buildings variables such as envelope
property, form, glazing type, WWR%, and building
orientation mostly in the early phases of design without
considering their impact on the final energy use and
GHG emissions (Shaghaghian et al., 2021).
Therefore, this paper analyzes the impacts of conducting
a multi-year energy simulation using a simple-box model
in early design to attain energy-efficient envelopes for a
resilient building adapted for future climatic demands. In
this study, a multi-year simulation is defined as a
building energy modeling process using different annual
hourly weather datasets for a specific building type
located in one particular location.
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Figure 3:General Occupancy schedule, adapted from
(Pless et al. 2007)

Weather Data for the Energy Simulations
Weather data provides the boundary conditions for the
models in building energy performance simulation
(BEPS) tools (Barnaby et al., 2011). Previous studies

The U.S. Department of Energy (DOE)
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show that a single-year energy simulation using typical
year data (e.g., TMY3) may not be reliable for design
decision-making due to climate change. Therefore, this
study uses weather datasets that include different periods
of weather data: Actual Meteorological Years (AMY),
including measured and satellite-derived solar radiation
data from 1998 to 2020; Typical Meteorological Year
(TMY) weather files, like TMY3, TMY1998-2017,
TMY1998-2018, TMY1998-2019, TMY1998-2020, TMY2004-2018,
and future weather projections of FMY2050 and FMY2080.
The period of datasets for generating typical weather
data sets is shown in Table 1.
Table 1: Weather data sets in this study
Weather Dataset
Individual Actual Meteorological
Years (AMY)
TMY3
TMY1998-2017
TMY1998-2018
TMY1998-2019
TMY1998-2020
TMY2004-2018
FMY2050
FMY2080

Period of Data
Individual years
from 1998 to 2020
1991 to 2005
1998 to 2017
1998 to 2018
1998 to 2019
1998 to 2020
2004 to 2018
Base-year: TMY3
Base-year: TMY3

for the city of College Station, TX, via the NSRDB Data
Viewer tool. These weather files are TMY1998-2017,
TMY1998-2018, TMY1998-2019, TMY1998-2020. There are two
differences between the TMY3 and these typical year
weather files. First, TMY3 is generated using measured
meteorological data, while these recent typical years
included satellite-derived solar radiation data. The
second difference is the period of the dataset that is used
for generating TMY3 and these files. For example,
TMY1998-2017 represents a typical year based on satellitederived weather data for 1998 to 2017, and TMY 1998-2020
represents a typical year weather file from 1998 to 2020.
The recent TMYs are available in cvs format. Therefore,
It is necessary to convert them into epw format to utilize
in the building performance simulation software. In this
study, DesignBuilder was the simulation tool selected
for the analysis. In addition, another typical year weather
file for College Station, TMY2004-2018, was obtained from
the OneBuilding website. This weather file is based on
the measured meteorological data from 2004 to 2018.
Table 2 shows the variation of TMMs between available
typical years for the city of College Station, TX.
Therefore, having different years of recorded data for
generating a typical year for a specific location can result
in other typical years, impacting design decisions in a
performance-based design process.

Actual Meteorological Years (AMY)
As the first step, twenty-three years of raw actual
meteorology weather data for College Station, TX, was
obtained from NCDC2 (NOAA3). Since NCDC weather
data does not include solar radiation parameters, solar
radiation modeled data for the same location and period
of records was obtained using the NSRDB4 Data Viewer
tool (NREL).
Typical Meteorological Years (TMY)
TMY is an attempt to standardize weather data into a
weather file to represent a location's "typical"
climatologic condition over a year. TMY, in addition, is
a synthetic year consisting of 12 statistically considered
typical meteorological months (TMMs) selected from
the actual weather data (Wilcox et al. 2008). One of the
most widely adopted typical year files in building energy
simulation is the TMY3 based on the recorded data from
1991 to 2005. Generating TMY3 is originally based on a
method developed in Sandia National Lab. In this study,
the TMY3 weather data for the city of College Station
was extracted from the database on the EnergyPlus
website in epw format. In addition to TMY3, four
different typical meteorological year data are available
2

