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ABSTRACT

As the awareness of the fractions of primary energy use and emissions associated with
commercial building operations grows, the need for a protocol-based methodology for
continuous monitoring of energy performance of buildings is becoming apparent. In general,
facilities managers face the challenge to know what factors are driving energy use in their
installations, how they can effectively control and predict the energy consumption and quickly
realize any deviations from expected energy use. Their main goal is twofold: to diminish
operational costs and to comply with emerging regulations and building certifications that
demand a reduction in electricity and gas consumption. One type of building that presents a
particular challenge is convenience stores. Normally, these stores are franchise associated spread
around hundreds of miles at multiple locations and are managed from a centralized energy
management office. This type of buildings are characterized by having high energy use per unit
floor area as a result of a considerable amount of food service related equipment in a small
footprint, including hot and cold food service areas. Additionally, the stores are constantly
subject to the impact of ambient weather conditions due to significant air exchange rates as a
consequence of operational practices and high customer throughput. This study presents and
develops a methodology to monitor and target energy use in convenience stores using inverse
energy modeling and the application of the cumulative sum graph as the main tracking tool. It is
believed that this technique can be used in energy monitoring of any high energy utilization
intensity commercial building type and, with some modification, for commercial buildings of all
sizes and functionality.
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CHAPTER 1
INTRODUCTION

1.1 Background

As in numerous industrial sectors, commercial buildings designs and operations are being
driven to show substantial reductions in energy use while maintaining or improving occupant
related performance characteristics. According to the National Institute of Standards and
Technology (NIST, 2013), commercial buildings account for 41 % of the primary energy
consumption and 74 % of the electricity utilization in the United States. These figures reflect
influencing factors that go from the building design through the final operation meaning that,
along buildings life cycle there are significant opportunities for continuous improvement in
energy use.
Presently, one of the challenges that building operators face is to accurately detect in a
timely fashion energy use inefficiencies and poor operational performance in lighting, plug
loads, heating, ventilation, air conditioning, refrigeration, water, envelope components and
controls. Typical rule-of-thumb diagnostic methodologies employed by energy managers and
maintenance personnel are generally unable to properly establish in a reasonable time period any
failures that could be occurring and its origin. These inabilities are due to: 1) the lack of a
standardized methodology to analyze data obtained by the electrical, gas and water meters; and
2) unawareness of the existence of useful energy analysis methods (Vaino, 2008). In fact, this is
even true in modern advanced green buildings that have failed to accomplish their designed
energy consumption target after some years of operation (Frank, 2012). Additionally, according
to Turner and Frankel (2008), the continued lack of relationship between design and operational
performance of buildings indicates that there is no disciplined manner of collecting energy use
data and looping it back into design or operational practice.
At the same time, it is necessary to simplify strategies to establish the actual savings of
energy conservation measures (ECM). The ECMs are modifications made to building systems
that aim to reduce energy use (improvements in equipment, controls, glazing, lighting, envelope,
heating and air conditioning). The energy conservation effects of a single or group of
implemented set of ECMs are not always obvious to detect and attribute to specific measures,
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due to physical coupling among load demand parameters, energy use and energy dissipation
factors in the dynamic operation of a building. Typically, a comprehensive system analysis is
required to establish the energy conservation mechanism(s) and the resulting impact on building
performance. In short, there is a demand for practical and robust tools that allow and owner or
operator to fully understand site energy use and help identify ECMs that could be implemented.
One solution is the use of continuous monitoring to identify the amount and time-interval
in which a typical energy consumption pattern is observed to change significantly. This data
could provide useful information to determine the timing of an energy variation from the
expected energy use and may facilitate a corrective action, if necessary. Demonstrated in other
types of buildings and manufacturing installations (Vaino, 2008; Stuart et al., 2007; Ferreira, et
al., 2003; Askounis and Psarras, 1998), this is an opportunity to develop the methodology for
Monitoring and Targeting (M&T) energy use in convenience stores.
Convenience stores are a type of retail establishment targeted to offer rapid service to
consumers looking for a specific product. They are characterized for being a small building
located in an urban or suburban environment and it main characteristics for customer attraction
are its convenient location, 24 hours operation, wide variety of products and fast service (NACS,
2013). The average size of a convenience store is 2,744 ft2, although they have been increasing
in size in the last years. Recent stores layout have included a gas fueling station and a store that
usually comprises various smaller internal areas including a supermarket, restaurant, hot/cold
food services, seating areas with coffee islands and, in some cases, financial services and a
pharmacy (NACS, 2013). Currently there are more than 148,000 convenience stores in the
United States with that number expected to keep rising (NACS, 2013). The typical customer will
spend between 3 to 4 minutes inside the establishment and the average store will receive 1,100
buyers a day (NACS, 2013). Usually, the type of equipment found in the store sales area includes
racks, coffee makers, fridges, hot meal stands and hot and cold beverage dispenser. The nonsales area can have a kitchen and a cold storage. According to a recent study, the primary selling
product is prepared food, accounting for 63% of sales, with the rest being hot beverages,
packaged sandwiches, cold beverages and frozen products (NACS, 2013). One challenge in
convenience stores management is that these buildings are spread out around thousands of miles
and, in general, depend on a centralized office to oversee all their operational requirements. This
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includes energy management, which can be complex and difficult since equipment operation
supervision and maintenance is done remotely for an appreciable number of stores.
The retail sector represents 18 percent of all commercial buildings energy consumption in
the U.S. (EIA, 2001). This translates into a total of 973 trillion Btu of combined site electricity,
natural gas, fuel oil, and district steam or hot water, making it the second highest consumer of
energy of all types of buildings (EIA, 2001). From a national average perspective of the total
energy use, space heating, lighting and refrigeration account for over 70 percent, while cooling
and water heating is next with 15 percent (EIA, 2001). There are various parameters to measure
and compare buildings energy consumption. One of them is the Energy Use Intensity (EUI),
which is defined by the U.S. Department of Energy (DOE) as a unit of measurement that
represents the energy consumed by a building relative to its size and for a given time period,
usually one year. A building’s EUI is calculated by taking the total energy consumed in one year
(measured in kBtu) and dividing it by the total area of the building (EnergyStar, 2013). This
value is mainly used for building benchmarking within a fleet of similar building types and to
establish a scale for long term energy performance. According to the 2003 Commercial
Buildings Energy Consumption Survey (CBECS) database, food sales establishments have an
EUI of 210 kBtu/ft2-yr, only being surpassed by healthcare facilities and food services, both near
250 kBtu/ft2-yr (CBECS, 2003). However, specific energy statistics data about convenience
stores is scarce. The only reference that could be found was in the DOE Buildings Performance
Database (BPD), which only contained 42 stores without gas service and 30 stores with gas
service, all of them located in State of California. The BPD results show that the average EUI for
non-fuel stores of stores is 184 kBtu/ft2-yr and 336 kBtu/ft2-yr for the ones with fuel service
(BPD-DOE, 2014). Additionally, during 2013 a deeper analysis on the portfolio of a convenience
stores chain located in the U.S. Mid-Atlantic region found the following values for a typical
store: a total electricity use of 648,080 kWh/year, a total gas use of 1,351 Therms/year resulting
in a EUI of 420 kBtu/ft2-year (Shen, 2013). These numbers provided an initial parameter to
establish how the selected stores for this research were behaving from an energy usage point of
view.
Considering the above, it appears that there are significant opportunities for improvement
in energy consumption in the convenience store sector. A progress in understanding their energy
use and consumption patterns will provide useful information with the future goal of making the
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necessary improvements to reduce their EUI. To meet this need, M&T offers a series of tools
that could potentially be applicable to convenience stores in the context of a Continuous
Efficiency Improvement process. Moreover, since it is not a widely known methodology,
applying M&T to other types of commercial buildings has the potential to transfer its benefits to
a wide range energy managers and operators. This research is meant to develop the associated
M&T analysis tools using actual convenience store operational data to demonstrate the
usefulness of the M&T practice.

