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ABSTRACT

Building Commissioning is important for evaluating energy and dollar savings in existing
buildings. Energy Systems Lab of Texas A&M University has developed WinAM with the purpose
of aiding that process. WinAM is a steady-state calculation engine tool that computes energy and
dollar savings for commissioning purposes in existing buildings. However, the problem can rise
with WinAM’s simplified calculation method rendering inaccurate results. This research proposes
a Resistance-Capacitance (RC) model be added to the current WinAM model that incorporates
the effects of solar heat gains and thermal mass effects. The RC model is tested against 11 sim-
ulation cases with EnergyPlus™, a building energy simulation program, and the current WinAM
version. Parameters are changed in all models to analyze the proposed RC model against Ener-
gyPlus results. The results show that the RC model achieves better performance than WinAM
when compared to EnergyPlus. The extreme case differs of 286% for annual heating consumption
between the RC model and EnergyPlus, while WinAM differs in 4040% for annual heating con-
sumption when compared to EnergyPlus. The RC model annual heating and cooling consumption
results approximates better to EnergyPlus in more than 90% of the cases analyzed. Energy savings
are estimated for the cases of temperature setback and dead-band temperature set points, for seven
different weather conditions and three different building masses. A case study is also analyzed of a
real building, each model is calibrated to the building’s metered energy consumption, and applied
energy efficiency measures (EEMs) to the models, comparing each model’s estimated savings. For
the case study, the estimated savings from all models when temperature set back and temperature
dead-band are applied present similar estimated savings. The extreme cases are of WinAM over
predicting savings for temperature set back such as 47% for annual heating consumption, while
RC predicts 27% and EnergyPlus only predicts 6%, and WinAM under predicting savings for tem-
perature dead-band such as 31% for annual heating consumption, while RC predicts 96%, and
EnergyPlus predicts 99% savings. The RC model presents improvement from the current WinAM

model in 53/55 of simulated cases of the estimated savings when compared to EnergyPlus esti-
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mated savings.
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1. INTRODUCTION

1.1 Background

The hazards of Climate Change are increasingly well known [6] [7] resulting in a reduction of
energy consumption and lowered carbon emissions.

Energy consumption for commercial and residential buildings is approximately 40% of U.S.
total energy usage [8]. Consequently, the importance in reducing energy consumption for this
sector, and hence the job of building commissioning is vital.

Building commissioning, according to ASHRAE’s “The Strategic Guide to Commissioning”[9],
is defined as: “a quality-focused process for enhancing the delivery of a new and existing building
project”. It also states: “Post-occupancy on-going commissioning can also contribute to sustaining
optimal performance over time, delivering energy efficiency and operational savings”.

The Energy Systems Laboratory (ESL) at Texas A&M University developed a unique building
commissioning process called Continuous Commissioning®, or CC®[10]. Its main objective is
to produce a rapid payback while improving occupant comfort using cost effective measures into
existing buildings. One of the tools developed by ESL for this process is WinAM. This software
provides a quick method to estimate energy consumption and Energy Efficiency Measures (EEMs)
that can be applied to existing buildings, with the emphasis of using its existing equipment rather
than proposing costly retrofits.

WinAM is a simplified building energy simulation. Its main features are fewer user-input
parameters when compared to its peers, a calibration assistant that enables a user to perform a
quick calibration of a model to the building’s measured energy consumption data, and the ability
to estimate savings when EEMs are applied to the calibrated model. Notably, due to WinAM’s
non-complex thermal model, it lacks a comprehensive physical modeling in some of its features,
e.g. neglecting the effects of thermal mass and solar gains to the building’s energy consumption,

which can render misguided results, especially when estimating savings for a temperature setback



EEM [1].