National Climatic Data Center (NCDC)
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Table 2:Comparison of TMMs variations of different
typical year datasets for College Station, Texas;
adopted from NSRDB
M
1
2
3
4
5
6
7
8
9
10
11
12

TMY3

2000
1998
2008
2003
2013
2001
2008
2004
2014
2015
2010
2006

TMY

TMY

TMY

TMY

TMY

2004-2018

1998-2017

1998-2018

1998-2019

1998-2020

2013
2007
2008
2003
2001
2002
2014
2001
2002
2003
2008
2006

2013
2015
2005
2003
2009
2010
2014
2014
2014
2003
2019
2006

2013
2007
1999
2003
1999
2010
2014
2014
2014
2003
2019
2006

2013
2011
2018
2017
2006
2012
2013
2015
2010
2012
2011
2012

1996
1999
2005
1997
2002
2004
1997
1998
2003
2002
2000
2003

Development of Future Weather Data Using
Imposed Offset Method (Morphing)
Scientists use statistical techniques and physical models
to generate future weather data and forecast extreme
events with a finite probability. In 1998, the Special
Report on Emission Scenarios (SRES) revised the
3
4

National Oceanic and Atmospheric Administration (NOAA)
The National Solar Radiation Database (NSRDB)
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original four scenario families (A1, A2, B1, B2) and
introduced twenty (20) Global Climate Models
(GCMs) in the Fourth Assessment Report (AR4), which
has been widely used by the scientific community
(Troup et al. 2016), see Figure 4.

Coupled Model version 3 (HadCM3)" GCM under
scenario A2 (Table 3).
Table 3:Three Different morphing Algorithms to
Generate Future Weather Data
Parameters

Algorithms

Atmospheric pressure

Shift: x = xo + Δx m

Relative Humidity4
Wind speed

Stretch: x = am × xo

Dew-Point Temperature5
Dry-bulb temperature

Figure 4: Four Families (A1, A2, B1, B2) for the IPCC
Special Report on Emission Scenarios (SRES), adapted
from the (Picard et al., 2020)

The imposed offset method (morphing) is the most
popular approach for generating future weather data in
building simulation studies. This method imposes the
predicted future climate information extracted from
GCMs on the present-day hourly weather data, usually
a TMY (Belcher et al., 2005). This method became
popular because it keeps real weather sequences and is
specific to a weather station. (Troup et al. 2016). There
are two approaches to generating future weather data
using the morphing method. The first morphing
approach used in this study is known as "morphing
individual weather parameters." This method only
considers the potential changes in individual weather
parameters (e.g., dry bulb temperature) and ignores the
cross-correlation between weather variables. Then, it
uses three operations: (1) shifting, (2) linear stretching
(scaling factor), and (3) a combination of shifting and
stretching, see Table3. The second morphing approach
relies on the relationship between temperature and
humidity (Jentsch et al., 2013). Future weather datasets
to be analyzed in this work were generated for the city of
College Station, TX using the "CCWorldWeatherGen"
tool. The CCWorldWeatherGen is a free available Excel
file for public users that facilitates generating future
weather data (2020's, 2050's, and 2080's) with the
application of the morphing procedure which is
developed by the Sustainable Energy Research Group
(SERG) at the University of Southampton in 2013
(Troup et al. 2016). The tool combines the EnergyPlus
weather files (.epw files) into the "Hadley Center

x= xo+ Δxm +am × (xo -〈𝑥𝑜 〉𝑚 )

Where:
x is the future climate variable,
Δxm is the absolute monthly change derived from a
GCM or a regional climate model (RCM),
am is the fractional monthly change derived from a
GCM or RCM and 〈𝑥𝑜 〉𝑚
〈𝑥𝑜 〉𝑚 is the monthly mean related to the variable
𝑥𝑜 .