1.2 Literature Review

The use of energy monitoring and data handling tools are generally considered useful and
practical for measuring, assessing and, at times, controlling the energy performance of a building
or a manufacturing installation. Although the analytical tools are already known, they have been
only applied to particular cases and there are not standard methodologies available for specific
building type sectors, in this case, convenience stores. Detailed studies are needed to create
specific procedures and verify the consistency of the method and its potential impact. In the end,
M&T should provide the necessary tools to establish how and why the building energy use is
changing over time. The following review will look further into the method, description,
development history and use, along with the statistical tools required for this study.

1.2.1

Monitoring and Targeting: Description and History

Monitoring and Targeting is one of the main strategies deployed to effectively supervise
energy consumption in industrial and commercial buildings and it does so by linking measured
energy use and statistical tools (Bureau of Energy Efficiency, 2005; Carbon Trust, 2010; BBCDOE, 2013). Its purpose is to relate site energy consumption data to weather, production or other
operational measures. This allows building operators to get a better understanding of how energy
use in their facility is linked to an internal process, occupants, ambient conditions or a
combination of these factors. M&T essential elements are data recording, monitoring, setting
energy targets, analyzing, comparing, reporting and controlling energy consumption (Bureau of
Energy Efficiency, 2005), although no standardized, systematic techniques are currently in
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widespread use (Stuart et al., 2007). M&T can be a valuable tool to detect avoidable energy
waste that might otherwise remain hidden, based on the principle of “you can’t manage what you
don’t measure” (Bureau of Energy Efficiency, 2005). The main phases of M&T are described in
Figure 1-1. The tasks are progressive and each step allows one to diagnose how systems are
operating. According to the result of each iteration, a corrective action may be required to restore
the original energy use or reduce it to meet new target levels.

Measure Energy Driver:
Outdoor Air Temperature,
Production, Occupancy

Measure Electricity / Gas
Consumption

Energy Modeling

Monitoring

Set Targets

Report

Take Action

Figure 1-1: M&T general flowchart (adapted from McMullan et al., 2001)
Even though the potential significance of M&T has been known since the 70’s, it only
began to be used over the last 15 years in the UK and last 5 years in North America (Vaino,
2008; Carbon Trust, 1998; CIPEC, 2003). In the U.S., the DOE created in 2011 two M&T
program named Better Building, Better Plants Program (BBC) and Superior Energy Performance
Program (SEP). The main goal of these programs is to reduce the building and industrial sector
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energy use by 20% or more by 2020 using cost-effective energy efficiency improvements on
commercial, residential and industrial buildings (BBC-DOE, 2013).
Additionally, investigators attempting to work with this methodology found that
relatively little research had been done to apply this tool to energy management (Vaino, 2008;
Stuart et al., 2007). According to Vaino (2008), companies prefer to use their profit to pay their
energy bills instead of investing in new strategies to reduce them; or they simply don’t have the
expertise to implement ECMs. However, according to previous studies, M&T programs have
reduced annual energy costs in various industrial sectors between 5% and 20% (Bureau of
Energy Efficiency, 2005; Stuart et al., 2007). M&T related research has been conducted in
various types of industries, including dairy processing in New Zealand (Vaino, 2008), secondary
schools (Stuart et al., 2007) and commercial office buildings in the U.K (Ferreira, et al., 2003),
water utilities pumping stations in Portugal (Ferreira et al., 2004) and breweries in Bulgaria
(Askounis and Psarras, 1998). Nevertheless, in all cases no further research to the specific
problem of concern has been done after the application of the program in order to extend its
general usefulness. Therefore, besides the study estimated energy and cost savings, no data is
available to establish the potential, long term energy saving and other operational benefits from
M&T.

1.2.2

Inverse Energy Modeling

Building energy modeling is mainly divided in two categories. The first one is called
forward energy modeling, which consists in the generation of a computer-based simulation of the
facility. Forward models are centered in assuming most of the variables to determine the cooling
and heating load of the building. This is done by simulating the thermal performance of the
facility and estimating the electricity and gas consumption to find its total energy use (Xu and
Freihaut, 2012). The second method is called inverse energy modeling, which is based on the
development of a mathematical equation (usually resulting from a regression type of analysis),
that relates the building energy use with the buildings energy drivers (weather, occupant activity
and/or production or a combination of these). Inverse modeling uses the actual energy
consumption (electricity or gas) along time rather than the heat interactions to model the
building, as shown in Figure 1-2. In recent years, some researchers have proposed hybrid models
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that employ simultaneously forward and inverse modeling as a solution to the limitations of the
uncertainty of the variables involved in this type of analysis (Xu and Freihaut, 2012). This work
is based on the use of inverse modeling using monthly energy bills to generate the mathematical
equation of each convenience store.

