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Abstract

Residential buildings account for a large portion of the consumption of the global energy
and total energy by end use. To mitigate the rising trend of energy consumption, residential
buildings show a huge potential by improving their energy efficiencies, thus achieving energy
saving. Moreover, the envelopes of the residential building, as one of key factors in the energy
consumption of a building, are closely related to building energy saving, as it closely determines
how much heat is transferred between indoor space of the building and its outdoor environment.
Even though the challenges in how to judge the performance of the residential envelopes,
especially evaluation of the overall building envelope via model-based data-driven and
measurement-based methods, have been addressed by current studies and still have their
limitations in comparison with ground truth, a method to benchmark the envelope performance
evaluation is still lacking and urgently needed. Therefore, a benchmarking method using both

building energy and thermal network models is proposed in this study.

Specifically, this study first proposes a calibration method that utilizes both EnergyPlus
and simplified 2R2C models. The EnergyPlus models are used to generate simulated data that are
utilized in the simplified 2R2C model training. Moreover, this study also creates an excel
dashboard, along with the the EnergyPlus and simplified 2R2C models, for the calibration process.
Then three representative years of American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE) standards are selected to the minimum thermal property
requirement of residential building envelope and utilized in the calibrated EnergyPlus models. In
the next step, a benchmarking method is proposed to determine the minimum required Tau value
(time constant of building envelope) for a specific year of a residential building envelope. That is,

different years of houses need to meet the minimum thermal property requirement of residential

Xii



building envelope defined by ASHRAE standards. Lastly, the performance evaluation
benchmarking process can be done with the determination of thermal properties identified by the

simplified 2R2C model trained using simulated data from the calibrated EnergyPlus model.

Overall, this research successfully proposes an efficient calibration method to calibrate
EnergyPlus modes used for residential buildings, introduces quantitative study and performance
analysis of a calibration method that utilizes building thermal network models, and develops a
benchmark method and shows investigation and analysis for building envelope performance
evaluation. Therefore, this research contributes the knowledge of benchmarking the envelope
performance evaluation using both EnergyPlus and data-driven thermal model for residential

buildings.
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Chapter 1 : Introduction

This chapter will first introduce the motivation of this study, and then discuss the state of
the art and current challenges in building models used to achieve benchmarks of building envelope
performance evaluation. Finally, the detailed information of research objectives and thesis outline

will be concluded.

1.1 Motivation

Worldwide energy use is rising steadily over the past few decades. In the United States,
Department of Energy (DOE) indicates that there are four broad energy use sectors: industrial,
transportation, residential, and commercial [1]. Detailed share of each sector for the energy
consumption can be found in Figure 1-1. Among these four sectors, residential and commercial
buildings play an important role which consumed a large portion of global energy use and 38% of
total energy consumption by end use [2], and meanwhile account for 32% of global final energy
use [3]. To mitigate the rising trend of energy consumption, residential and commercial buildings
show a huge potential by improving their energy efficiencies, thus achieving energy saving. As
mentioned in [4], building envelopes are one of key factors in the energy consumption of a
building, which are closely related to building energy saving. Therefore, the building envelope

performance and its evaluation are studied in this study.



Figure 1-1 Shares of total U.S. energy consumption by end-use sectors, 2017 [2].

There is no denying that buildings, as an indispensable place for human’s daily life and
production take up a large amount of energy use. In 2021, energy consumption of buildings was
about 21 quadrillion Btu, almost 39% of total U.S. final energy consumption [5]. The energy
consumed by buildings has different types of composition, including natural gas, renewable
energy, nuclear, coal, petroleum. Figure 1-2 shows the U.S. Electricity retail sales to major end-
use sectors and electricity direct use by all sectors. It is clearly that the total electricity consumption
increases every year, rising from 0.3 trillion kWh in 1950 to 3.93 trillion kWh in 2021 [6]. It is
also easy to find that residential building sector had the fastest growth rate, which covers 39% of

the electricity [6].
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Figure 1-2 U.S. Electricity retail sales to major end-use sectors and electricity direct use by all

sectors [7].

In the residential building section, energy is used for space heating, air conditioning (AC),
refrigeration, water heating, cooking, lighting and running a variety of other appliances in the
living areas of private homes [8]. Figure 1-3 reveals that home space heating and air conditioning
made up more than 50% of a household’s annual energy consumption accounting for the largest

portion of residential energy use.



A 52 - NN

8% 17% 5% 3%
7% 19% (52%) 3%
2% 2

all homes

single-family detached

single-family attached

apartments, 2-4 units

apartments, 5+ units 32% WEh 5%
mobile homes 24% (5% 4%
0% 20% 40% 60% 80% 100%

@ space heating air conditioning @ water heating lighting

refrigeration @ all other

Figure 1-3 End-use consumption shares by types of U.S. homes, 2015 [9].

There are many factors that may affect the amount of energy of household uses, such as
type of house, house geographic location and climate and its physical characteristics, and so on.
Among these factors, given regulation of space air thermal comfort that takes up the most energy
use for residential buildings, buildings’ envelope is very important for energy saving because it
may determine how much heat is transferred from room space to outdoor (or from outdoor to room
space). Residential buildings’ envelope makes a decisive role in whether heating a room in winter

or using AC for cooling in summer.

For the requirements of residential building envelopes, American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE) published standards from1975 to 2018.
However, in the ASHRAE standards, they only provide criteria of the sole thermal resistance (R)
value or thermal transmittance (U) value of building specific materials. Since the direct U value
measurements are not practical for the evaluation of existing building envelope energy
performance. This brings challenges in how to classify the performance of the residential

envelopes according to the standards, which will be investigated in this study.



1.2 State of the art

Since the overall performance evaluation of the residential building envelope is becoming
more and more crucial, there are two methods, namely model-based or measurement-based, that
have been intensively investigated in this field. Both methods need to compare with their reference
points for performance evaluation. While measurement-based methods can directly compare with
U values given in the ASHRAE standards, they are either destructive for building envelopes or
inconvenient for operators. Therefore, model-based methods are getting more and more popular.
However, these methods also need to have reference points for comparison, which lacks
investigations due to their complexity and impossibility from existing buildings. This study will
focus on providing these methods to generate the reference points and thus benchmarking
performance evaluation of the residential building envelopes. This section will first give a brief
introduction of these methods from previous studies, then identify the research gaps, and finally

state a method proposed in this study to fill out the identified gaps.

In the past decades, there are several studies about measurement-based and model-based
method. In [10], it introduced two types of measurement-based methods for envelope performance
evaluation: destructive and non-destructive. In the destructive measurement methods, a hollow
drill is used for obtaining the thickness and conductivity of selected sample. Then R and U values
can be calculated based on 1ISO 2017 [11]. In the non-destructive method, [12] indicates that heat
flow meters (HFMs) and infrared (IR)/thermographic cameras are widely used for measurement
envelope performance. Instead of measurement-based methods, model-based methods, especially
RC model-based methods, that utilized measured data from available sensors, provide alternative
ways to evaluate the overall envelope performance without the need of physical building materials,

as introduced in [13]. Due to lack of the reference for comparison, the authors in [13] presented



the distribution of the Tau values based on home ages as shown in Figure 1-4. Although there is
no ground truth for comparison, these methods still provide possibilities for benchmarking the

performance evaluation of the residential envelopes as investigated in this study.
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Figure 1-4 Distribution of Tau (i.e., ) values for different home ages [10, 13].

Even if there is a lack of studies about benchmarking the performance of the residential
envelopes in literatures, there are still several studies that have investigated benchmarking energy
performance of building envelopes by researchers. For example, in [14], a new benchmarking
method that utilized Principal Component Regression was proposed to benchmark energy
performance of existing residential buildings’ envelopes, compared with high dimensional dataset
as references. This method was compared with a traditional statistical rating method that uses
average energy consumption of buildings and both methods were applied to datasets of a real
project. Through validations, the authors conclude that the proposed benchmarking method

outperforms the traditional statistical rating method.

In [15], a Latin hypercube sampling method was applied by authors to create various
building envelope samples for building energy simulation and build evaluation equations.
Compared each sample’s annual sensible cooling energy with its own baseline case, a new building

6



envelope energy performance index was proposed based on the dry-bulb temperature and the
operative temperature control. The performance index can be used to simultaneously analyze the
influence of thermal comfort and energy consumption instead of the building envelope thermal
performance evaluation method that considers energy consumption only. The authors found that
when using the operative temperature instead of dry bulb temperature, the coefficient that
represents the glazing's thermal insulation property rises twice. This finding indicated that the
requirements of thermal performance for building envelope openings are more important for the

proposed performance index.

In [16], the authors proposed a benchmarking method to determine how well a building is
performing, based on the estimation of a statistical model for energy use of samples of buildings
and identification of a reference value for each group/class of buildings, and to quantify the
potential reduction of energy use for large building stocks. The method utilized the estimation of
a statistical model for energy consumption and was tested using Healthcare Centers in Northern
Italy. Through analysis and comparison with a common deterministic or one-dimensional
benchmarking approach that utilizes a statistical basis, the authors found that the proposed method

can overcome the limitations of the common approaches.

In [17], the authors compared three schemes’ performance criteria and credit scales, i.e.,
Building Research Establishment Environmental Assessment Method (BREEAM), the Hong
Kong Building Environmental Assessment Method (HK-BEAM) and LEED, by statistical analysis
of the energy assessment results obtained from 60 certified buildings. Moreover, the authors also
established a systematic approach to benchmark the energy evaluation across schemes, which

provided a good reference for future benchmarking of energy evaluation schemes. Similar studies



can also be found in [18-20], where the common goal is to develop an approach to benchmark

building energy performance.

In [21], a residential building envelope performance benchmarking model was proposed to
achieve improved life cycle operation energy consumption prediction. The benchmarking model
was constructed using stochastic and data mining methods and validated by comparison with
infrared thermal inspections. The model was applied to houses in a community and generated
simulated data, compared with real energy consumption data. The results indicated that the
benchmarking model can generate comparable results compared to infrared thermal inspections.
Although there are some limitations of the proposed benchmarking model on the variation of the
residential energy performance, this study was applied to real residential buildings and compared

with on-site measurements.

Although the aforementioned approaches achieve their purposes for benchmarking
building energy performance, most of them do not focuse on the benchmarking purposes of the
residential building envelope performance. Moreover, there were limited study that investigated
the building envelope performance benchmarking by utilizing stochastic and data mining methods,

which may be too complicate and not very useful in large building stocks.

In this study, a benchmarking method for residential building envelope performance
evaluation, by using one parameter to represent overall residential building envelope performance,
is proposed that utilizes both EnergyPlus and a simplified RC model [10]. First, operational data
of a home with different envelope designs based on different ASHRAE standards are produced
using EnergyPlus, a widely used software for building energy simulation. Then, the parameters of
the simplified RC model are trained using the simulated data that are produced using different

ASHRAE standards. Since the RC model represent physical laws of heat transfer, the key
8



parameters in the trained RC model express the envelope thermal condition and therefore are used
as a benchmark index. Hence, this study will adopt EnergyPlus to generate simulated data instead
of operation data that will be utilized in RC models for the overall performance evaluation of the

residential building envelope.