The IPCC A2 scenarios describe a heterogeneous world
with medium GHG emissions from land-use change
through 2100 (IPCC, 2000) and can be reflected as a
'likely' future path over the period related to building
design (Jentsch et al., 2013). HadCM3 is one of the major
models used in IPCC Third and Fourth Assessments; it
consists of an ocean-atmosphere coupled climate model
with a surface resolution of about 417 km x 278 km at the
Equator, reducing to 295 km x 278 km at 45 degrees of
latitude (MetOffice, 2021).
Building Energy Modeling
In this study, as mentioned previously, DesignBuilder
was selected to be the building energy simulation tool.
DesignBuilder runs on the simulation engine of
EnergyPlus. The secondary school prototype school
model is simulated using actual meteorological year
weather files from1998 to 2020, TMY3, TMY 2004-2018,
TMY1998-2017, TMY1998-2018, TMY1998-2019, TMY1998-2020
and future weather projections, including FMY2050 and
FMY2080. DesignBuilder uses the .epw format for
weather data. Therefore, all weather files used in this
study were converted to .epw using the EnergyPlus
Weather Statistics and Conversion plugin. Based on
multi-year energy simulations using different weather

5

Belcher et al. did not provide a method for morphing the base year
relative humidity into future relative humidity. The algorithm comes
from technical manual of CCWorldWeatherGen.
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datasets and identical HVAC systems, it is possible to
assess energy end-uses and demand characteristics that
could change building conceptual design. Energy
savings potential from natural illumination was also
calculated in this study, and a façade design sensitivity
analysis was fulfilled by varying envelope variables,
including window-to-wall ratios (WWR), insulation,
thermal mass, and glazing type to evaluate the amount of
variation in the cooling loads. The objective of
sensitivity analysis in the early-stage design is to show
envelope elements that potential energy savings. The
results are shown as the first differential of the single
regression coefficient (SRC), the slope of the linear
equation. The magnitude of SRC shows the relative
significance of each variable. In other words, the greater
absolute value of SRC displays the most important or
most sensitive input for the particular output.

and annual energy consumption, which will be discussed
in the next section.

Discussion and Result Analysis
Impact of Climate Change
Comparing different weather datasets shows an obvious
variation in weather parameters each year. For example,
Figure 5 compares the annual hourly dry-bulb
temperature distribution for College Station, TX,
between actual meteorological years from 1998 to 2020
and typical meteorological years and future projections
in this study. TMY3, as the most common weather file
in the building energy simulation process, does not
represent the fluctuations in the actual year weather files.
In addition, TMY3 stands much lower than future
weather projections for January. Figure 6 illustrates the
calculated annual heating and cooling degree days
(CDD, HDD) in all weather datasets of this study. The
parameter degree days quantifies how cold and hot the
weather has been compared to the reference temperature,
which is considered 65°F in this study. 2011 with 3926
CDDs is the hottest year, and 2014 with 1908 HDDs is
the coldest year from 1998 to 2020. Comparing with the
TMY3 as the typical climatic condition, CDD varies
from +6% (2014) to +47% (2011) from 1998 to 2020,
while HDD varies from -35% (2017) to +16% (2014)
during this period. It is also revealed that CDD may rise
53% in 2050 and 96% in 2080, while HDD decreases by
36% in 2050 and 55% in 2080. In addition, TMY2004-2018
significantly differs from TMY3 in terms of CDD
(+26%) and HDD (-18%).
Monthly analysis of CDDs and HDDs shows the average
period of cooling season from 1998 to 2020 is longer
(March to November) than TMY3 weather data (May to
October) which is generated using historical weather
data from 1991 to 2005. Similarly, future projections
forecast more hot days and fewer cold days (see Figure
7. These changes can impact the peak cooling demands
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Figure 5: Comparison of Hourly Dry-bulb Temperature
Ranges in January