Building Parameters

Statistical Model

Energy Use Drivers

Figure 1-2: Inverse energy model description (adapted from Kissock, 2010)
In general, a one independent variable regression is the simplest and more common
approach to generate the building energy model. However, according to Katipamula, et al.
(1998), a multivariate regression may provide better accuracy, as well as physical insight. They
indicated that in commercial buildings, electrical and heating use is a function of climatic
conditions, building characteristics, building usage, system characteristics and type of heating,
ventilation, and air conditioning (Katipamula, et al., 1998). The inconvenience of this approach
is that measuring these elements and finding the correct relationships between them is generally
too complex, time consuming and labor cost intensive. Subsequently, this would require data
from multiples sources that are not always available in a real installation and would limit the use
of M&T (Vaino, 2008). However, further analysis will be developed in this research to evaluate
the impact of various independent variables to assess if there is an improvement of the model.
One example of the use of multiples variables in inverse energy modeling is the work of Leslie,
et al. (1986) in military installations. The work of these researchers included an extensive
amount of parameters that where fitted depending on the type and location of the facility. The
author’s justification to employ this procedure was due to the fact that these military bases
consisted in multiple types of building with a variety of uses. The only way to find relationships
between such diverse groups of facilities was the use of many types of energy drivers for the
different types of facilities that were fitted to the overall energy use, generating results that were
above the recommended confidence values.
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Typically, the outside air temperature (Toa) is considered the main energy consumption
driver (Beggs, 2002) although, as explained above, it depends on the type of building or groups
of buildings to be studied and the parameter(s) that mostly influences the energy use (Carbon
Trust, 2010). In general, large size commercial buildings tend to have higher internal heat gains
and multiple internal zones that are separated from the outside environment. For this reason the
building energy use can be less responsive to weather conditions (Xu and Freihaut, 2012). In
contrast, smaller buildings, like convenience stores, tend to have a closer interaction with the
exterior and fewer internal zones due to its size and exterior surface to volume ratio. Therefore,
their energy use has a tendency to respond more to the changes in the outside conditions. From a
practical point of view, Toa presents some benefits: it is extensively available to the public from
many sources and it is simple to measure on site if more accuracy is required.
If the outside air temperature is selected as the independent variable (or it is used in
conjunction with other parameters), it is necessary to choose how it should be analyzed to fit the
data according to the measured parameter (electricity or gas). Although various methods have
been proposed, two have been identified as the most promising: the variable degree day method
(VDD) and the mean monthly temperature method (MMT). The VDD was introduced by LtGen. Sir Richard Strachey around 1800 for crop growing analysis as a means of identifying the
length of the growing season. Later, in the 20th century, his concept was employed in building
energy analysis (CIBSE, 2006). Degree days are essentially the summation of the duration of
temperature differences from a given reference temperature over time, and hence they capture
both extremity and duration of outdoor conditions. As noted, the differences are calculated
between a reference temperature and the outdoor air temperature, as shown in Figure 1-3. In the
case of heating, the degree days are defined as variable heating degree days (HDD) and they are
the values below the reference temperature. On the opposite side, for cooling the degree days are
defined as variable cooling degree days (CDD) and they are the temperatures above the reference
temperature. In buildings, the reference temperature is known as the balance point temperature.
This value represents the outdoor air temperature when the heating (or cooling) systems are not
needed to run to maintain comfort conditions. From a heat exchange point of view, the balance
temperature represents the outdoor temperature at which the building system is able to balance
its internal thermal production rate with the rate of exchange of environmental heat conditions
(CIBSE, 2006). The balance temperature is critical to obtain the correct calculation of the heating
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or cooling degree day values. However, it estimation is not a straightforward procedure.
Nevertheless, to have an accurate model, it can be useful to identify a specific value, and the
method used to determine it, even if there are many assumptions needed to be made (CIBSE,
2006). It is to be noted that some investigators recommend that VDD should never be adopted
for very short time scales analysis (hourly and daily) if a reasonable degree of accuracy is
required (Day and Karayiannis, 1999). This is because of the potentially wide range of
temperature deviations from the base temperature that could be present for short periods of time.
According to their conclusions, for the degree days, the uncertainty decreases as the time frame
increases.

Figure 1-3: Graphical definition of degree days (CIBSE, 2006)
Historically, degree days have been publish in a standard base temperature of 60 °F,
because it is supposed that, in general, most buildings will start cooling and heating at that
temperature. However, it can’t be assumed that convenience stores, or any internally load
dominated building systems, have the standard base temperature as the balance temperature. To
overcome this limitation, a methodology called the 2nd degree polynomial could be used to find
this value (CIBSE, 2006). The method consists in plotting the monthly degree days (heating or
cooling) versus the mean monthly energy consumption (electricity or gas) and finding the
polynomial line of best fit presented in Equation 1-1. Usually, the first balance temperature used
in the search is the standard 60°F.
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y = α x2 + β x + c (Equation 1-1)
A trial and error process is started using different base temperatures till the value of αx2 is
equal to zero (or close to zero, depending on the type of data available). This value represents a
close approximation to the building balance temperature. If the polynomial method fails to
provide a logical balance temperature (out of physical range), it is possible that there is a failure
of the heating or cooling system (CIBSE, 2006). The general form of the mathematical
representation of the VDD method is indicated in Equation 1-2.
 =  +  (Equation 1-2)
The a term represents the slope of the line (kWh/day-°F), x the independent variable
(degree days in °F) and b the independent term (kWh/day), representing the point of intersection
with the y axis. The physical meaning of the b term will be explained later on this chapter.
For this work, the database used to gather the VDD data was BizEE Software Ltd. This
U.K. based company offers a source of degree days for many locations worldwide. Data is
available for both heating and cooling degree-day data in daily, weekly, and monthly formats,
and in any base temperature (Bizeesoftware, 2013).
The other frequently used technique to match the air temperature with the measured
energy parameter (electricity or gas) consists in using the average daily dry bulb temperature.
This method is known as monthly mean temperature method (Reddy et al, 1997). This procedure
is generally preferred because it is simpler than the degree days method (Levermore, 2000) and
had been applied in grocery stores and other types buildings with results in the acceptable range
of tolerance (Eger and Kissock, 2010; Effinger et al., 2011; Xu and Freihaut, 2012). For this
method, monthly mean daily values for the energy use and temperature are recommended to
have better model accuracy (Reddy et al, 1997). The MMT consists in plotting the monthly mean
energy use (electricity or gas) versus mean monthly outdoor air temperature and calculating a
regression that could have 2 or more change points. There are four MMT general models
corresponding to the number of fitting parameters utilized: 2, 3, 4 and 5 parameters. Each of the
models is applicable to a different type of temperature-energy use relation, as shown in Figure 14 (Reddy et al, 1997). In the case of cooling, the slope of the best fit will be positive, whereas the
slope will be negative if it is heating. The change point, in physical terms, represents the building
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balance temperature. In the 2P, 3P and 4P models there is just one change point. The 5P model
only applies to buildings that are heated and cooled with only one energy source. The equations
that define each model are indicated in Table 1-1.
In this work, the weather data required to apply the MMT method was acquired from the
U.S. National Weather Service web database. This webpage provides weather information such
as air temperature, wind and precipitation in hourly or daily formats for the main cities of the
U.S, based on information collected at airports weather stations.
As explained before, to properly apply the MMT method, the change points should be
calculated, however, this is not possible using regular commercial spreadsheets tools. Therefore,
the application of the MMT requires specific software to aid in finding the model equation. For
this reason, the American Society of Heating, Refrigerating and Air Conditioning Engineers
(ASHRAE) conducted the research project 1050-RP in 2001, called The Development of a
Toolkit for Calculation of Linear, Change Point and Multiple Linear Inverse Building Energy
Analysis Models (IMT). The purpose of this project was to create a software capable of
determining a piecewise (change point) regression model to be used in building energy
modeling. This software, written in Fortran, is capable of identifying single and multivariable
least squares regressions to determine all of the different MMT model change point parameters
(Kissock, Haberl and Claridge, 2002). The inputs required to run the software are the energy
data, outdoor air temperature and any other relevant independent variable. The user has the
ability to control the model type (2P, 3P, 4P or 5P) and the number of unknown parameters. The
output consists in the regression equation and the statistical elements necessary to validate the
equation (Kissock, Haberl and Claridge, 2002).
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Table 1-1: MMT general equation form by model (Kissock, Haberl and Claridge, 2002)