1.3 Research Objectives

The objective of this research focuses on developing the benchmark method for envelope
performance evolution discussed in Section 1.2. The EnergyPlus model will facilitate the
generation of simulated data instead of operational data collected from sensors. Moreover, the RC
models will be trained by the simulated data to generate the learned key parameter value for the
overall envelope performance evolution. Furthermore, different parameter values, generated from
the RC models that are trained using different simulated data from EnergyPlus and representative

ASHRAE standards, will be used for benchmark of building envelope performance.
The study will be carried out in the following steps:
a) Collect relevant information for modeling a residential building in EnergyPlus.

The first step is to prepare relevant information for building a 3-D house model. The
relevant information includes processing local weather data to meet the requirements of
EnergyPlus’s data formats, measuring dimensions for different kinds of envelopes such as

pitched roof angle, windows, etc.
b) Create a 3-D model based on a residential building by EnergyPlus and execute simulation.

A house 3-D model is built by Openstudio and simulation result is obtained at the same

time.



d)

f)

Create a dashboard to calculate the Tau value from the physical residential building.

According to the materials’ thermal properties and parameters provided by EnergyPlus, the
physical R and C value is calculated through the equations (details shown in the chapter 3)

based on the physical residential building.

Calibrate the 3D model based on the dashboard.

RC model is trained by the measured data and get the Tau value firstly. Compare the Tau
value obtained from RC model (trained by measured data) and Tau calculated by

dashboard, regulate 3-D model to close the difference between two Tau values.

Select representative years of ASHRAE standards to identify different requirements of
thermal properties of building envelope materials and modify thermal performance of 3D
models to generate simulated data for the training of RC models.

Compare the results of Tau value based on different years of ASHRAE standards and

generate envelope evaluation benchmarks.

1.4 Thesis Breakdown

This research aims to create a EnergyPlus 3-D model, calibrate the 3-D model, simulate

data for RC model training, obtain Tau value from RC model parameter identification, and build

a benchmark for representative building ages. The breakdown of this thesis will be as follows:

Chapter 1: This chapter gives an introduction of the study. It first explains the motivation,

identifies the research gaps, and then draw the objectives of the study. It also demonstrates the

basic information of study process.

10



Chapter 2: This chapter reviews the literature from three fields: building energy model
calibrations, RC models, building envelope performance evaluation methods, and benchmarking
methods for building energy models. At the end of this chapter, current research limitations and

proposed research methods are stated for this study.

Chapter 3: This chapter proposed research methods. It introduces information about how to
combine EnergyPlus model with thermal network models for calibration and the way of how to

determine envelope performance benchmark.

Chapter 4: This chapter gives detailed information of the construction of 3-D EnergyPlus models
for carrying out envelope performance evaluation benchmark that includes four steps: building and
setting 3-D model in EnergyPlus, discussing thermal properties for 3-D model’s envelope
materials, using simplified 2R2C model for simulation and calibration of the 3-D model, and

comparison of the simulation results.

Chapter 5: This chapter discusses how to use calibrated 3-D model to get Tau value and determine
the benchmarks for different envelope performance evaluation. Three different years of ASHRAE
standards in 1975, 2007, and 2018 are given and used, along with the calibrated EnergyPlus and

simplified RC model, for benchmarking the envelope performance evaluation

Chapter 6: This chapter includes the thesis summary and presents the concluded results and

suggestions. It also discusses work limitations and future work needed.

11



Chapter 2 : Literature Review

The proposed benchmark method requires using calibrated EnergyPlus model to generate
operational data based on different ASHRAE standards. The calibration of building energy models
(e.g., the EnergyPlus models) is complicated and sophisticated, involving extensive expert
experience and time-consuming labor. To facilitate a quick and accurate calibration process, this
study proposes to take advantage of building thermal network models, which utilize a data-driven
method and attract a lot of attention in recent decades due to easy use with reasonable accuracy,
as a reference in the calibration. With the calibrated EnergyPlus model, building envelope

performance can be evaluated and compared with the one assessed from thermal network models.

Moreover, the operational data from buildings will be used as references for comparison
with the simulated data from EnergyPlus models, which will guarantee the models’ accuracies and
facilitate the calibration process. In addition, ASHRAE standards can be adopted to provide the
minimum requirements for thermal properties of different years of buildings and utilized by

EnergyPlus and building thermal network models for the benchmarking purpose.

In this study, a comprehensive literature review is conducted to address the existing
challenges and identify research questions. Specifically, Section 2.1 reviews the methods and tools
used for building energy model calibration, Section 2.2 introduces the building thermal network
models used for facilitating the calibration process, Section 2.3 states the building envelope
performance evaluation based on the calibrated EnergyPlus models, and Section 2.4 identifies the

research questions and limitations.

12



2.1 Building Energy Model Calibration

EnergyPlus models, as one of the most popular building energy models, have attracted
researchers, architects, and engineers to use for modeling both energy consumption—for heating,
cooling, ventilation, lighting and plug and process loads—and water use in buildings. To ensure
the accuracy of the EnergyPlus models, calibrations are necessary and crucial due to their
widespread use. Different methods or tools that facilitate the calibration have been heavily

investigated by researchers since the widespread use of EnergyPlus.

In [22], the authors used optimization tools for building energy model calibration. An
EnergyPlus model was created based on a large educational building which is located in the
province of Treviso, north of Italy for calibration. The design contains 72,000 EnergyPlus building
models. The first step of calibration in this study was sensitivity analysis. The authors conducted
sensitivity analysis by JEPIus+EA and jEPIus that are genetic algorithm-based optimization tools
used on a local computer and a cloud server. In the second step, genetic algorithm was adopted for
calibration. This study certainly pushed the development of the tools component of building energy

model calibration methods.

In [23], two sensors and a weather station provided measured data of an office building to
verify the accuracy of EnergyPlus simulated results for calibration. The authors used Mean Bias
Error (MBE) values within +5% and Cumulative Variation of Root Mean Square Error
(CV(RMSE)) values below 10% as indices. The EnergyPlus model after calibration can be used
for prediction hourly air temperature with an accuracy of £1.5 °C for 99.5% and an accuracy of

+1 °C for 93.2% in the studied period.

In [24], an optimization-based method is adopted for calibration building energy models

utilizing monitored data in this study. In the calibration process, the authors combined EnergyPlus

13



energy simulation tool with the GenOpt optimization tool. The objective function was used for
minimizing the difference between the simulated energy data and monitored energy data.
Evaluation index of this study also applied MBE and Cv (RMSE) (mentioned above) to evaluate

accuracy.

In [25], the authors proposed a Gaussian process-based Bayesian method to calibrate the
building energy models. The method can account for different uncertainties. In addition, in this
study, they also proposed a posterior approximation method to evaluate the posterior distribution
in the Bayesian approach for further improving the computational efficiency. The authors set lower
bound and upper bound in process of calibration parameters. The results of this study showed that
the proposed method may offer an accurate calibrated result which is better than MCMC (Markov

chain Monte Carlo) method.

In [26], the authors applied autotune approach in two case studies. This approach is focus
on using measured data to produce calibrated building energy models automatically. In the first
case, faults were injected into more than 60 parameters of a building model to let the model de-
tuned. Then, the model was calibrated by using autotune approach. The accuracy with respect to
the original model was evaluated in terms of MBE and CVRMSE. In the second case, the authors
used autotune calibration to compare an experts’ manual calibration of a full-size residential
building. The results showed that the calibration time of autotune is shorter. This study concluded

with a discussion of the key strengths and weaknesses of auto-calibration approaches.

In [27], the authors listed six stages for their studied model calibrations, including 1)
Calibration of power and schedules of constant loads; 2) Simulation of design days for thermal
loads analysis; 3) Sensitivity analysis for parameters related to significant heat gains/loss; 4)

Adjustment input values with uncertainty and high influence; 5) Whole year simulation for
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comparison with measured data; and 6) Final adjustments. The study concluded the effective of

the 6-stage process for model calibration. Table 2-1 summaries the references mentioned above

accompanied by crucial characteristics of the relevant calibration approaches proposed therein.

Table 2-1 Summary of relevant calibration approaches and their key characteristics.

Ref. | Method Calibrated | Calibrated Evaluati | Buildin | Advantages Disadvantages
Parameter | Objective on Index | g Sector
[22] | Genetic Ventilation | Energyuse | MBE & | Comme | Automated Need to know
algorithm Air Flow, CV(RM | rcial calibration detailed
SE) EnergyPlus
parameters
[23] | Two-stage Envelop, Electricity MBE & | Comme | Good accuracy Manual
screening HVAC & | and Gas | CV(RM | rcial process and
approach Occupancy | consumption | SE) time
for stage 1; consuming
Temperature
for stage 2
[24] | Optimizatio | Building Heating MBE & | Comme | Setting lower Need another
n-based Envelope, energy CV(RM | rcial and upper software to
Ventilation | consumption | SE) bounds for assist process;
and internal calibrated didn’t explain
gains parameters; how to identify
identifying the the most
most important important
parameters parameters
during screening
[25] | Gaussian Envelope electricity CVRM | Comme | Setting lower Complicate in
process- and internal | consumption | SE rcial and upper practice
based loads bounds for
Bayesian calibrated
and posterior parameters;
approximati comparison of
on two methods
[26] | Auto- Envelope, Electric NMBE | Comme | Require less Injecting faults
calibration electric energy use; | & rcial and | computing into
equipment, | zone CVRM | resident | power, time, and | parameters and
fan, pump, | temperatures | SE ial human doing
and so on building | intervention calibration
S
[27] | 6-stages Envelope, electricity Comme | Sensitivity base case
calibration electric consumption rcial analysis (use IC | characteristics
equipment to calculate the are not
important adequate.
factors),having
calculation
process
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The aforementioned studies investigated different methods and/or tools used for building
energy model calibrations. Overall, either expert knowledge is needed for calibration or automated
calibration methods require large computational capacity. In addition, even though some of the
studies are effective to capture energy use and/or electricity consumption in terms of the model
accuracies, such as MBE and CVRMSE, they may not be accurate to be implemented for indoor
air temperature prediction and building envelope evaluation. Moreover, most studies have focused
on commercial buildings, which differ from residential buildings that will be investigated in this
study due to their unique characteristics. Due to the accuracy of building thermal network models
in indoor air temperature prediction and building envelope evaluation (as introduced in the next
section), this study will resort to thermal network models for references in the calibration of

building EnergyPlus models.