Figure 6: Annual CDD and HDD in All Weather Files
of This Study

Figure 7:Monthly CDDs (TOP) and Monthly HDDs
(Bottom) in All Weather Files of This Study
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Impact of Climate Change on the Building
Performance
This study chose DOE secondary school building type as
the simple-box model analysis to provide a consistent
baseline of comparison in this study. Besides typical year
weather files and historical weather datasets, two future
weather
files
were
generated
using
the
"CCWorldWeatherGen" tool for the A2 future scenario
for the city of College Station, TX. The simulation model
using the TMY3 weather file underestimates the total
energy consumption compared to actual years (1998 to
2020) from +1% (2003) to +13% (2011). In addition, the
average energy consumption between 2050 and 2080
may increase in the range of 24% to 44% compared to
the typical year (TMY3) model due to less heating
demand and more cooling demand in the future (Table
4). Figure 8 displays the scatter plot of annual cooling
energy consumption against CDD of each climatic
condition considered in this study. Cooling energy
consumption by TMY3 weather file is underestimated up
to +24% (2011) compared to actual years. As mentioned
before, CDD in 2011 weather data is 47% larger than the
TMY3 weather file. Cooling energy consumption in the
simulation model using TMY2004-2018 stands slightly over
14% more than the TMY3 energy model and is higher by
3% of the average cooling loads in individual years from
1998 to 2020. Likewise, cooling loads may increase 47%
in 2050 and 85% in 2080 compared to the TMY3
simulation model.

Figure 8: Annual Cooling Energy Consumption as the
Function of CDD

Table 4: Comparison of Total Energy Consumption
TMY3
TMY3
TMY2004-2018
FMY2050
FMY2080
TMY1998-2017
TMY1998-2018
TMY1998-2019
TMY1998-2020

Figure 9 shows heating loads against HDD in each
climatic condition of this study. In detail, heating loads
from 1998 to 2020 differ -43% (2020) to +83% (2014)
from that of the simulation model by TMY3. The HDD
in 2014 is 1908, which is 16% larger than the TMY3
weather file's heating days. Also, heating energy use may
decrease by 47% in 2050 and 67% in 2080 compared to
the typical year (TMY3) simulation model, see Figure 9.
In addition, the total energy consumption may increase
about 17% in 2050 and 36% in 2080 than the average
total energy consumption in individual years from 1998
to 2020. Also, the TMY3 simulation model stands 5%
lower than average total energy use from 1998 to 2020,
while the TMY2004-2018 and TMY1998-2020 energy models
stand 2% higher than average energy use from 1998 to
2020. The energy models using TMY 1998-2017, TMY19982018, and TMY1998-2019 results are close to the average
energy usage from 1998 to 2020, see Table 4.
Moreover, the average cooling demand from 1998 to
2020 may stand 33% lower than the cooling demand in
2050 and 67% lower than the cooling demand in 2080.
Also, the cooling energy load in the energy model using
TMY3 stands slightly 10% lower than average cooling
loads in individual years from 1998 to 2020, while the
TMY2004-2008 shows 3% more than average cooling loads
from 1998 to 2020. In contrast, heating energy use will
decrease by 55% in 2050 and 72% in 2080 compared to
average heating loads from 1998 to 2020 (Table 5).
Table 5: Comparison of Heating and Cooling Energy
Cooling Energy Usage

1,300

Heating Energy Consumption (1000xkWh)

7.5%
24.0%
43.8%
6.2%
6.2%
5.3%
7.9%

TMY3

1,250

1,200

TMY2004-2018
AMYs

1,150

TMY3

TMY3

TMY2004-2018

1,100

FMY2050
FMY2080

FMY2050

TMY1998-2017

FMY2080

1,050

TMY1998-2018
TMY1998-2019

1,000

TMY1998-2020

0

500

1000

1500
HDD

2000

2500

Figure 9: Annual Heating Energy Consumption as the
Function of HDD
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AMY (1998-2020)
-5.4%
1.7%
17.3%
36.0%
0.4%
0.4%
-0.4%
2.1%