Likins (2018) shows a comparison from WinAM and EnergyPlus™ performances when ap-
plying a temperature setback and proposes a correction factor. EnergyPlus is a building energy
simulation program funded by the U.S. Department of Energy’s (DOE) Building Technologies Of-
fice (BTO). Figure 1.1, from the author’s thesis, shows a comparison of the estimated savings from
the cooling coils for a heavy mass construction in College Station, Texas. The study shows that
WinAM is over predicting energy and dollar savings when applying temperature setback EEM,
thus becoming an ineffective EEM for use when using WinAM. This is highly damaging for the
CC® process, as this EEM has great potential in generating energy and dollar savings, if estimated
correctly. Although Linkin’s correction factor has shown effectiveness for the case displayed in
Figure 1.1 into adjusting the estimated savings from a temperature set back EEM, it has also been

demonstrated that it is not a comprehensive model for all climate scenarios.
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Figure 1.1: Monthly cooling coil energy savings for a heavy mass construction in College Station
(Reprinted from [1])

Source: (Linkins, 2018)



1.2 Objective

The objective of this research is to test a Resistance-Capacitance (RC) model which incorporate
thermal mass effects and solar gains, and to compare its effectiveness when applying EEM’s, when
compared to the savings obtained using EnergyPlus.

The testing is done against several EnergyPlus and WinAM simulations with buildings of sim-
ilar parameters as the model’s. It is also performed a case study for a real building, calibrating all

three models to its measured data, and comparing the results when applied the proposed EEM’s.



2. LITERATURE REVIEW

2.1 Energy Building Simulation

Since the energy crisis in the 1970’s, a variety of building energy simulation programs were
developed, with different calculation methods, yielding considerably different results when simu-
lating the same building [11].

A comparison of several features of 20 major building energy simulation programs was made
by Crawley et al. (2008), which included DOE2.1-E, EnergyPlus, eQuest, TRNSYS and others
[12]. Notably although most programs deal with internal thermal mass, most perform design siz-
ing calculation using only outside air dry bulb temperature, i.e. steady-state calculations. Although
several features such as load calculations, economic evaluation and validation of reports are an-
alyzed, they do not report on the ease of calibrating the simulation of an existing building to its
metered energy consumption.

For building commissioning, it is of extreme importance to have a reliable physical model, in
order to estimate energy and dollar savings. The challenge rises in building such a model when
one needs to determine a series of building, loads, and system parameters.

Tiwari (2016) used the program eQuest to build an energy model for an existing building in
Qatar, determining its Energy Utilization Index (EUI) and comparing it with a peer program, Visual
DOE [13]. The results from eQuest’s energy model more accurately reflect the building’s physical
reality, when compared with measured data, showing a deviation of only 8%, while the Visual
DOE prediction is less than 57% of the measured EUI. However, the latter model was developed
during the building’s pre-occupancy phase, lacking comprehensive data, such as occupancy data.
The study shows that since eQuest requires fewer inputs than other programes, it is more sensitive to
its input parameters when compared to other detailed and complex programs such as EnergyPlus.

Ahmad & Culp (2006) emphasizes the importance of calibration for energy simulation of ex-

isting buildings [14]. Their research shows that an experienced energy simulation engineer, per-



forming a detailed input of parameters of four buildings, had energy simulation results that ranged
over +- 90% for individual components when compared to actual data. The discrepancies are due
to the lack of efficiency in several real components of the building, as well as broken components
that are hard to identify.

Lin et al. (2012) identifies that a second order RC model reproduces the input-output behavior
of a 13th order model quite accurately [15], for predictive control using MPC (Model Predictive
Control) control. Even a first order model is well fitted for the task.

In sum, even if a detailed energy modelling of an existing building is performed, it is still an
arduous task to perform a calibration of the model to its measured consumption data. The studies
demonstrate the importance of having a building energy simulation with real data assisting its
parameters to more realistic values. Calibration of a building energy model is important due to its
ability to predict energy consumption patterns when changing some of its parameters, e.g. loads,
control operations, etc. However, to have a reliable calibrated model, it is more important for it to

trend similarly to reality than for it to “fit” the data into the model.
2.2 Thermal Mass and Solar Gains

The thermal mass of a building is the capacity to store thermal energy, rather its sensible or
latent, which has great influence in its indoor temperature, cooling/heating requirements and occu-
pant comfort.

Reilly & Kinnane (2017) highlights that many engineers and architects focus primarily in the
thermal resistances of buildings in the design stages, in making it energy efficient, disregarding
its thermal mass[16]. In fact, this thinking is also incorporated into building design codes and
regulations. Their study shows that substantial reductions in energy use are possible for a high
mass building in hot climates, while for cold climates it would be a drawback.