2.2 RC Models

To facilitate the quick calibration process, this study proposes to take advantage of building
thermal network models as a reference in the calibration. The thermal network models, derived
from the standard (Resistance-Capacitance) RC approach, utilize data-driven method to capture
building thermal properties without the need of physical building information. The thermal
network approach has been modified and applied in different forms, e.g., 1R1C [28] and 2R2C
[29, 30], 3R2C plus 2R2C [31] models and their further applications for optimal precooling studies
[32, 33] and envelope performance evaluation [10, 13]. The general applicability of the thermal
network approach has been limited by the identified issues, such as convergence and stability
issues and unavailable or unreliable measurements. Most importantly, with increasing building

complexity, the thermal network model becomes increasing difficult to develop and optimize.
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The 3R2C plus 2R2C model [31] is one of the popular building thermal network models
that attract attentions, based on thermodynamic laws and physical heat transfer. However, this
model was simplified by integrating variables and parameters, which are either very expensive or
hard to obtain, as shown in Figure 2-1. The three thermal resistors and two capacitors (i.e., 3R2C
or Ret, Re2, Res, and two Cyw) were used to represent the physical layers of building envelope (i.e.,

consolidating the layers with similar thermal properties and representing in a simplified form).

Moreover, the 2R2C (Rint1, Rint2, and two Cint) circuit were used to represent the total heat
capacity of interior components. In addition, Tin1, Tin2, Qr1, and Qconv Were used to represent two
indoor air temperature nodes, half of the radiative heat gains from occupants, appliances or/and
lighting, and convective heat gains that directly become the load and have no thermal delays. Tin,
representing indoor air temperature, assumed as one uniform air in a thermal zone, which was

associated its thermal capacity Cin.

Fenestration—-_________ Indoor air
q ! L
! Rwinl : [N
s W I el
---------- r At
e e N 4 Qr1 Q1
g \‘I ': 4 ' i
Re 'ITOE Re2 Tig Rg Nlin /' Rinco Tinez, Rine1 Tint1,”” |
A AN 1 1
TSE 1 /\/\/\/ vV V:V 0 :
i ! T :
| Cw Cw ': Cin I cmt Cine :
1 :\ _____ A 1
1 : ! 1
1 i ‘\ 1
el L ! - 1 DRI T— 5
=% N Z RSSO, N =
Opaque structures Internal thermal mass
(walls or roof) (Furniture or interior structure)

Figure 2-1 Schematic of the 3R2C plus 2R2C model [31].

According to the diagram of the 3R2C plus 2R2C model in Figure 2-1, a heat balance at

each node generates:
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dT T¢g—T Tig—T
Cw oE __ !SE oFE + iE oFE (2_1)
dt Re1 Re2

dTie _ Toe—Tie | Tin—TiE

C = 2-2

Wode Rez Res (2-2)
aT; Tie—Tin Tine2=—Tin Tamb—Tin

Cin —2 =~ + + + + 2-3

n dt Re3 Rintz Rwinl QCOTLU QS]/S ( )

AT int2 _ Tin—Tint2 Tint1—Tint2

Cint d - - + ] + er (2'4)

t Rint2 Rint1

dTintl — Tint2—Tint1

Cint at R: + er (2'5)

int1

As observed, the above equations include coefficients that are very complex and make the
identification of the parameters extremely difficult, using the known inputs and output [28, 30].
However, the parameter identification process is particularly important for this study due to no
need for user inputs. Moreover, for residential buildings, they have much smaller size, i.e., only
one or two thermal zones, which give a chance to make simplifications of the 3R2C plus 2R2C
model in order to achieve its parameter identification process. Furthermore, these residential
buildings do not have building pressurization control in common and thus have a large chance to
experience infiltration from outdoor air [28]. Hence, a thermal network model which is applicable

for the use of residential buildings is necessary in this study.

The thermal model in this study adopted 2R2C (2-Resister-2-Capacitor) modeling
technique to represent the thermal zone plus the envelope, due to its sufficient accuracy and
simplification applicable for residential buildings [29, 30]. This method relies on the heat transfer
concept of the thermal circuit, as represented in Figure 2-2. The left part shows the virtual

envelope, and the right part shows the indoorl space.
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In the figure, R, and C,, ;,, represent the thermal resistance and capacity of the lumped,

virtual envelope components; R,;- and Cy;, are the air thermal resistance and capacity; T,, T;., and

T;, are the outdoor air, interior wall surface, and space air temperatures, respectively; R,,,

represents a variable resistance which relys on the wind speed and the airtightness of a home; and

Qsotarr Qint, and Qg5 represent the rates of heat transfer introduced by solar radiation, internal

occupancy, and the HVAC system, respectively.

The internal space
The virtual envelope

|
// N |
To Rve Tie Rﬁlir Tin /
I AND a
. : . "’.": ‘\."i V .v\ T0

| | h @
| 1 |
| !
| L
i Cve,in ] — Cair
| i
1 Iy
| |
1 | \

Figure 2-2 Schematic of the 2R2C Model [30].

Using heat balance to each node in Figure 2-1 gives [29, 30]

dT(ii_et(t) = i[TO (t) —Ti ()] + é [Tin(t) — Tie (8]

dTin(t) —

22 = 2T + = [Tie (O + (To(0) = Tn(®O) (W () + b,W2(D) +

(a1G(6) + a,G%(t) + azG3 (1)) + Quu; (1) + Qsus(D)]

(2-6)

(2-7)

where W represents the wind speed; G represents the global horizontal solar irradiation; u; is the

occupancy (i.e., u; = 1 if occupied and u; = 0 otherwise); u, is the HVAC control signal (i.e.,

u, = 1if AC on and ug = 0 if AC off); Q; and Q, are constant gains with the latter representing
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the HVAC system cooling capacity; t; = Cpe inRye and 13 = Cg;-Ry; are the time constants of
the virtual envelope and space air, respectively; t,, by, by, a;, a,, as, Q;, and Q, represent
parameters scaled by R;,-. All the unknown parameters in the home thermal model described by
Egs. (1) and (2) can be identified using a parameter identification scheme [29, 30]. Since the value
of Tau (i.e., T1) represents the physical thermal properties of all the components of a residential

building, it can be used for envelope performance evaluation.

2.3 Model-based Envelope Performance Evaluation Methods

Since this study proposed to use the calibrated EnergyPlus model for building envelope
performance evaluation, it is necessary to introduce the concept of performance assessment and
review the state-of-art methods investigated in literature. Moreover, advantages and disadvantages

for different evaluation methods are also stated in this section by comparisons.

In [34], the authors developed a model-based method to evaluate the thermal properties for
a residential building. A coarse grade thermal response model was developed and used nighttime
data to correlate the interval indoor temperature changes over a heater’s runtime. The authors
assumed that the indoor temperature increased linearly with a constant outdoor temperature in each
runtime, in addition to ignoring wind and internal heat gains. The authors also assumed that the
“typical” grade of the home insulations is a ground truth, i.e., with the recommended R-value for
walls in US climate zone 5 is 13 ft?-°F-h /Btu (or U=0.08 Btu/ft?-°F-h). However, the estimated
U-values range from ~50% to ~ 200% of this “typical” value and the authors believed these values
were still within the “typical” category. Moreover, in [28, 33], the authors proved that it was not
appropriate to ignore the wind impacts and suggested that the amount of heat gains or losses could
be related to wind speeds. Unavoidably, the model will cause large errors in the real practice of
envelope performance evaluation.
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Similar work was done by [35], in which a simple linear equation was used as a model-
based approach to estimate the integrated overall heat transfer coefficient. The authors assumed
the indoor air temperature reduced linearly with the temperature difference between the average
indoor air and outdoor air within the setback period. Therefore, these models are only applicable
for nighttime heating or nighttime indoor temperature floating period (i.e., temperature setback

period in this case).

In [36], the author applied the RC model and physics-based solar and infiltration method
to capture the thermal dynamics in residential buildings. There are a total of 12 parameters to be
estimated by applying the data, such as the indoor and outdoor temperature, wind speed, solar
irradiation, and HVAC signal. A genetic Algorithm (GA) method was used to train the model.
Even though the model is complicated and difficult to be applied and the data of wind and solar
usually are unavailable for residential buildings, thermal properties identified by the model can be

used to evaluate the performance of the envelopes.

In [10, 13], simplified model-based methods were proposed to evaluate the envelope
thermal performance of a residential building. The simplicity of the method allows the model
parameters to be automatically identified using a short period of measurable data through data
screening without the need for the physical information of residential buildings. Moreover, the
method can also evaluate the heat transfer and the integrated heat transfer rate of an envelope
through the heat transfer rate through heat transmission only and both heat transmission and
infiltration together, respectively, depending on the availability of the wind or not. Unlike the
traditional methods by eliminating physical heat flow or construction material property
measurements, the simplified model-based envelope performance evaluation method can be an

efficient, practical, and effective alternative, as shown and concluded in serval experiment results.
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As a conclusion, the model-based envelope evaluation models provide a way to obtain the
overall thermal property of building envelops, i.e., the values of Tau from the RC models [e.g., 10,
13]. These studied provided good references for obtaining the Tau values for different years of
house. However, the values of Tau were obtained purely based on the RC model-based data-driven
method, which cannot be evaluated without a reference for comparison and thus cannot be decided
whether the envelope performance is good or bad. Therefore, for benchmarking purpose in this
study, the combination of the calibrated EnergyPlus and 2R2C models are adopted and used for

benchmarking the residential building envelope performance evaluation.

2.4 Research Questions and Limitations

As illustrated previously, the calibration of the EnergyPlus models is complicated and
sophisticated, involving either extensive expert experience and time-consuming labor or large
computational capacity. The calibration is still experiencing challenges for both researchers and
users. To facilitate a quick and accurate calibration process, this study proposes to take advantage
of building thermal network models and their simulated results as references in the calibration
processes. Moreover, this study proposes to use the calibrated EnergyPlus model for building
envelope performance evaluation. Therefore, two research questions are raised here and need to

be answered in this study:

(1) How to quickly facilitate the calibration of EnergyPlus models of residential buildings
based on the use of building thermal network models?
(2) How different years of buildings envelope performance, that will be evaluated based on

the calibrated EnergyPuls models, vary for benchmark use?

The above research questions will be investigated through simulations. The outcome of

this research will fill the following knowledge gaps:
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(1) Lack of an efficient calibration process of EnergyPlus models used for residential
buildings.

(2) No quantitative study and performance analysis of a calibration method that utilizes
building thermal network models.