12
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P5

Figure 1-4: MMT models curves (Kissock, Haberl and Claridge, 2002)
One of the objectives of this project is to compare the VDD and MMT approaches. As
shown before, both methodologies are designed to provide an Inverse Model (IM) of the building
that it is a necessary component of the M&T approach for tracking the energy performance.
However, it is important to evaluate which of them is more suited to be applied to convenience
stores. For this, both methods accuracy, ability to provide a verifiable solution and ease of use
are needed to be considered. Previous research has been done comparing these two procedures
(Reddy et al, 1997). However, these past studies were conducted in military bases that have
different energy patterns and included multiples types of buildings (Reddy et al, 1997; Leslie et

13
al, 1986). Reddy et al. (1997) concluded that the MMT method was the best approach for the
type of facility they analyzed however, the results showed to be not that dissimilar from the
VDD.
For building energy analysis, linear regression equations are the mathematical
representation of the facility energy use relating electricity or gas use with their energy driver(s)
(CIBSE, 2006). One of the advantages of having an equation that relates energy with weather (or
any other relevant driver) is that non-weather and weather related energy consumption can be
separated (Eger and Kissock, 2007). This gives a better understating of how energy is being
consumed and the influence that each parameter has in the total gas or electricity use. In both
methods, MMT and VDD, the way building energy parameters are displayed in the model
equation is different. For example, in the first case, the MMT 3P cooling model suggests that at
temperatures lower than the balance point energy use is approximately constant (represented by a
straight line,

in Table 1-1). This straight line segment would then represent the building’s

monthly average base energy consumption associated with internal load, occupant or production
activity energy use. For temperatures above the balance point, the energy use increases and it is
considered that it is caused by the rise of the outdoor air temperature as shown in Figure 1-5
(Eger and Kissock, 2007). This represents the combined effect of the building façade and cooling
subsystems response to the interaction of the ambient temperature with the envelope load on the
building. In the case of the VDD, the independent term b in the equation that defines the model
( =  + ), physically represents the same monthly average base energy load, or non-weather

related energy consumption. In the case that other variables are included in the model, further
separation of energy consumption use can be done by having additional terms in the equations
(Eger and Kissock, 2007).

Figure 1-5: Weather/Non weather dependent energy use (MMT) (Kissock, 2010)
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During the process of establishing the empirical building energy model, a certain period
of time can be chosen to generate the regression. In general, not in all periods of operation the
analyzed facility will have the same energy performance. There could be many explanations for
variations in the energy use, ranging from equipment malfunction, maintenance activities,
change in equipment use in the facility, unexpected stops, etc. The optimal phase where all
systems are assumed to be working properly and under typical energy use demand factors - such
as customer count frequency in the case of convenience stores operations - is called the base line
period (Harris, 1989). Its importance lies in the fact that the energy performance in this timeframe will be used as a reference point for all the comparisons that are going to be made in
respect to the expected, future energy consumption of the facility. The base line should be found
by trial and error, looking for the highest correlation between the variables, and there is no
standard procedure. The recommended period to establish the base line is complete years in the
case of weather dependent models or one complete operational cycle in the case of a nonweather dependent model to ensure the balanced representation of all the facility’s working
modes (BPA, 2012; ASHRAE Guideline 14, 2002).
In general, for one to consider a building inverse energy model valid, the accuracy of the
regression obtained with the MMT or VDD method must be evaluated. There are various
parameters indicated in the literature to assess the fitness of the model. In general, for M&T
purposes, most authors suggest the use of the coefficient of multiple determination (R2) and the
coefficient of variation of the root-mean-square (CVRMSE) as the appropriate validation
methods (BPA, 2012; Reddy et al., 1997; CIBSE, 2006; Carbon Trust, 2010). Their values must
be under the followings tolerances:

-

International Performance Measurement and Verification Protocol (IPMVP): R2 >
0.75

-

ASHRAE Guideline 14-2002: R2 > 0.80, CVRMSE < 20% for periods < 12 months,
CVRMSE < 25% for period of 12 to 60 months.

The coefficient of multiple determination (R2) represents how well data points fit a line or
curve and it is defined as the percentage of the response variation that is explained by a linear
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model. In general, the higher the R2 (closest to 1), the better the model fits the data (MiniTab,
2013). The Equation 1-3 is used to find the R2 of a regression.
 =1−

∑(  )
∑(  )

(Equation 1-3)

Where,

! are the observed values

! is the mean of the values

! are the fitted values

The CVRMSE is the root mean squared error (RMSE) normalized by the average yvalue. Normalizing the RMSE makes this parameter a non-dimensional value that describes how
well the model fits the data. It is not affected by the degree of dependence between the
independent and dependent variables, making it more informative than R2 for situations where
the dependence is relatively low (BPA, 2012). Equation 1-4, defines the CVRMSE.