Balars (1996) compared several analyzes done from different studies, and concluded that a high
mass building has a smaller interior air temperature variation due to thermal mass effects compared
to a low mass building [17]. For locations with large diurnal temperature fluctuations, the technique

of energy storage is highly beneficial for reducing the energy consumption of mechanical systems,



while maintaining occupant thermal comfort.

Braun (2003) highlights that many wrongly assume that building mass contributes to increase
operation costs [18]. An assumption is often made that a massless building would require no
time for pre-cooling or pre-heating, and it would have lower overall cooling loads than an actual
building. However, it is possible to load shift the cooling required with the purpose of significantly
reducing operational costs under proper circumstances. Braun compares different studies that have
attempted to achieve optimal control strategies for reducing operational costs with load shifting
due to thermal mass effects. Braun concludes that all strategies are sensitive to the following
parameters: utility rate structure, type of equipment, occupancy schedule, building construction
and climate conditions. Of these, the utility rate structure is the biggest factor. Most savings were
achieved in east zones, and interior zones, indicating that solar gains as well as thermal mass effects
in interior zones are dominant for these types of strategies. In Braun’s overview, the studies found
that by pre-cooling the building effectively taking into account its thermal mass, dollar savings
were possible ranging from 10% to 50% cost reduction.

Belic (2016) investigates the accuracy and complexity of a buildings thermal model using a
hybrid method combining the advantages of a first-principles model, where it is possible to un-
derstand its dynamics, and a data-driven model to estimate parameters more accurately, using an
optimization tool [2]. The author proposes several different model structures, for a multizone,
multistore building. First, the author builds an RC Model as in Figure 2.1. For this figure the
author uses a 3R2C (three resistances and two capacitances) model, using tabulated values to build
the initial model. Subsequently, an optimization tool is used to more accurately represent the
model compared to the reference model result, minimizing error by changing the model parame-
ters. Belic tested different complexity models, 4R3C, 3R2C and 2R1C to compare the impacts of
the different models on results. In fact, the “non-optimized” model 4R3C was more accurate than
the optimized 2R 1C results, showing that the model structure is more important than the parameter
estimation itself. Belic concluded that the best error function to be used in the optimization pro-

cess, in which “best” is characterized by smallest difference compared to the reference model, is



the RMSE (Root Mean Square Error) function. Lastly, Belic experimented reducing complexity of
the existing models, by eliminating elements representing interior walls and fenestrations (doors
and windows). The reduced models produced highly inaccurate results, demonstrating once again
the importance of the model’s structure. Belic stated: “the disadvantage of using RC method is
that the resulting network grows in complexity for real buildings. (...) For example, relatively
simple family house (...) with 14 rooms has 194 states and state matrix with 194 x 194 elements.

For large commercial building, this number can be much larger”.
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Figure 2.1: 3R2C Thermal Model (Reprinted from [2])

Source: Belic®©[2016] IEEE

Scotton et al. (2013) propose three physics-based models for determining CO, level, indoor
temperature and humidity of a room in the Q-building on Kungliga Tekniska Hogskolan (KTH)
Campus, Stockholm/Sweden [3]. For the temperature model, an energy balance equation was de-
rived based on known heat transfer equations (general heat conduction and heat convection equa-
tions), having 11 parameters unknown. In this model, the authors do not account for the thermal
capacitance of the walls and floor, although they do consider the thermal capacitance of the air.

These parameters were established by using a set of measured data during 45 minutes in May 12,



2012. Subsequently, the authors validate their model by testing it against a different set of weather

conditions in June of the same year as shown in Figure 2.2.
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Figure 2.2: Scotton Simulation data against measured data (Reprinted from [3])

Source: Scotton©[2013] IEEE

Although the results are impressive when compared to experimental data, the authors recognize
the model lacks testing against a different set of weather conditions. This model was customized
for a specific lab room, and was not tested for a generic building.