(3) No investigation and analysis of effective building envelope performance benchmark

method for model-based envelope evaluation methods.
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Chapter 3 : Methodology

In this chapter, both EnergyPlus and thermal network models are introduced first. Based
on the network modeling approaches introduced in Chapter 2, the 2R2C model is simplified based
on the available data used in this study. EnergyPlus, as one of the popular building energy
modeling tools, is also adopted for generating simulated data. Then a calibration method is
proposed to calibrate constructed EnergyPlus models based on a test house. Finally, the
determination of the overall envelope thermal performance (i.e., represented by the value of Tau)
is stated and utilized to benchmark the residential building envelope performance evaluation. A

summary of the methodologies used in this study is illustrated in Figure 3-1.

| EnergyPlus and thermal
network models

Model construction and simplification

Calibration of Dashboard creation and physical building
EnergyPlus models information

inati Simulated data from EnergyPlus model and
Determmaltlon of Tau paramter identification , i.e., Tau value, from
value simplified 2R2C model

Adoptions of ASHRAE standards and
Envelope performance determination of required thermal properties
benchmark
enchmar from different envelope materials

Residential envelope performance
evaluation benchmark

Figure 3-1 Flow chart of methodology used in this study.

3.1 Introduction of EnergyPlus and Thermal Network Models
This study adopts both EnergyPlus and thermal network models for benchmarking building
envelope performance evaluation. This section will first introduce the EneryPlus model and then

state the simplifications of a thermal network model.
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3.1.1 EnergyPlus Model

EnergyPlus is an energy modeling and simulation program, sponsored by US department
of Energy, which can be used for both residential and commercial buildings. The overall
Energyplus structure can be found in Figure 3-2, in which it requires the input data and generates
output data from simulation. Moreover, in the past ten years, there are a lot of public and private-
sector tools (such as SketchUp, OpenStudio, and Python) and services that have been supported
by EnergyPlus, as shown in Figure 3-3, which become more functional and useful for researchers.

/ thput Data (IDD and I;l:) /

EnergyPlus

s Simulation Manager

_ Heatand

_‘«’ Mass | Building % .
%) Balance | Systems H

—m Simulation | Simulation | ii—

Zone H

&=

- &= Update =

Feedback

- g § .
/ Output Data (ODD and ODF) /
| ——l

Figure 3-2 Overall EnergyPlus Structure [37].
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Figure 3-3 Tools and services supported by EnergyPlus [38].

In this study, three kinds of software, i.e., EnergyPlus 9.5.0 [39], OpenStudio 1.2.1 [40],
and SketchUp Pro 2021 [41], respectively, as detailed in Section 4.1.1, were used in development
and simulation of three-dimensional (3-D) house models. The 3-D model was firstly created in
Openstudio, then modified in SketchUp, and finally calibrated by EnergyPlus, in which the

detailed process will be introduced in Chapter 4.

Since the 3-D model requires to be calibrated using the measured data from the test house,
the measured weather data are required as well. While the historical weather data were not
available for the location of the test house, a weather data processing method that utilizes the
measured data from the test house and local weather station is also introduced in this study. To
adopt the measured weather data as the weather data file of EnergyPlus (or OpenStudio), several

steps are required.

Firstly, the measured data need to be processed and converted, following the requirements

of EnergyPlus, e.g., its data formats, categories, and units. In terms of data categories, it includes
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the date, time, temperature, relative humidity, atmospheric pressure, global horizontal radiation,
normal direct radiation, and diffuse horizontal radiation. In this study, the measured weather data
includes wind speed, global horizontal solar irradiation, outdoor air temperature, and relative
humidity and considers constant atmospheric pressure. Then normal direct radiation and diffuse
horizontal radiation need to be calculated, based on the measured global horizontal solar radiation
data and ASHRAE Clear Sky model [42], where the normal direct irradiation (Gnp) is firstly
calculated and the normal direct irradiation (Gpn) and diffuse irradiation (Ggn) on the horizontal

surface are obtained, as expressed by

-4 3-1
Gnp = oxp (B/sinD) Cn (3-1)
GpHu = Gnp sin,B (3-2)
Gan=C (Gnp) (3-3)

where

A=apparent solar irradiation at air mass equal to zero

B=atmosphere extinction coefficient

C=ratio of diffuse irradiation on horizontal surface to direct normal irradiation

B = solar altitude

Cn = clearness number

All the parameter values of Equations (4-1)-(4-3) can be obtained from ASHRAE

handbook fundamental [43]. For global horizontal solar irradiance G, it can be calculated by

G == GDH + GdH (3'4)

27



Lastly, it needs to rewrite the definition of these data for the parameters in the DEF file, as
shown in Figure 3-4. This process is to check the units of these data as same as the ones in
EnergyPlus and set up simulation parameters, such as timestep and location of test house. After
obtaining all the necessary parameters, a tool, i.e., weather utilities from EnergyPlus, was used for

format conversion.

&location

City =Norman

StateProv =Oklahoma

Country =USA

InkMO =72357@

InLat =35.25

InLong =-97.47

InElev =345

InTime =-6

/

&wthdata

NumInHour=12

InputFileType="CUSTOM"

InFormat="DELIMITED'
Datatlements=Date,HH:MM,Dry Bulb Temperature,Relative Humidity,Atmospheric Pressure,Global Horizontal Radiation,wind Speed,Di
DataUnits="dd/mm/yyyy', hh:mm','C','%',"Pa’, ‘Wh/m2", 'm/s"', 'wh/m2", "Wh/m2"
DataConversionFactors=1,1,1,1,1,1,1,1,1,1,1,1
Dateseparator="/"

pelimiterchar=","

Decimalsymbolchar="."

/

&miscdata
Commentsl=""
SourceData=""

Figure 3-4 Definition of data represented in a DEF file.

3.1.2 Simplified 2R2C Model

Thermal network models have been very effective and accurate in building energy
modeling. As for residential use, a 2R2C model has been validated by [29, 30] for its accuracy and
will be sufficient and adopted in this study due to the merits mentioned in Chapter 2, and be
simplified for accommodating the available data. Specifically, this study uses only intermittent
data when the HVAC system is off and there is no occupancy, and the 2R2C model mentioned in

Chapter 2 can be simplified into

dTie(t) —
dt

~[To(0) = Tie (O] + - [Tin(6) = Tie(©)] (3-5)
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dT(Tt(t) - iTin(t) + é [Tie (®) + (To(8) = Tin () (b1 W (£) + b, W2 (1)) + (@1 G (8) +

a,G2(t) + azG3(1))] (3-6)
The simplified models represented in Equations (3-1) and (3-2) are time-continues model.

To use the measured data for parameter identification, discretization of the models is necessary.

Therefore, the simplified models are converted, using Euler’s Forward Method, expressed by
Tiolk + 1] = Tio k] + 2 [T, [K] = T[] + 2 [Tinlk] = Tie 1] (3-7)

At[

Tin[k + 1] = Ty [K] + (1 = f—:)Tin[k] + = [Tie[K] + (To [kl = Tin[KD (b, WK] + b, W?[K]) +

(a1 G[K] + a,G?[K] + azG°[k]] (3-8)
where At is the sampling interval and k denotes discrete time.

With a least-square method [29, 30], the parameters in Equations (3-3) and (3-4) can be
identified and used for benchmarking envelope performance evaluation purpose, as carried out in
Section 3.3.2. As discussed in Section 2.3, Tau 1 is used to evaluate the envelope energy

performance.

3.2 Model Calibration Method
The calibration method of the EnergyPlus models constructed in this study is divided into

5 steps:

(1) Real measured weather data collected from the test house and local weather station are

processed for creating the EPW weather file, required by input data of EnergyPlus;

(2) Sensitivity analysis over input parameters related to significant changes of the Tau

values is conducted;
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(3) Adjustment of the Tau values. As either the roof or ceiling can cause larger difference

of the Tau values, the combination of the roof and ceiling is considered in this study;

(4) Comparison. Indoor air temperature and the learned Tau values from the RC models

are used for the calibrated objectives; and

(5) Simulation. A total of 14 days of data when the HVAC system is off (i.e., during the
transition season) and there is no occupancy are used for simulations. The errors between the

measured and simulated air temperatures are used to evaluate the accuracy of the calibrations.

3.3 Envelope Performance Benchmark

3.3.1 Tau Value Calculated from Dashboard

An excel dashboard is created to facilitate the calculation of the physical Tau value, which
is the product of the total thermal resistance and capacity of the entire building envelope. To
calculate the values of the total resistance and capacitance of the whole envelope, each component
of the house, such as the roof, walls, ceiling, windows, and doors, needs to be considered. In the
total resistance calculation process, the unit resistance R’ of each component of the envelope
should be ensured firstly and can be calculated using the thickness and conductivity of the
component. The properties of the components can be obtained from the EnergyPlus library. Hence,

the unit resistance R’ of each component can be calculated by

,  Ax (3-9)
k= k

where
R’ = Unit resistance of the component (m?-k/w)

Ax = Thickness of the component (m)
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k = Conductivity of the component (w/m-K)
The resistance of each component can be calculated by

R’ (3-10)

where
R = Resistance of the component (K/W)

A = Total surface area of the component (m?)

To calculate the total resistance of the whole envelope, the resistances of walls, doors,
windows, and combination of ceiling and roof (because of the existing of the attic) can be regarded
as parallel connections, in which the combination of ceiling and roof is connected in series. The

total resistance R, of the whole envelope can be expressed as

1 (3-11)
1 1 1 1
—tptp—+—
Rt,w Rd

Rwin

Rior =

Rcom

where

R, ,,= overall resistance of walls (K/W)

R ;= resistance of doors (K/W)

R, = resistance of windows (K/W)

R.om= resistance of the combination of roof and ceiling (K/W)

For the overall resistance of walls, the convective heat transfer coefficients from both

interior and exterior wall surfaces are also considered, based on their constant values of 8.29
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W/(m?-K) and 22.7 W/(m?-K), respectively, in this study. Therefore, the overall resistance of walls

can be calculated by

(3-12)

where

R, = resistance of walls (K/W)

h;= convective heat transfer coefficient from interior wall surface (W/(m?-K))
h,= convective heat transfer coefficient from exterior wall surface (W/(m2-K))
A;= surface area of interior walls (m?)

A,= surface area of exterior walls (m?).

Moreover, the value of R,,,,, for the combination of the roof and ceiling adopted the similar

calculation. The only difference is that they can be regarded as series connection, as calculated by
Reom = Rroof + Rceiling (3-13)
where

Ry = roof resistance (K/W), which considers half volume of the air between the roof and

ceiling (i.e., attic air)

Rceiling= ceiling resistance (K/W), which considers another half volume of the air between the

roof and ceiling

Similarly, based on the specific heat and density of each component and the corresponding

volume, the total capacitance of the whole envelope can be calculated by.
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Cior =Cy +Cq +C + Cpinp + C,. (3-14)
where
C.,: = total capacitance of the whole envelope (J/K)
C,, = total capacitance of wall (J/K)
C, = total capacitance of door (J/K)
C, = total capacitance of roof (J/K)
Cwin = total capacitance of window (J/K)
C. = total capacitance of ceiling (J/K)

As introduced in Section 2.2, the value of Tau represents the physical thermal properties
of all the components of a test house. To compare and differentiate the Tau values identified from
RC models (referred to as the learned Tau values), the Tau value calculated based on physical
envelop materials is referred to as the physical Tau value. Specifically, based on the total values

of Ryo¢ and Cy,¢, the physical Tau value can be calculated by

Tau = Ryot * Ceor (3-15)

3.3.2 Tau Value Identified from Simplified 2R2C Model
To identify the values of the simplified 2R2C model parameters 7, and 7, in Equation (3-

7), a two-step least-squared method [29, 30] is adopted. Equation (3-7) can be rewritten as
X5 =Y, (3-16)

The least squares solution to Equation (3-16) is
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R 3. (1

b = <g8> = (X[x)X]Y, (317)
Thus,

7, = At/B1(1) and T, = At/B,1(2). (3-18)

where X, and ¥; are known matrices; B, is the matrix to be identified; and f; is the least squares

solution matrix.