"#$%& = 100

∑*+
,  -+ .
(-/)

()





0

(Equation 1-4)

Where,

1 are the number of observations

2 are the number of variables
! are the fitted values

! are the observed values

3 is the mean of the values
In the case that a variable is zero, close to zero or negative, the CVRMSE can be
misleading because the mean value can be close to zero. In general, the coefficient of variation of
a model can be considered reasonable, if the variable contains only positive values not close to
zero (IDRE, 2013).
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Authors like Reddy et al. (1997), had used more arbitrary range of tolerance to establish
the fitting of the regression. The mentioned researchers indicate that models with a CVRMSE
less than 5% can be considered excellent, those with less than 10% can be considered good,
those less than 20% can be taken as mediocre, and those greater than 20% are considered poor.
Additionally, an R2 above 0.80 or above must be assessed to have a good model (Reddy et al,
1997).
Base lines are also used to identify the savings generated by energy conservation methods
in buildings. To calculate the savings, the energy consumption after a retrofit project is compared
with the electricity or gas consumption after the remodel. The differences in these values
represent the saved energy, product of the changes made in the building. ASHRAE Guideline 14
suggests two approaches depending on the type of retrofit. These are, the whole building
approach and the isolated retrofit method. In the first case, the readings coming from the main
electricity and gas meter of the building are used to calculate the inverse model and the savings.
The second case is intended to evaluate the effect the changes of particular equipment and submetering is recommended. In general, it is required a R2 > 0.80 and a CVRMSE < 15% for the
retrofit project base line (ASHRAE Guideline 14, 2002). Also, the model should include all the
operating modes of the building (in case of weather dependent 12 months is the minimum).
Moreover, to consider a model valid for retrofit savings analysis, the net determination bias error
(NBE) should be less that 0.005% (ASHRAE Guideline 14, 2002). The NBE is defined as
percentage difference of total energy consumed as predicted by the model and the energy used as
determined from utility bills. The NBE mathematical definition can be seen in Equation 1-5
(ASHRAE Guideline 14, 2002).
45& = 100 ∗

∑(7  78 )
∑ 7

(Equation 1-5)

Where,

&! are the observed values

&83 are the predicted values
In the case that the NBE is higher than the permitted value, a weighted linear regression
can be applied. This procedure consists in weighting each data point by the length of the time
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period of that point (ASHRAE Guideline 14, 2002). It is relevant to notice that the NBE check is
only conducted to retrofit projects and not for M&T. In case of the later, the R2 and the
CVRMSE are considered enough to validate the model as suggested by the literature (Bureau of
Energy Efficiency, 2005; CIBSE, 2006; Carbon Trust, 2010; Reddy et al., 1997)

1.2.3

Cumulative Sum Charts and Targets Development

To observe the evolution in time of the energy use, a cumulative sum control chart
(CUSUM) may be developed. This chart represents the difference between the base line
(expected or standard consumption from the regression model) and the actual consumption
points relative to the same annual time period of the base line (Bureau of Energy Efficiency,
2005). The CUSUM chart was originally created in 1954 as a process inspection scheme in
manufacturing but its first application in energy analysis was not until 1981 (Stuart et al., 2007).
There are two types of CUSUM charts: the parametric form and the recurrent form and it use
depends on the type of data and installation (Ferreira et al., 2003). This research will use the first
described method (parametric), which relies on a linear regression to predict energy consumption
(Stuart et al., 2007). This technique is useful because it provides a tendency line and also
calculates the period to date of savings/losses showing when the energy performance deviation
initiated. As shown in Figure 1-6, a typical CUSUM graph will follow a trend and indicates the
random fluctuation of energy consumption that oscillates around zero (standard or expected
consumption). This behavior will continue until something occurs to alter the pattern of
consumption as a result of an energy saving measure or an increase in energy use due to a fault
(Bureau of Energy Efficiency, 2005). The CUSUM chart allows one to continuously diagnose
the system in a way that energy professionals can precisely determine the moment and the
amount of energy saved, wasted or conserved. To calculate a CUSUM graph, the following steps
should be followed (Harris, 1989):

1) Calculate the projected energy consumption using independent variable(s) as an input
to the base line equation
2) Find the difference between actual energy consumption and the projected base line
3) Sum the differences along the period
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4) Plot the sum of the differences versus time along the analyzed period

Figure 1-6: Example of a CUSUM chart (Carbon Trust, 2010)
An important consideration in using the CUSUM chart is that the base model calculated
with the regression analysis may be no longer valid if there is a significant change in the facility
configuration or functionality. If this is the situation, new energy data should be collected and a
new base line generated. A CUSUM referenced to the new baseline would be developed and
deviations would be calculated with the use of the new baseline equation. The general guidance
to consider the development of an updated model has been given as (BPA, 2012; ASHRAE
Guideline 14, 2002):

-

A sustained increase or decrease in the operating level of an independent variable,
outside the range for which the baseline model was established

-

A change in operations, making an independent variable obsolete

-

A change in the structure of the facility

-

A retrofit project

The final part of the analysis consists is the creation of the energy consumption targets
based on the performance observed in the CUSUM chart. They will represent a threshold ban,
within which the site energy consumption can fluctuate without generating an alert. Since the
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targets are based on the actual performance of the building, they will clearly show its best
realistic possible behavior (McMullan et al., 2001). The main objective of the targeting
procedure is to detect incidents between the statistical noise measured by the control level and
the point where the occupants in the building become aware that there is a significant cumulative
deviation, positive or negative, from the facility expected energy use (Harris, 2002). However, in
many cases, energy use could be increasing or decreasing without any observable symptom that
detectable by the building users. Setting the target can be done by inspection or by statistical
methods. The determination of the target it is important to avoid constant unnecessary work,
which responds to false positives deviations in a site that may be operating within normal
parameters. To statistically establish the target, the recommended threshold is √2 times the mean
absolute difference or one standard deviation (Harris, 2002). It is relevant to note that no
previous work has been found in the literature focused on the development of a tool to
simultaneously monitor and target energy use in multiple buildings of similar type.

1.2.4

Summary of the literature review

To summarize, the M&T program startup requires the appropriate investigation,
examination and analysis of the energy driving variables of the installation. The use of the MMT
or the VDD method to generate the regression equation and the application of CUSUM graph
has shown to provide useful information in diagnosing a building’s energy use. However, no
precise research work or extensive energy-related statistical information focused on convenience
stores could be found in the literature. To fill this gap, this research will establish the elements
that needed to apply the M&T and create a comprehensive methodology to continuously monitor
energy consumption on convenience stores.

1.3 Objectives

The primary research goal of this study is to develop a robust, reproducible and reliable
M&T methodology applicable to convenience stores which is to be used to continuously measure
and improve the energy performance of the site and establish lessons learned for similar facilities
within a fleet. The specific objectives are:
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-

Conduct a literature review on previous application of the M&T methodology in
commercial and industrial buildings which is potentially applicable to convenience
stores.

-

Specify adaptations needed in previously established M&T techniques to create a
convenience store specific M&T methodology.

-

Define the data required for convenience store M&T application.

-

Determine the energy use drivers and key diagnostic variables for convenience stores
and compare variable degree day and monthly mean temperature energy modeling
methods.

-

Show the applicability of the cumulative sum charts as an energy diagnostic tool in
convenience stores.