TMY3
TMY2004-2018
FMY2050
FMY2080
TMY1998-2017
TMY1998-2018
TMY1998-2019
TMY1998-2020

14%
47%
85%
10%
10%
9%
13%

AVG
1998-2020

-10%
3%
33%
67%
-1%
0%
-2%
3%

Heating Energy Usage

TMY3
33%
-47%
-67%
50%
42%
39%
40%

AVG
1998-2020

-14%
14%
-55%
-72%
29%
22%
19%
20%
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Sensitivity Analysis of Cooling Load to Building
Envelopes Considering the Impact of Climate
Change
As mentioned in the previous section, cooling loads
may increase, and heating loads may decrease
considerably in the future. Therefore, a façade design
sensitivity analysis was performed by varying envelope
variables, including window-to-wall ratios (WWR),
insulation, thermal mass, and glazing type, to assess the
amount of variation in the cooling loads in each energy
model. The early-stage design sensitivity analysis helps
identify potential energy savings out of envelope
elements. In this study, it was considered eighteen (18)
vertical glazing types with different U-factors (from 0.35
to 1.2) and SHGC6 (from 0.25 to 0.45). The magnitude
of the sensitivity analysis is represented by the standard
regression coefficient (SRC) and is shown in Figure 10.
The sensitivity analysis gives the relative significance of
each variable. The results of this study indicate that
glazing type is the most sensitive parameter for the
cooling loads in all climatic conditions (typical
meteorological years, historical years, and future
projections) considered in this study (51%<SRC<93%).
Thermal mass, insulation, and external wall
characteristics were found of less important for the
Thermal Mass
cooling load. A comparison between the sensitivity
analysis of future projections and historical years shows
Insulation
that
the importance of WWR on cooling load variation
may be as significant as glazing type, see Figure 10.
Average Sensitivity of Envelopes

External Wall Construction
FMY2080
FMY2050
AMYs
TMY1998-2020
TMY1998-2019
TMY1998-2018
TMY1998-2017
TMY2004-2018
TMY3

WWR

Glazing Type

0%

20%

40%

60%

80%

100%

SRC%

Figure 10: Sensitivity Analysis for Cooling Load(kWh)

Conclusion
This study presented an early-stage design energy
analysis for a K-12 prototype school located in a hot and
humid climate zone. The typical building energy
performance simulation method commonly uses TMY3
weather data as the climatic characteristics of the
location. However, previous studies have shown that
typical meteorological year weather files are based on
past weather data and do not include climate change
projections. Therefore, a multi-year energy simulation
and a multi-year sensitivity analysis using different
weather datasets were developed in this study to explore
6

whether or not different weather files in building energy
models can change design-decision making, in particular
for envelope elements, considering the projections of
climate change in the early stage of design. This study
found that cooling energy loads will increase
significantly in the future while heating loads decrease
due to climate change impacts. The cooling season is
expected to be longer than historical years. This study
also found high sensitivity of cooling loads to the glazing
type and the WWR used in the envelope for projected
future climate conditions. Performing multi-year simplebox modeling in the early-stage design phase provides a
better understanding of building behavior that improves
energy efficiency and resilience.

Nomenclature
AMY: Actual Meteorological Year
SRC: Standard Regression Coefficient
TMY3: Typical Meteorological Year based on recorded
weather data from 1991 to 2005
TMYx : Typical Meteorological Year based on
recorded weather data from 2004 to 2018
TMY2017: Typical Meteorological Year based on
recorded weather data from 1998 to 2017
TMY2018: Typical Meteorological Year based on
recorded weather data from 1998 to 2018
TMY2019: Typical Meteorological Year based on
recorded weather data from 1998 to 2019
TMY2020: Typical Meteorological Year based on
recorded weather data from 1998 to 2020
WWR%: Window-to-Wall Ratio.
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