To (2) - Tie(z) Tin(z) - Tie(z)
To (3) - Tie(3) Tin(3) _ Tie(3) T
X, = : : ' B = [Tz]’
To(k - 1) - Tie(k - 1) Tin(k - 1) - Tie(k - 1)

To (k) - Tie (k) Tin(k) - Tie (k)

Tie (2) - Tie(l)
| Tie(3) — Tie(2) |
Y; = : . (3-19)
lTie(k —1) = Tpe(k — Z)J
Tie(k) - Tie(k - 1)

Similar, to identify the values of the simplified 2R2C model parameters 73, by, b,, a4, a,,

and a5 in Equation (3-8), the equation can be rewritten as
X0, =Y, (3-20)

The least squares solution to Equation (3-20) is:

1€y
$2(2)
B2(3)
B2 (4)
B:(5)
$.(6)

=
N
Il

= (X7X,) 7' X7 Y, (3-21)
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Thus,

T3 = At/ﬁz(l), b, = Bz(z)/ﬁz(l), b, = 32(3)/5)2(1)’ a; = 32(4)/32(1), az; = 32(5)/32(1)’
and az = B,(6)/B,(1). (3-22)

where X, and Y, are known matrices; 3, is the matrix needed to identify; and S, is the least

squares solution matrix.

[ Tie(2) = Tin(2) (T,(2) = Tr(2)IW(2) (1,2 = T ()W (2) G2 G*(2) G*(2) ]
| Tie(3) = Tin(3) (T, -T, (3))W(3) (T, -T; (3))W2(3) 6(3) G? (3) 63(3)

[ ——
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Tie(k) — T (k) (T, (k) = Ty (D)W (k) (T, (k) = Ty (R))W2 (k) G(k) G*(k) G3(k)

Ts-
o [ Ta@-Ta)
a, | Tin(3) — Tm(z) |

Bz =\, | andY, = (3-23)
a Tin(k = 1) = Ty (k = Z)J
Qi m(k) m(k
Qs

3.3.3 Benchmark Method

As discussed in Section 2.3, the model-based envelope evaluation method provides a way
to obtain the overall thermal property of building envelops, i.e., the values of Tau from the RC
models. Moreover, in [10, 13], the authors found that there is a correlation between the value of
Tau and house age. That is, the older homes with older technologies result in poorer thermal
performance of the envelopes in design and construction phase as well as the thermal performance
of home envelopes deteriorate as the age increases. This study provided a good reference for the
Tau values for different years of house. However, the values of Tau were obtained purely based

on the RC model-based data-driven method, which may not be very accurate and convincible in
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comparison with a ground truth, e.g., the physical Tau values obtained from physical building

information.

Therefore, for benchmarking purpose in this study, the combination of the calibrated
EnergyPlus and 2R2C models are adopted, of which the calibrated EnergyPlus models are used to
generate simulated data that are utilized in the simplified 2R2C model training. Moreover, three
ASHARE standards in 1975, 2007, and 2018 are selected for the determination of the minimum
requirements of thermal properties of residential building envelopes, of which the standard in 1975
is the first available standard from ASHRAE, the standard of 2018 is the latest one, and the
standard in 2007 is between these two. Based on the method to determine the Tau values as
descried in Section 3.3.1, different years of houses that meet the minimum thermal property
requirement of residential building envelope defined by ASHRAE standards, the performance
evaluation benchmarking process can be done with different values of Tau, i.e., representing the

minimum required Tau value for a specific year of a residential building envelope.
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Chapter 4 : Three-Dimensional EnergyPlus Model Construction

To carry out the simulation in Chapter 5, a three-dimensional (3-D) model is constructed.
Specifically, Section 4.1 introduces the 3-D house model using simulation softwares (i.e.,
EnergyPlus, SketchUp, and OpenStudio). Section 4.2 discusses the thermal properties of the
envelope materials used in the 3-D model construction. Section 4.3 utilizes the simplified 2R2C
model in Chapter 3 for simulation and comparison with the 3-D model. Finally, Section 4.4
introduces the 3-D model calibration based on the procedures described in Chapter 3 and presents

a comparison of the simulation results from both the 3-D model and the simplified 2R2C model.

4.1 Three-Dimensional House Model Setup
To create a 3-D house model, a software designed for modeling and simulation is firstly
introduced in Section 4.4.1 and then the 3-D house model is created using the software introduced

in Section 4.1.2.

4.1.1 Modeling and Simulation Software

Three kinds of software were used in the development and simulation of the 3-D house
model. They are EnergyPlus 9.5.0 [43], OpenStudio 1.2.1 [44], and SketchUp Pro 2021 [45],
respectively. EnergyPlus is an energy modeling and simulation program, sponsored by US
department of Energy, which models both energy consumption—for HVAC, lighting, and plug
and process loads—and water use in buildings, as detailed in Section 3.1.1. OpenStudio is a
collection of software tools that support whole building energy modeling using EnergyPlus and
other analysis, which can be regarded as a graphical user interface for EnergyPlus. ShetchUp is a
3D professional design software, it may be used together with OpenStudio to facilitate a quick

design of a 3-D model. By using OpenStudio ShetchUp Plugin, we can modify 3-D models created
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by OpenStudio directly. As a main goal of OpenStudio is used for energy simulation (due to its
limited function in constructing complicate models), SketchUp was used for further improving the
models’ accuracy in simulations. In this study, a 3-D model was firstly created in OpenStudio,

then modified in SketchUp, and finally calibrated by EnergyPlus.

4.1.2 Test House Modeling

A residential test house, whose latitude is 35.2226° N and longitude is 97.4395° W and
located in Norman, State of Oklahoma, US, is used in this study. The test house is a single-family,
one-story home with a floor area of 154 m?, and was built in 1940. The test house consists of three
bedrooms, a kitchen room, a dining room, a living room, and 2 bathrooms. Moreover, this
residential house has one attic with a 39° pitched roof. The test house is equipped with a 3.5-ton
heat pump system for space heating and cooling. The house is also equipped with a data acquisition
system that has capacity of measuring temperatures of different thermal zones and interior wall
surfaces and outdoor air. In this study, the indoor air temperature of the thermal zone 2 (as shown
in figure 4-1) and its surrounding interior wall surface temperatures are adopted due to their
representatives of actual location of the thermostat where the indoor air temperature is measured

and the reasonable model accuracy in calibration results as introduced in Section 4.3.

As temperatures of the external walls facing various orientations can be affected by solar
radiation, winds speed, and outdoor temperature, they will consequently impact the indoor air
temperatures. Hence, in this study the lab house was divided into three thermal zones based on the
orientations and physical layout. The floor plan of the 3-D house model with three thermal zones
is shown in Figure 4-1, in which the light blue area represents the Thermal Zone 1 facing north,
the green area represents the Thermal Zone 2 located in the middle, and the purple area represents

the Thermal Zone 3 facing south, as summarized and listed in Table 4.1. It is to be noted that this
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study ignored the ground heat transfer because the real house floor was exposed to an insulated air

and had no direct contact with the ground.

FZZZZ)
Frr

I
]
!

Bedroom 3 Kitchen Dining

Figure 4-1 Floor plan of the 3-D house model divided by three thermal zones.

Table 4-1 House thermal zones represented by different colors.

Color Thermal Zones
Light Blue Thermal Zone 1
Green Thermal Zone 2

Purple Thermal Zone 3

There are three main steps for setting up the 3-D house model. The first step is to obtain
the actual house dimensions where the geometry is from the actual measurements of the house
elements, such as walls, windows, and doors. The material of these elements is introduced in
Section 4.2. The second step is to use these elements as inputs to build a 3-D model (without roof)

in OpenStudio. The last step is to complete the 3-D house model by adding the specific pitched
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roof. The side view the test house and its corresponding 3-D model constructed are shown in Figure

4-2.

(a) Side view of test house (b) 3-D house model

Figure 4-2 Side view of test house and its 3-D model.

4.1.3 Weather Data

Both EnergyPlus and OpenStudio provide a global historical weather library, e.g.,
represented by the third typical meteorological year collection (TMY3), on their websites, which
can be downloaded and implemented in the developed 3-D house model. To access the local
weather data for this study, there are two problems existed. First, there is no weather data that are
available for the test house at Norman, Oklahoma provided by the website. The nearest area which
can be downloaded is from Oklahoma City-Tinker AFB (Location #: 723540). Another problem
is the timestep of the historical weather data, i.e., only 60-minute interval is available. However,
this study needs use the measured data to calibrate the 3-D model and thus is necessary to use the
measured weather data as well. Moreover, the timestep of 10 minutes is also required. Therefore,
the weather data used for the 3-D model was measured and collected from the lab house and
compared with data downloaded from Mesonet [48]. As Mesonet provides more stable results, it
will be used for the weather data sources. The data covers a long period from April 1 to June 30 in

2020.
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Based on the weather data processing method described in Section 3.1.1, the measured
weather data can be converted and used as an input data file for EnergyPlus. Moreover, Elements
(i.e., a tool that can read files in an EPW format) can be used for checking the converted content,

as shown in Figure 4-3.
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2020/05/07 @ 00:10:00 161 1" 97.93 60 837 0 0 0 21
2020/05/07 @ 00:15:00 16.3 11.76 97.93 59 8.31 0 0 0 26
2020/05/07 @ 00:20:00 162 1167 97.93 59 822 0 0 0 24

| | 2020005107 @ 00:25:00 16.1 17 97.92 60 8.37 0 0 0 25
2020/05/07 @ 00:30:00 16 174 97.93 61 8.52 0 0 0 22
2020/05/07 @ 00:35:00 158 11.57 97.94 61 8.33 0 0 0 18
2020/05/07 @ 00:40:00 156 1151 97.94 62 8.38 0 0 0 18

| | 202005107 @ 00:45:00 15.9 177 97.94 62 8.67 0 0 0 21

| | 2020008107 @ 00:50:00 1556 1162 97.94 63 8.62 0 0 0 18

! 2020/05/07 @ 00:55:00 15.9 177 97.95 62 8.67 0 0 0 23

| | 202005107 @ 01:00:00 1538 1168 97.95 62 8.57 0 0 0 2
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Figure 4-3 EPW data displayed in an Elements interface.