-

Evaluate the effectiveness of the M&T method (measurement and analysis) to detect
system energy utilization deviations – inefficiencies, equipment failures, and
effectiveness of ECMs implemented.

-

Make recommendations on future improvements to the M&T method for the
convenience store application.

The research questions to be answered at the conclusion of this research are:

-

Is it possible to design a standard, auditor-independent M&T method that can be used
continuously to monitor energy consumption in a convenience store?

-

What are the required data specifications and associated monitoring equipment
specification necessary to develop the M&T in a convenience store?

-

What are the data analysis procedures and methods utilized to describe the energy
performance characteristics of a convenience store?

1.4 Thesis Content

The research investigation is divided into seven chapters. Chapter 1 introduces the topic
of the research, describes past works in M&T and energy modeling and concludes with the
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objectives of this work. Chapter 2 describes the general characteristics of the analyzed
convenience stores. A description of their surroundings, weather type, equipment and layout is
given. Also, the current practices of this company to monitor energy use are reviewed. It ends
indicating how stores were selected and what criteria were used for the analysis.
Chapter 3 presents the inverse energy modeling process. First, energy consumption is
plotted as a function of time to determine the possible variables that could be driving the energy
use. Then, the impacts of occupancy and storefront orientation are discussed. This chapter
continues with the application of the MMT method, using a commercial spreadsheet for an initial
evaluation of the selected variables. In an attempt to improve the accuracy of the MMT model,
the ASHRAE Inverse Modeling Toolkit is used. After this, the VDD is applied and the base lines
equations are calculated. At the end of this chapter, a comparative qualitative and quantitative
explanation about the two methods is provided.
Chapter 4 describes the use and application of the CUSUM graph as the monitoring tool
of the M&T process. First, for each store a CUSUM graph is developed and later, a CUSUM per
square foot graph is shown. This is the main tool to monitor multiple stores at the same time.
Finally, different energy targets levels are discussed with the rationales for selecting the different
possible options.
Chapter 5 describes the use of MMT and VDD together for a store retrofit savings
analysis. The changes made to the store are explained and a workflow was followed to determine
the energy savings effects of the work done and the accumulated saving of the conducted project.
Chapter 6 consists in the detailed description of the proposed methodology to monitor
and target energy use in convenience stores. The chapter is divided in four parts to better
describe the particularities of each main workflow component and the required database to apply
the M&T.
Finally, Chapter 7 provides the conclusions of the work presented in this thesis. It ends
with recommendations to the application of this research and for future studies that are required
in this area. It also suggests the steps to start a pilot project.
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CHAPTER 2
CONVENIENCE STORES CHARACTERISTICS

This chapter explains the general characteristics of the convenience stores that were
analyzed in this work. In the first part the stores equipment, general layout and different
configurations are described. Later, the predominant weather and stores surrounding
characteristics are detailed. This chapter continues with the discussion about the conclusions of a
store visit conducted during the research. The second part of this chapter describes the database
that the company was using to monitor the energy use. Finally, an in depth description of the
stores selected for this research is given.

2.1 Convenience Store Characteristics

The store chain that facilitated the information for this research is located in the U.S.
Mid-Atlantic region and chain operates two types of stores: fuel stores and non-fuel stores. The
first ones are the combination of a store and a gas station, while the second group it is just only
the convenience store with no gas pump service. However, both types of establishments share the
same general internal configuration and costumer services they offer, with the exception of the
gasoline refueling. There are various types of stores internal footprint. Each type of design
represents an evolution from the previous model with changes in the internal distribution and
equipment. The non-fuel stores are divided in three subcategories L1, L2 and L3. For this
research, only the non-fuel L(X) type stores were used in order to diminish the amount of
variables that could be impacting the energy model, since this was the first study done on this
type of building.
In general, the store internal division comprises three main parts. The center area is
occupied by the dry products section. On one side is the deli area, where all the hot beverages
and foods are prepared. On the opposite side is the refrigerated aisle were the freezers and
refrigerators are located. The back of the store is where the dry merchandize deposits are situated
and it is accessed thru the deli area. Additionally, there is a door near the refrigerated area that
connects with the outside and where all products for inventory replacement are fed into the
building. In total, there are three doors (including the store main door at the front and the trash
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door) that connect with the outside. The mechanical systems are directly above the store ceiling
and this is all covered by a gable roof. A graphical depiction of the store can be seen in Figure 21 with a location of the equipment for a typical store.

Figure 2-1: Generic store floor plan
The predominant weather at the locations of the selected stores is classified as cold and
mixed humid. The International Energy Conservation Code defines these areas as climate zones
4A and 3A (for mixed humid) and 5 and 6 (for cold). The main characteristics of these zones are
the following (PNNL and ORNL, 2010):

-

Mixed humid: is a region that receives more than 20 inches of annual precipitation,
has approximately 5,400 heating degree days (65°F base temperature) per year or
fewer, and where the average monthly outdoor temperature drops below 45°F during
the winter months.

-

Cold: is defined as a region with between 5,400 and 9,000 heating degree days per
year (65°F base temperature).

Except for one store, the selected buildings for this work are all located in low density
urban areas. In general, the surroundings are characterized by suburban locations with small to
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medium size commercial buildings and residential houses around the store. In the immediate
environs of the building there is a parking lot that could be shared with other nearby businesses
and vegetation is as tall as the store. In general, all sides of the building are exposed to the
exterior. The one store in a different surrounding condition is located in a dense urban area. The
establishment is situated in the first floor of a residential building and it is shaded by other
structures and vegetation. This store will be clearly identified later in this chapter. All the stores
operate 365 days a year and 24 hours a day.
During this work, a site visit was scheduled to verify in-situ some of the general
characteristics of the store and witness the interactions of the different elements of the building.
At the end of the visit, two main observations were the most relevant:

1) The side-door, where the products are fed into the store, is constantly open. This is a
consequence of the inventory restocking process that occurs along the day and, most
of the time, the workers left this door open. This entrance is directly connected thru a
hallway to the main selling area. This means that cold or warm air (depending on the
season) is entering the store constantly, generating an unnecessary heat or cooling
load inside the building. The combined effect of this door, plus the effect of the main
entry, causes important interactions with the outside environment that could lead to a
higher heating, ventilation and air conditioning energy use in certain times of the
year.