Balasubramanya et al. (1992) found that when varying the parameters of buildings mass, as-
pect ratio, glass area ratio, internal load, control throttling range and thermostat setback, the SEAP
(Simplified Energy Analysis Procedure) calculations from ASHRAE TC 4.7 results were signifi-
cantly different when compared to a DOE-2 simulation [4]. It differentiates itself because it uses a
simplified solar gain calculation and neglects the effects of thermal mass. The authors then develop
a “modified SEAP” [19], in which maintains the basic premises of the SEAP, and adds the effects

of solar heat gains and thermal mass, resulting in a RC Model as shown in Figure 2.3. This method



was tested for 45 different cases against an hourly DOE-2 simulation. The results showed that in
more than 80% of the cases the “modified SEAP” produced a better simulation than the original

SEAP. The remaining cases are similar or have worsened.
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Figure 2.3: Thermal RC Model for the Modified SEAP (Adapted from [4])

Source: (Claridge, et al. 1992)

Kassas (2015) also proposes an RC Thermal Model, but considers heat transfer into the air as
well as into the buildings mass, and having a capacitance attached to the air as well as the buildings
mass, as in Figure 2.4 [5].

Kassas finds that there is little difference when using average daily outside air temperature
and hourly outside air temperature, in terms of daily energy consumption through his simulation.
He then proposes that the average daily outside air temperature could be used for estimating en-
ergy consumption for an entire residential area with this model based on an average outside air
temperature for the summer period and an average outside air temperature for the winter period.

Similar to thermal mass effects, the solar heat gain is an important feature necessary to be
incorporated in a building’s thermal model. Yang et al. (2015) showed energy consumption is

increased as the window/wall ratio is increased, becoming a sensitive parameter when estimating
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Figure 2.4: Kassas Thermal RC Model (Reprinted from [5])

Source: (Kassas, 2015)

energy consumption [20]. This sensitivity is increased if the fenestration surface is oriented west
or east.

In sum, research studies show the importance of incorporating the effects of solar heat gains
and the effects of thermal mass, or else the thermal model used would be incomplete and fail to

achieve its purpose, especially in certain conditions described in the research studies.
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3. METHODOLOGY

3.1 RC Model

This research proposes testing an RC building energy model to be used for evaluating its ef-
fectiveness when different building’s mass are applied, and for different climates, especially for
analysing setback temperature savings, when compared to the current model of WinAM and to
EnergyPlus.

The current WinAM model, is an hourly steady-state calculation between the outside air and

the inside air, as described in Figure 3.1.

Toa R

Figure 3.1: Resistance model of WinAM

In Figure 3.1, T, is outside air temperature, 7; is the zone’s indoor temperature, R is the
envelope resistance, @Q; is the internal heat gain from people, electrical equipment and lighting,
and ngs is the cooling or heating required to achieve the temperature set point. The envelope
resistance is R = m, where U; is the heat transfer coefficient for each surface of the zone, A;
is each surface area, and n is the number of zone surfaces (exterior walls and roof).

The proposed thermal model is inspired by the research studies mentioned on the literature
review, but is different due to considering the internal heat gain sources (occupants, lighting and

electrical equipment) primarily being transferred to the indoor air temperature (';), and secondarily

heating up the mass of the building (walls, floors and furnishing). A diagram of this model is
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showed in Figure 3.2.

° Tm

Figure 3.2: RC Model

The building’s mass is represented by a temperature node (7;,,) coupled with a single mass
(C},) and separated by a thermal resistance ([7,,), which is the resistance of the air boundary layer
and anything between the air and the floor, e.g. carpet, rug. The value of R,, was fixed as 0.5
hr-ft>-°F/Btu through all cases in this research, which was achieved from a calibration process in
simulation cases.

This model also considers that the solar heat gains are transferred primarily to the outside wall
surface, and secondarily to the inside air temperature.

T,, represents the outside air temperature and 7, represents the outside wall surface and mass

temperature. R, represents the thermal resistance between the outside surface of the wall and the
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outside air, R?,, represents the thermal resistance between the outside surface of the wall and the
internal air, C',, represents the zone’s walls thermal capacitance and C,,, represents the zone’s mass
thermal capacitance.

The resistance values of R,, and R,, were chosen as described in Equation 3.1. Therefore, for
cases in which thermal mass and solar gains are not taken into account, the model reduces itself to
the current WinAM model, as described in Figure 3.1. The values of R,, and R,, were chosen to

have R,, much less than R,,, since its physical meaning is the resistance between the wall and the

outsi