4.2 Analysis of House Thermal Property

This subsection first introduces the normal values of the thermal properties of the house
envelope materials for residential use. Then the total thermal resistance and capacitance and the
time constant of the test house is calculated based on these values of the thermal properties. Finally,
sensitivity analysis is conducted to determine the most crucial thermal properties that impact the

model performance for calibration process as introduced in the subsequent subsection.

4.2.1 Uncalibrated Envelop Materials
As the test house was built in 1940, the actual thermal properties of the construction

materials are not available. To construct the EnergyPlus model without calibration, the default
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values of these thermal properties were adopted based on the available ‘typical’ values in the built
year of 1940 and default values in the EnergyPlus library. Note that there are a total of 14 different
types of surface construction materials in the EnergyPlus model. The detailed properties of these
construction materials are listed in Table 4-2. Moreover, for the door and window, the detailed
information provided by EnergyPlus are listed in Table 4-3. Based on these values of the thermal
properties, the total resistance and capacitance and the time constant of the test house can be

calculated, as shown in Section 4.2.2.

Table 4-2 Properties of Surface Construction Materials.

Material Name Thickness(m) | Conductivity(w/m-K) | Density(kg/m”3)| Specific Heat(J/kg-K)
objl 2/1in gypsum 0.0127 0.16 784.9 830
obj2 lin stucco 0.0253 0.6918 1858 837
obj3 8IN Concrete HW 0.2033 1.7296 2243 837
obj4 FO8 Metal surface 0.0008 45.28 7824 500
obj5 F16 Acoustic tile 0.0191 0.06 368 590
obj6 G0la 19mm gypsum board 0.019 0.16 800 1090
obj7 GO05 25mm wood 0.0254 0.15 608 1630
obj8 101 25mm insulation board 0.0254 0.03 43 1210
obj9 | M11 100mm lightweight concrete 0.1016 0.53 1280 840

obj10 MAT-CCO5 4 HW CONCRETE 0.1016 1.311 2240 836.8
obj11 Metal Decking 0.0015 45.006 7680 418.4
obj12 Roof Insulation [18] 0.1693 0.4 265 836.8
obj13 Roof Membrane 0.0095 0.16 1121.29 1460
obj14 Wall Insulation [31] 0.0337 0.3335 91 837

Table 4-3 Properties of Windows and Doors.

Material Conductivity(w/m-K) |Specific heat(J/kg-K) | Density(kg/m”3) [Thickness(m)
Window|Theoretical Glass [167] 2.1073 0.003
Door [FO8 Metal surface 45.28 500 7824 0.0008

101 25mm insulation board 0.03 1210 43 0.0254

In this study, the total area of walls, windows, doors, and the combination of the ceiling
and roof from the test house are calculated based on the real measured dimensions and are listed

in Table 4-4. Based on these values and the calculation method introduced in Section 3.3.1, we
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can calculate the values of the resistance of each component and the total resistance and

capacitance, as shown in Tables 4-5 and 4-6, respectively. Moreover, based on the obtained values

of the total resistance and capacitance listed in Tables 4-5 and 4-6, the physical Tau value can be

further calculated and equals to 3161 (note that the combination of roof and ceiling is considered

in the EnergyPlus model configuration).

Table 4-4 Values of component areas of test house.

Component Area (m”2)
Window 12.8

Door 9.2

Wall 147.1
Ceiling 153.8
Roof 170.2

Table 4-5 Calculated thermal resistances of components of test house.

Material Conductivity(w/m-K) |Thickness(m) |Unit R(m”2-k/w) R(K/W)
Wall 1in stucco 0.6918 0.0253 0.036571263 0.000248593
8IN Concrete HW 1.7296 0.2033 0.117541628 0.000798989
Wall Insulation [31] 0.3335 0.0337 0.101049475 0.000686883
2/1in gypsum 0.16 0.0127 0.079375 0.000539551
Rwall 0.003393428
Window |Theoretica| Glass [167] 2.1073 0.003 0.001423623 0.000111188
Rwindow 0.012973035
Door FO8 Metal surface 45.28 0.0008 1.76678E-05 1.92414E-06
101 25mm insulation board 0.03 0.0254 0.846666667 0.092207475
Rdoor 0.11014413
Ceiling M11 100mm lightweight concrete 0.53 0.1016 0.191698113 0.001246817
F16 Acoustic tile 0.06 0.0191 0.318333333 0.002070461
FO5 Ceiling air space resistance 0.18 0.001170732
Rceiling 0.006441174
Roof Metal Decking 45.006 0.0015 3.33289E-05 1.95774E-07
Roof Insulation [18] 0.4 0.1693 0.42325 0.00248617
Roof Membrane 0.16 0.0095 0.059375 0.000348769
Rroof 0.003738687
Total R 0.002087324

Table 4-6 Calculated thermal capacitance of components of test house.
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Material Specific heat(J/kg-K) |Density(kg/m”3) [C(J/K)

Wall lin stucco 837 1858 5788191.065
8IN Concrete HW 837 2243 56149162.11
Wall Insulation [31] 837 91 377613.8552
2/1in gypsum 830 784.9 1217158.993

Cwall 63532126.02

Window |Theoretica| Glass [167]

Cwindow

Door FO8 Metal surface 500 7824 28736.58558
101 25mm insulation board 1210 43 12134.83497

Cdoor 40871.42055

Ceiling M11 100mm lightweight concrete 840 1280 16795699.2
F16 Acoustic tile 590 368 637600.02
FO5 Ceiling air space resistance

Cceiling 17433299.22

Roof Metal Decking 418.4 7680 820559.8764
Roof Insulation [18] 836.8 265 6391320.933
Roof Membrane 1460 1121.29 2647649.745

Croof 9859530.554

Total C 90865827.22

4.2.2 Comparison of Tau values

Simulated data can be generated from the EnergyPlus model that can be constructed
utilizing the uncalibrated envelope materials as listed in Tables 4-2 and 4-3. The simulated data
was then used to train the simplified 2R2C model and the learned Tau value is 608. Moreover,
based on the simplified 2R2C model introduced in Section 3.1.2, the model identification
procedures introduced in Section 3.3.2, and the weather data introduced in Section 4.1.3, the Tau
value can also be learned using measured data, including the wind speed, horizontal solar
irradiation, outdoor air temperature, and indoor air temperature of the thermal zone 2 and its area-

weighted interior wall surface temperature.

Figure 4-4 shows the simulation results from the simplified 2R2C model using 14-day
measured data. As can be seen from the figure, for both wall surface and indoor air temperatures,
the simulated data from the 2R2C model match well with the measured data, while a relatively
small deviation (e.g., the maximum absolute error of 1.64 °C) shows up between the measured
data and the simulated data from the simplified model. The results validate the accuracy of the
simplified 2R2C model using 14-day measured data. To show an obvious sense about the accuracy,
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the mean and maximum absolute errors of the simulated indoor air temperature from the 2R2C
model and measured ones are generated, which are 0.32 °C and 1.64 °C, respectively. In addition,
the Tau (i.e., ;) value equals to 2906 (referred to as the learned Tau value hereafter), which is far
from the learned Tau value of 608 trained by utilizing the simulated data from the EnergyPlus
model and uncalibrated envelope materials. Therefore, calibration of the EnergyPlus model is

needed in this study before carrying out the envelope performance evaluation benchmarks.

Validation of the wall surface temperature
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Figure 4-4 Comparison of simulated temperatures using 14-day measured data.

4.2.3 Sensitivity Analysis

As there are a variety of construction materials for the residential building envelope, it is
important to determine which kind of materials is most likely to affect the total R and C values,
thus impacting the physical Tau value. Therefore, a sensitivity analysis is necessary and conducted

in this study. Because specific heat and conductivity are the two basic properties of building
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materials, in the calibration process only these two properties are adjusted for each material, as

listed in the 3" and 4" columns of Table 4-7.

To match with the learned Tau value of 2906 obtained in Section 4.2.1, we can either
decrease the value of R or C from the uncalibrated envelope materials. In this study, conductivity
was doubled by its initial value for only one material each time to calculate the corresponding
physical Tau value, which is conductivity-related and listed in the 5" column of Table 4-7.
Similarly, specific heat was decreased to half of its initial value for only one material each time to
calculate the corresponding physical Tau value, which is specific heat-related and listed in the 6™
column of Table 4-7. Observed from the table, the concrete and insulation materials have the
crucial impact, as marked in red, on the calculated Tau values, which deviate from the initial Tau
value of 3161. In this way, we are able to identify the most influential materials, whose specific

heat and conductivity are adjusted only for calibration process as introduced in the subsequent

section.
Table 4-7 Sensitivity Analysis of Different Envelope Materials.
Envelop Material Initial Conductivity | Initial Specific Heat Tau Value Tau Value
(WIim-K) (J/kg-K) (Conductivity- | (Specific heat-
related) related)
Wall 1in stucco 0.6918 837 3089 3060
8IN Concrete HW 1.7296 837 2921 2184
Wall Insulation 0.3335 837 2956 3155
2/1in gypsum 0.16 830 3002 3140
Door FO8 Metal surface 45.28 500 3161 3161
101 25mm insulation 0.03 1210 3119 3161
board
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Ceiling M11 100mm 0.53 840 3119 2869

lightweight concrete

F16 Acoustic tile 0.06 590 3089 3150
Roof Metal Decking 45.006 418.4 3161 3147
Roof Insulation 0.4 836.8 3073 3050
Roof Membrane 0.16 1460 3150 3115

4.3 Calibration

Following the calibration method introduced in Section 3.2, this study will conduct the
calibration based on the following steps: 1) Based on section 4.1.3, real measured weather data
from the test house are processed for creating the EPW weather file; 2) Sensitivity analysis over
input parameters related to significant changes of the Tau values is conducted, following by
Section 4.2.3; 3) As considering either the roof or ceiling in the constructed 3-D house model can
cause larger difference of the Tau values, the combination of the roof and ceiling is considered in
this study; 4) Indoor air temperature of the thermal zone 2 and the learned Tau values from the
simplified RC models are used for the calibrated objectives; and 5) Simulation and generated data
for the use of the simplified 2R2C model. A total of 14 days of data when the HVAC system is off
(i.e., during the transition season) and there is not occupied are used for simulations. The mean
and maximum absolute errors between the measured and simulated air temperatures are used to
evaluate the accuracy of the calibration results. The results of the following subsections are

generated based on these steps above.