2) There are no physical barriers that separate the hot, humid air coming from the deli
zone and the cold, dry air coming from the refrigerated casings. The zone of
interaction is the middle of area, where the dry products are located. Occasionally, an
open case refrigerator could be in this area too. In general, this condition could be
found in supermarkets. However, the footprint of these buildings is considerable
bigger than a convenience store, meaning that the zone of interaction is larger and the
effect of the temperature gradient is dissipated. The issue in the convenience store is
that the selling area is much smaller and air mixing is more likely to occur, meaning
that probably the refrigerators are receiving warm air from the hot area, leading to
higher energy consumption.
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All these factors, in combination with others observed during the visit, are relevant to
explain, in part, the probable higher energy consumption per building area relative to similar
buildings like supermarkets. Also, these findings were necessary to further understand the
building energy model. In general, the interaction of the inside air with the outside is constant not
only thru the service doors but because of the high client rotation. Normally, the customers spend
less than five minutes inside the building, indicating that people are coming in and going out
constantly. This observation gives strong signs that outdoor air temperature and costumer count
could be important energy use drivers. As a reference, the typical equipment found the stores is
indicated in Table 2-1.
Hot Equipment

Cold Equipment

Other Equipment

Coffee machine

Cold pan service station

Cashing machine

Condiment stand

Cold Products dispenser

ATM

Toaster

Beverage cabinet

HVAC Systems

Food warmer

Milkshake / Frozen milkshake dispenser

Gas Heater

Heated cabinets

Ice Tea/Coffee dispenser

Rethermalizer

Open Refrigerator
Closed refrigerators
Ice maker
Closed freezers
Refrigerated casings

Table 2-1: Typical store equipment
2.2 Current Energy Monitoring Practices and Selected Stores

The franchise’s energy management is conducted by centralized office that collects
energy data from the different utilities serving the various stores into a main database. This
information and regular site visits are used to analyze the energy performance of the stores.
However, the parameters employed in the decision-making process did not appear effective, as
discussed below.
Data was released from the company to this investigator in a spreadsheet that contained
all the energy information being collected for each facility. This database listed all the stores of
the chain and their general characteristics - store opening date, age, years since a remodel, store
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type, number of fuel dispensers, area, total electrical usage, electric service cost, total gas usage,
gas service cost, calculated EUI and annual customer count. The data contained in this file was
the total set of facility parameters and annual energy data currently utilized to track energy use.
Using the company data base information, an initial analysis was set up to help select
which stores would be picked for this work. It was decided to create three groups:

-

Group 1: EUI ~ 425 kBtu/ft2-year, no parking, store type L, no building automation
system, no fuel service, no water treatment plant and less than 2% energy use variation
during 2011-2012. Five stores were selected, identified as: Store A, Store B, Store C,
Store D and Store E.

-

Group 2: EUI > 545 kBtu/ft2 year, no parking, store type L, no building automation
system, no fuel service, no water treatment plant and more than 10% energy use variation
during 2011-2012. Three stores were selected, identified as: Stores F, Store G and Store
H.

-

Group 3: EUI ~ 425 kBtu/ft2-year, no parking, store type L, no building automation
system, no fuel service, no water treatment plant and more than 10% energy use variation
during 2011-2012. One store was selected, identified as Store J. This store is located in a
dense urban zone as part of a residential building and the area exposed to the exterior is
much smaller that stores in groups 1 and 2.

The criterion for the selection was based on keeping the variables as constant as possible and
using differences in energy usage as a distinguishing characteristic. For group 3, the most
important difference was the smaller exterior exposed area. Selecting multiple stores allowed
identifying patterns that consistently repeat and, therefore the same analysis could be applied to
similar buildings. All this information was provided as a starting point for this investigation. All
data was subjected to further investigation since the analysis techniques previously used to
determine energy use values, specifically the EUI, was not known. It was necessary to go to the
source of the energy use information in the franchise data base (utility records) to confirm the
electricity and gas consumption before working with on the energy use model.
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It is possible to observe in Table 2-1 that stores in group 1 have an average size around 3500
ft2 and all of them are more than 20 years old. Only Store E was remodeled in 2002. Group 2, in
Table 2-2, is characterized for stores slightly smaller, but as old as the ones in Group 1. One
initial observation was that natural gas consumption of Store G was greater than the other stores.
In Table 2-3, it is possible to see Store J, which opened in 1993 and was remodeled in 2002 with
a similar size of the other stores and no gas tracking.
Group 1
Specific
Footprint
Prototype

Store
Area
[ft2]

Total 2012
Electrical
Consumption
[kWh]

Total
2012 Gas
USAGE
[MMBtu]

EUI
(2012)
[kBtu/ft2]

43.66

L1

3,104

375,652

N/A

412.93

6/1/1977

36.08

L1

3,029

367,840

N/A

414.35

C

8/1/1980

32.91

L2

3,744

431,986

90.29

417.80

D

5/1/1985

28.16

L1

3,456

444,912

N/A

439.25

E

9/1/1990

22.82

L3

4,548

519,920

172.22

427.92

Store
ID

Store
open date

Store
Age
[Years]

A

11/1/1969

B

Remodel
Date

5/24/2002

Years
since
Remodel

11.08

Table 2-2: Group 1 stores characteristics
Group 2
Store
ID

Store
open
Date

Store
Age
[Years]

F

12/1/1965

47.58

G

4/1/1977

36.24

H

2/1/1985

28.40

Remodel
Date

7/2/1999

Years
since
Remodel

13.98

Specific
Footprint
Prototype

Store
Area
[ft2]

Total 2012
Electrical
Consumption
[kWh]

Total 2012
Gas
USAGE
[MMBtu]

EUI
(2012)
[kBtu/ft2]

L1

2,659

440,232

52.33

584.58

L2

3,982

495,540

547.88

562.20

L1

2,409

418,640

N/A

592.94

Table 2-3: Group 2 stores characteristics
Group 3
Store
ID

Store
open
Date

Store
Age
[Years]

Remodel
Date

Years
since
Remodel

Specific
Footprint
Prototype

Store
Area
[ft2]

Total 2012
Electrical
Consumption
[kWh]

Total
2012 Gas
USAGE
[MMBtu]

EUI
(2012)
[kBtu/ft2]

J

3/1/1993

20.32

8/20/2002

10.84

L2

3,780

478,240

N/A

431.68

Table 2-4: Group 3 store characteristics
Data indicated that some stores had natural gas energy consumption, while for other there
was no information. According to the explanation given by the company, in many cases natural
gas consumption was zero because during winter months these stores are not heated at all. The
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justification was that apparently the internal heat gain (food service and hot beverages) was so
high that there was no need for heating hence; gas consumption was not available for all stores.
The company method to track energy consumption and compare the store’s performance
was simply using the EUIs however, they were not confident in the way they were calculating it
and how effective it was for energy management. One of their main interests was how to identify
the sites that were truly, relative to the average of the entire fleet, high energy consumers, and
based only on their EUI. After some conversations, it was concluded that the energy drivers were
being calculated empirically and there was no proof which elements of store configuration or
energy use subsystems were relevant to the high or low energy use of a store relative to the fleet
statistical characteristics.
The company also provided the customer count of each store since it was initially thought
that this could be an important energy driver. A first evaluation was conducted to see the shapes
of the curves along the year to establish if there was a pattern that could be related to energy use.
Interestingly, all stores presented a clearly repetitive profile, with slight variations. Figure 2-2
shows the representation of a typical store customer pattern for four years. As can be seen, there
is not an outdoor air temperature related variation. Peaks were identified on April, July and
October, while the lower points were around February-March, May-June and August-September.
These results were not discarded. Further analysis was conducted during the energy modeling to
verify the hypothesis of the influence of this variable.