This section analyzes via simulation the comparisons of the results from uncalibrated and
calibrated EnergyPlus models with the measured data in various scenarios. Moreover, the results

from the simplified 2R2C models are also used for comparisons. Specifically, Section 4.3.1
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presents the simulated results from the uncalibrated EnergyPlus models. Section 4.3.2 investigates
the calibrated EnergyPlus models, in which two scenarios are considered for the calibrated model

without and with ceilings in the EnergyPlus model configuration.

4.3.1 Uncalibrated EnergyPlus models

Although the following figures look at different aspects of the comparison of the
EnergyPlus models, all the simulation results therein are generated in the same way as follows:
The top plots represent the comparison of interior wall surface temperatures, and the bottom plots
represent the comparison of indoor air temperatures. Moreover, the blue curves represent the
measured data from the house, the red curves represent the simulated results from the 2R2C

models, and the black curves represent the simulated results from EnergyPlus models.

Through the calculations using the created dashboard as introduced in Section 4.2.1, the
initial physical Tau value equals to 3161. The simulated indoor air and interior wall surface
temperatures from the uncalibrated EnergyPlus model (where the combination of roof and ceiling
is considered in the EnergyPlus model configuration) are used for the training of the simplified
2R2C model. Figure 4-5 shows the simulation results from the trained 2R2C model and its
validation, compared with the measured indoor air and interior wall surface temperatures. As can
be seen from the figure, for both wall surface and indoor air temperatures, the simulated data from
the simplified 2R2C model were far from with the simulated data from the uncalibrated
EnergyPlus model (e.g., with the mean and maximum absolute errors of 1.46 °C and 6.48 °C,
respectively) and meanwhile do not match with the measured data. Moreover, it should be noted
that the value of Tau (i.e., Taul) is 608.9, which much smaller than the learned Tau value of 2906
identified from the simplified 2R2C model that utilized simulated data from the uncalibrated

EnergPlus model, thus indicating the inaccuracy of the uncalibrated EnergyPlus model.
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Validation of the wall surface temperature
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Figure 4-5 Comparison of simulated temperatures based on uncalibrated EnergyPlus model.

4.3.2 Calibrated EnergyPlus models

(1) Model without Ceiling

The calibrated 3-D model without ceiling is shown in Figure 4-6. Compared with the value
of 608 obtained from the uncalibrated EnergyPlus model, this learned Tau value of 2225 is
relatively close to the learned Tau value of 2906 trained by measured data, but still has a big
difference. For comparisons, both measured data and simulation results generated, using the
calibrated EnergyPlus model when not considering ceiling, are used for the simplified 2R2C model

training. Then the trained 2R2C models are used for simulations.
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Figure 4-6 Calibrated 3-D model without ceiling.

Figure 4-7 shows the simulation results from the simplified 2R2C model. As can be seen
from the figure, for both wall surface and indoor air temperatures, the simulated data from the
simplified 2R2C model did not match well with both the simulated data from the calibrated
EnergyPlus model and the measure ones, with the mean and maximum absolute errors of 0.90 °C
and 3.30 °C, respectively. The results indicate that 1) when the phsical Tau value obtained from
the calibrated EnergyPlus model is not very close to the learned Tau value, this calibrated
EnergyPlus model may not be suitable for real implementations due to its incorrect trained model
parameters; and 2) compared with the uncalibrated EnergyPlus model that considers the
combination of roof and ceiling, the calibration of EnergyPlus models may need to consider the

ceiling for a residnetial house with an attic.
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Validation of the wall surface temperature
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Figure 4-7 Comparison of simulated temperatures using 14-day simulated data from EnergyPlus.
(2) Model with Ceiling

Unlike the results from the EnrgyPlus models that do not consider ceiling, the new
calibrated EnrgyPlus model herein only considers ceiling in the EnergyPlus model configuration
as shown in Figure 4-8. Following the same procedure, both measured data and simulation results
generated, using the new calibrated EnergyPlus model when only considering ceiling, are used for

the simplified 2R2C model training. Then the trained 2R2C models are used for simulations.

Figure 4-8 Calibrated 3-D model with ceiling only.
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Figure 4-9 shows the simulation results using the new calibrated EnergyPlus model when
considering ceiling only. As observed from the figure, for both wall surface and indoor air
temperatures, the simulated data from the simplified 2R2C model match with both the measured
data and the simulated data from the new calibrated EnergyPlus model. The mean and maximum
absolute errors of the simulated indoor air temperature from the simplified 2R2C model and
simulated data from the the new calibrated EnergyPlus model are generated, which are 0.86 °C
and 2.7 °C, respectively. The model accuracy indeed gets improved compared with the ones

obtained from the calibrated EnergyPlus model without ceiling.

Validation of the wall surface temperature
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Figure 4-9 Comparison of simulated temperatures using 14-day simulated data from EnergyPlus.

4.4 Summary

Based on the aforementioned simulation results, Table 4-8 lists the comparison of the
statistic index, i.e., the mean and maximum absolute errors, for each simulation. As observed, the
calibrated EnergyPlus models have a better actuary than the uncalibrated ones. Moreover, the
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calibrated EnergyPlus model when considering ceiling only is better than the one when not

considering ceiling in terms of the mean and maximum absolute errors. All the observations are in

line with the conclusions made in the above subsections.

Table 4-8 Comparison of the mean and maximum errors from different EnergyPlus models.

EnergyPlus Mean absolute Maximum absolute
Model configuration
model error, °C error, °C
Combination of ceiling and
Uncalibrated 1.46 6.48
roof
Not considering ceiling 0.90 3.30
Calibrated
Considering ceiling only 0.86 2.7

In summary, compared with the uncalibrated EnergyPlus model, the new calibrated

EnergyPlus model based on the learned Tau value from the simplified 2R2C model has much

improvement on the accuracy of the model parameters and simulation results. Moreover, even if

the accuracy of the model considering ceiling did not get much improved compared with the ones

obtained from the calibrated EnergyPlus model without considering ceiling, the learned Tau value

makes sense because it is much close to the physical Tau value calculated from the created

dashboard. Overall, the calibrated EnergyPlus model when considering ceiling only can be used

for building envelope performance evaluation conducted in the next chapter.
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Chapter 5 : Envelope Performance Evaluation Benchmark

As described in Chapter 3, the value of Tau represents the physical thermal properties of
all envelope elements for a residential building. The value can be obtained based on the simplified
2R2C and calibrated EnergyPlus model as introduced in Chapter 4. Since this value will vary for
buildings with materials constructed in different years, it can be used to evaluate envelope
performance and used for benchmark purpose, based on the calibrated EnergyPlus models that
utilize the physical thermal properties from the requirements of ASHRAE standards in different
years. Therefore, this chapter will recalibrate the calibrated EnergyPlus models (i.e., modify the
configuration of the calibrated EnergyPlus model with considering ceiling only due to its accuracy)
from Chapter 4 to match with the thermal properties required by ASHRAE standards published in

different years.

To differentiate the thermal properties, this study adopts the ASHRAE standards applicable
for residential use and published in the year of 1975, 2007, and 2018. According to these ASHRAE
standards, we can find that as the building age gets younger, the thermal property requirements
become stricter, i.e., a better insulation requirement. Hence, the value of Tau should become larger
as the building age gets younger in theory and may be used as the requirement of the minimum

value for the benchmark purpose.

5.1 Calibrated EnergyPlus model based on ASHRAE standard 90-75

ASHRAE standard 90-75 [49] is the first ASHRAE standard that stipulates the details of
exterior envelopes, HVAC systems, and other relevant housing systems, thus is adopted as the first
scenario in this study. According to this standard, it is obvious to obtain the maximum overall heat

transfer coefficient (i.e., U value or minimum Ry value reversely) of wall for family dwellings
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based on different annual heating degree days, as shown in Figure 5-1. While the heating degree
days in 1975 can be obtained based on the physical location of the building, as shown in Figure 5-
2. Since this study is conducted at Norman, the state of Oklahoma, located in the category of West
South Central, we can determine the maximum value of U-factors for walls which is approximately

close to 1.4 W/(m?-k).

U, WALLS—TYPE “A” BUILDINGS

TYPE A BUILDINGS SHALL INCLUDE:

A1 DETACHED ONE AND TWO FAMILY DWELLINGS

A2 ALLOTHER RESIDENTIAL BUILDINGS, THREE
STORIES OR LESS, INCLUDING BUT NOT LIMITED

TO:
MULTI-FAMILY DWELLINGS
HOTELS AND MOTELS

ANNUAL CELSIUS HEATING DEGREE DAYS (18 C BASE)
(IN THOUSANDS)
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Figure 5-1 Requirements of wall U values given by ASHRAE 90-75 [49].
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New Middle East North | West North South East South | West South . United

England® | Atlantict Central® Centrald Atlantic® Central Centrald Mountainh Pacific! States

1950 Total 6,794 6,326 7,029 7,457 3,490 3,548 2277 6,342 3,909 5,364
1955 Total 6.874 6234 6488 6,914 3483 3515 21205 6,706 4,328 5.245
1960 Total .. 6,828 6,391 6,909 7,186 3,760 4,136 2,767 6,282 3,801 5,402
1965 Total .. 7,030 6,395 6,589 6,934 3,354 3,502 2,237 6,088 3,818 5,145
1970 Total .. 7,023 6,390 6,721 7,092 3,433 3,824 2,561 6,120 3,733 5,217
1975 Total .. 6,548 5,895 6,408 6,881 2,948 3,439 2,313 6,261 4117 4,903
1980 Total .. 7,071 6,480 6,976 6,837 3,357 3,966 2,495 5,556 3,534 5,077
1985 Total .. 6,751 5,972 6,668 7,264 2,890 3,662 2,536 6,060 3,935 4,888
1990 Total 5,988 5,254 5,780 6,138 2,299 2,943 1,968 5,392 3,598 4179
1995 Total .. 6,688 6,094 6,741 6,911 2,980 3,650 2,149 5,102 3,279 4,641
2000 Total .. 6,626 5,999 6,316 6,502 2,898 3,552 2,154 4,972 3,463 4,493
2005 Total .. 6,646 5,951 6,223 6,214 2,769 3,381 1,986 4,896 3,380 4,348
2006 Total .. 5,886 5,213 5,706 5,822 2,470 3,212 1,802 4,916 3,558 4,040
2007 Total .. 6,539 5,757 6,075 6,385 2,519 3,188 2,105 4,941 3,507 4,268
2008 Total .. 6,436 5,784 6,679 7,120 2,704 3,601 2,126 5,233 3,567 4,494
2009 Total 6,645 5,924 6,513 6,842 2,806 3,538 2,154 5,140 3,539 4,480
2010 Total 5,935 5,555 6,187 6,566 3161 3,949 2,450 5,085 3,625 4,463
2011 Total 6,115 5,485 6,174 6,566 2,561 3,344 2,115 5,327 3,821 4,314
2012 Total 5,564 4973 5,357 5,517 2,302 2,876 1,651 4,583 3,414 3,773
2013 Total .. 6,427 5,842 6,622 7,136 2,732 3,649 2,326 5,285 3,365 4,472
2014 Total .. 6,677 6,206 7,196 7,305 2,957 3,933 2,423 4,758 2,775 4,560
2015 Total .. 6,521 5,777 6,166 6,090 2,493 3,221 2,087 4,616 2,899 4,096
2016 Total .. 5,929 5,353 5,701 5,788 2,461 3,093 1,752 4,640 3,030 3,889
2017 Total .. 6,037 5,333 5,684 6,000 2,237 2,834 1,582 4,593 3,186 3,840
2018 Total 6,325 5,784 6,434 6,971 2,634 3,477 2,252 4,830 3,168 4,293
2019 Total .................. 6,538 5,753 6,428 7,078 2,390 3,180 2,145 5,333 3,545 4,320

Figure 5-2 Annual heating degree days by census division [50].

Since ASHRAE standard 90-75 did not provide the thermal property requirements for other
envelope elements except for walls, U value of ceiling, adopted in the configuration of the
EnergyPlus model in 1975, is determined by the same ratio of walls between ASHRAE standard
1975 and ASHRAE standard 2018. Moreover, fenestration is supposed to be single window, and
its U value is 5 W/(m?-k). Additionally, solar heat gain coefficient (SHGC) is also one of important
factors which may influence windows’ heat transfer. Compared with the SHGC values of 0.41 and
0.3 for Standard 2007 and Standard 2018, respectively, the value of SHGC for this model adopts

0.5.

After changing the envelope thermal properties to match Standard 90-75, the calibrated
EnergyPlus model can be recalibrated and the simulated data can be used to train the parameters
of the simplified 2R2C model, as carried out in Chapter 4. Then the simplified 2R2C model is
validated using the same set of training data, compared with measured ones, as shown in Figure
5-3. As overserved, the learned Tau (i.e., Taul) value is 1788 which is the smallest one compared
with the values obtained based on the ASHRAE standard 90-75. Moreover, the mean and
maximum absolute errors of the simulated indoor air temperature and measured ones are 0.92 °C
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and 3.09 °C, respectively. It demonstrates the accuracy of the calibrated EnergyPlus model and

indicates the minimum required Taul value for buildings constructed by the requirements of

ASHRAE standard 90-75.

Validation of the wall surface temperature
[71; 72; 73; a1; a2; a3; b1; b2]=[1788;406.2;244.3;12.03;-16.21;7.781;0.03679;-0.004787]
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Figure 5-3 Simulation results of simplified 2R2C model based on calibrated EnergyPlus model

and ASHRAE standard 90-75.

5.2 Calibrated EnergyPlus model based on ASHRAE standard 90.2-2007

Unlike ASHRAE standard 90-75, the ASHRAE standard 90.2-2007 [51] defines the
required R/U values of building envelope elements, which include ceilings, walls, floors, doors,

and fenestration. The detailed information can be seen in Table 5-1.

Table 5-1 Prescriptive envelope criteria given by ASHRAE 90.2-2007 [51].
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According to the values provided by the standard, we can

recalibrate the calibrated

EnergyPlus model and generate the simulation results, as shown in Figure 5-4. The learned Taul

value from the 2R2C model is 2838, which is higher than the value based on the ASHRAE standard

90-75 and less than the value obtained based on the ASHRAE standard 90-2018. It indicates that

the Taul will become larger as the house age becomes younger, which is in line with our

expectations. Moreover, the mean and maximum absolute errors of the simulated indoor air

temperature and measured ones are 0.82 °C and 2.69 °C, respectively. This also demonstrates the

accuracy of the calibrated EnergyPlus model and shows the minimum required Taul value for

buildings constructed by the requirements of ASHRAE standard 90.2-2007.
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Validation of the wall surface temperature
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Figure 5-4 Simulation results of simplified 2R2C model based on calibrated EnergyPlus model

and ASHRAE standard 90.2-2007.

5.3 Calibrated EnergyPlus model based on ASHRAE standard 90.2-2018

Similar procedures will be done in this section. According to ASHRAE standard 90.2-2018
[52], it gives the maximum values of the SHGC and U-factors as shown in Table 5-2. Based on
the information listed in the table, a 2R2C model was generated and simulated. The simulation
results are shown in Figure 5-5, in which the learned Taul value is 3575, which is higher than the
two values obtained based on the ASHRAE standard 90-75 and ASHRAE standard 90-2018,
respectively. Moreover, the mean and maximum absolute errors of the simulated indoor air
temperature and measured ones are 0.77 °C and 2.39 °C, respectively. These results further
demonstrate the accuracy of the calibrated EnergyPlus model and obtains the minimum required

Taul value for buildings constructed by the requirements of ASHRAE standard 90.2-2018.

Table 5-2 Envelope Component Maximum SHGC and U-factors (SI) by ASHRAE 90.2-2018.
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Maximum

SHGC Maximum U-factors
Climate Glazed Frame | Mass Basement | Crawlspace
Zone Fenestration | Fenestration | Skylights Ceilings ‘Walls Walls Floors Walls Walls
0 0.30 6.82 4.26 0.20 0.47 1.12° 0.36 2.04 2.71
1 0.30 6.82 4.26 0.20 0.47 1.122 0.36 2.04 2.7
2 0.30 3.69 4.26 0.20 047 0.94°% 0.36 2.04 271
3 0.30 2.84 3.69 0.20 047 0.807% 0.27 0.52° 0.77
4 except NR 1.99 341 0.17 0.47 0.80% 0.27 0.34 0.37
Marine
Marine 4 NR 1.99 341 0.17 0.32 0.47 0.19 0.34 0.37
and 5
6 NR 1.99 341 0.15 0.32 0.34 0.19 0.28 0.37
7 NR 1.99 341 0.15 0.32 0.32 0.19 0.28 0.37
8 NR 1.99 34 0.15 0.32 0.32 0.19 0.28 0.37

a. Where greater than half of a mass wall’s msulation 1s on the interior, the maximum U-factor shall be as follows: 0.170 in Chmate Zones 0 and 1, 0.140 in Chimate Zone 2. 0.120 mn
Climate Zone 3. and 0.100 in Climate Zone 4 except Marine
b. The required U-factor is 2.04 for warm-humid locations as defined by Figure R301.1 and Table 301.1 in the IECC

Validation of the wall surface temperature
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Figure 5-5 Simulation results of 2R2C model based on calibrated EnergyPlus model and

ASHRAE standard 90.2-2018.
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5.4 Summary

For essay observation, Table 5-3 lists the comparison of the adopted thermal properties
from different years of ASHRAE standards. Obviously, as standards update, their thermal
properties get improved. Moreover, Table 5-4 lists the learned Taul value obtained from the
simplified 2R2C models that utilize the simulated data from the recalibrated EnergyPlus models
and also list the comparisons of the accuracies. As observed, when the standards update, the values
of Taul become larger. This trend is in line with expectations and makes sense in practice, which
may be use for benchmark purpose. In addition, these values of Taul also agree with the one
identified by the study using pure data-driven method [37, 38]. In summary, this chapter
demonstrates the potentials of the calibrated EnergyPlus model to use for benchmarking building
envelope performance evaluation for different years of buildings with the minimum thermal

property requirements from ASHRAE standards.

Table 5-3 Adopted thermal properties from different years of ASHRAE standards.

Standard ASHRAE 90-75 ASHRAE 90.2-2007 | ASHRAE 90.2-2018
Fenestration (minR), m2-k/w 0.20 0.37 0.35
Ceiling (minR), m2-k/w 2.86 5.29 5.00
Mass Walls (minR), m2-k/w 0.71 2.64 8.33
Doors (minR), m2-k/w 221 221 2.21
SHGC (max) 0.50 0.41 0.30

Table 5-4 Comparison of the learned Taul values and model accuracies.

Standard ASHRAE 90-75 ASHRAE 90.2-2007 | ASHRAE 90.2-2018

Learned Taul, min 1788 2838 3575
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Mean absolute error, °C

0.92 0.82 0.77

Maximum absolute error, °C

3.09 2.69 2.39

Based on the Tau value obtained in this study and different years, a diagram of distribution

of the relevant Tau values was create and shown in the figure 5-6. We can find that the calibrated

model’s tau value (2103) should be built in 1980’s. But actually, the house is built in 1940s. Maybe

the house might have some renovations. So, in the previous study, only based on age estimate is

not accurate.

Tau value
4000
Identified Tau of __ Built year of o.
the test home ™ 1980's
3000
2000 e
Typical Tau 1000
®  per built year .-
and standards Years
1940 1975 2007 2018

Figure 5-6 Distribution of the relevant Tau values in this study
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Chapter 6 Conclusion and Future Work

As the calibration of building energy models is complicated and sophisticated, involving
extensive expert experience and time-consuming labor, this study proposes to take advantage of
building thermal network models, that utilize a data-driven method as a reference in the calibration,
to facilitate a quick and accurate calibration process. Specifically, this study proposes a calibration
method that utilizes both EnergyPlus and simplified 2R2C models, of which the EnergyPlus
models are used to generate simulated data that are utilized in the simplified 2R2C model training.
Moreover, this study creates an excel dashboard, along with the the EnergyPlus and simplified

2R2C models, for the calibration process.

Compared with the uncalibrated EnergyPlus model, the new calibrated EnergyPlus model
based on the learned Tau value from the simplified 2R2C model has much improvement on the
accuracy of the model parameters and simulation results. Moreover, even if the accuracy of the
model considering ceiling did not get much improved compared with the ones obtained from the
calibrated EnergyPlus model without considering ceiling, the learned Tau value makes sense
because it is much close to the physical Tau value calculated from the created dashboard. Overall,
the calibrated EnergyPlus model when considering ceiling only can be used for building envelope

performance evaluation.

Lastly, a benchmarking method is proposed to determine the minimum required Tau value
for a specific year of a residential building envelope. That is, different years of houses need to
meet the minimum thermal property requirement of residential building envelope defined by
ASHRAE standards and the performance evaluation benchmarking process can be done with

different values of Tau.
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The outcome of this research generates the following knowledge: (1) proposing an efficient
calibration method to calibrate EnergyPlus modes used for residential buildings; (2) introducing
quantitative study and performance analysis of a calibration method that utilizes building thermal
network models; and (3) developing benchmark method and showing investigation and analysis

for building envelope performance evaluation.

There are still limitations for conducting the research questions in this study. For example,
this study assumes that the EnergyPlus models are treated as calibrated when their physical model
parameters are close to the parameters identified from the thermal network model trained by
measured data. In addition, the temperature prediction accuracy is in an acceptable range. Thirdly,
the study only considers the thermal properties of building envelope from three different years’
standards as references and does not cover the detailed and complicate scenarios when considering
all residential building types. Even with the above assumptions and limitations, this study still

provides an important reference and knowledge for researchers and users in the use of EnergyPlus.
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