Figure 2-2: Typical store total costumer count monthly pattern
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CHAPTER 3
INVERSE ENERGY MODELING

This chapter focuses on the inverse energy modeling process applied to the selected
stores. It begins with the description of the data acquisition and normalization. Next, occupancy
and store orientation are discussed as possible independent variables. This chapter continues with
the development of the MMT and VDD methods to analyze outdoor air temperature as an energy
driver. After that, the base line equations are generated and the section concludes with a
qualitative and quantitative comparison of MMT and VDD methods.

3.1 Energy Data Processing and Normalization

The raw electricity and gas data coming from the utility database required some
formatting and organization. By sequential runs, the information from each store was
downloaded into a spreadsheet file. It consisted in the site identification, unit of measurement
(kWh/Therms), account number, measured energy consumption (monthly), billing date, days of
service, service from date, service to date, type of store, location and utility service provider. For
this research the analysis period was fixed and it was established to be from February 2010 to
January 2013, for a total of 36 months. It was found that some stores had two or three accounts
(and electric meters) servicing the same building. The reason for this was unknown, but it was
established which of them were actually providing service. By filtering the file, the information
required for the analysis was obtained. This consisted in total measured energy, in kWh (or
Therms), bill date, days of service, service from date and service to date.
The service starting and ending dates were not coincident with the beginning and end of
the month. This was corrected by a normalization process to adjust the energy use to the proper
time frame. This procedure was divided into the following steps:

1) Creating two columns in the spreadsheet that contained the first and last day of each
month.
2) Subtracting these numbers to find the total days in the month
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3) Creating two new columns identified as number of days in billing period 1 and
number of days in billing period 2 and finding the total amount of days of service for
each time-frame.
4) Creating another column where the total energy use for the period was divided by the
days of service
5) Calculating a weighted average, multiplying the average energy consumption of each
period by the amount of days in the same period and dividing it by the total days in
the month.

The obtained values were the average energy consumption per day for each month, in
kWh/day or Therms/day. This way energy consumption could be matched with any independent
variable, which usually came by complete months (from the first day to the last). It is necessary
to acknowledge that this is an approximation of the daily energy consumption and can bring
some errors however, since the stores operate 24 hours a day and 7 days per week, there aren’t
periods when the energy consumption is zero or considerable smaller (no store closings),
meaning that base and peak loads are almost constant along the month.
To have an initial approach of how electricity and gas use changes with time, the
normalized energy data was plotted as a function of time. Figures 3-1, 3-2, 3-3, 3-5 and 3-6
consistently suggest that, in the case of stores in the group 1, the electricity could have seasonal
use variation. This means that for summer, there is a peak consumption due to the increase use of
air conditioning, ventilation and refrigeration. During the winter season the electricity
consumption is at its lowest point. In general, the peak consumption is around 1400 kWh/day
and the minimum use is around 800 kWh/day, although there is wide variation, depending on the
store. In the case of gas use, shown on Figures 3-4 and 3-7, the pattern suggests that gas is only
used for heating in the winter season. In general, gas consumption is low (below 10 Therms/day)
and represents a small fraction of the total energy use. Also, it is possible to observe in Figures
3-1, 3-2 and 3-6, a clear stable, baseline level in electricity use, without apparent alterations for
the whole 36 months of analysis. However, Figures 3-2, 3-3 and 3-5 also present somewhat
irregular behaviors for parts of the curves. For example, in the case of Store C (electricity), the
pattern is stable in the first 12 month period (from 2-2010 to 1-2011) but two peaks appear,
almost exactly one year afterward. These anomalies are interesting events that would require
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further investigation. This initial assessment provides an expanded overview of the energy use
trends for this group of stores and some indications with respect to their possible energy drivers.

Electric comsuption [kWh/day]
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Figure 3-1: Store A electricity normalization
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Figure 3-2: Store B electricity normalization

Mar-13
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Normalization Store C / Electricity
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Figure 3-3: Store C electricity normalization
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Figure 3-4: Store C gas normalization
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Normalization Store D / Electricity
Electrical comsuption [kWh/day]

1800
1700
1600
1500
1400
1300
1200
1100
1000
Dec-09

Jun-10

Jan-11

Jul-11

Non Normalized [kWh/day]

Feb-12

Aug-12

Mar-13

Normalized [kWh/day]

Figure 3-5: Store D electricity normalization
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Figure 3-6: Store E electricity normalization
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Normalization Store E / Gas
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Figure 3-7: Store E gas normalization
The same analysis was done to the stores in group 2. Figures 3-8, 3-10 and 3-12 show the
electricity normalization results. The observations suggest that these stores are not responding to
outdoor air temperature variations. Rather, the electricity use pattern is random and any possible
energy use drivers are not easily identifiable. The main difference between groups 1 and 2 is that
the later have a EUI well above the portfolio average. This could indicate that the equipment in
the store is not working properly, leading to what it looks like an abnormal energy pattern.
Figure 3-8 shows an atypical peak that could possibly be an electrical meter error however; the
points immediately after it are out of the pattern too as well. This probably confirms that is a
true high energy point. After that, original levels tend to be restored however, shapes are not as
clear as observed in group 1. Store G in Figure 3-10, clearly presents an abnormal pattern in
2010. It is possible to observe repeated high peaks that start to disappear in 2011 however,
instead of changing to a seasonal shape it stays around 1200 kWh/day till the end of 2012. Store
H presents peaks between seasons, atypical from all other analyzed stores. In the case of the gas
consumption, Figures 3-9 and 3-11 suggest that their use is seasonal, responding to changes in
outdoor air temperature. Again, the gas consumption is small in comparison with electricity and,
as observed previously, Store G in Figure 3-11 presents much higher gas consumption than in
any store of group 1.
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Normalization Store F / Electricity
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Figure 3-8: Store F electricity normalization
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Figure 3-9: Store F gas normalization
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Normalization Store G / Electricity
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Figure 3-10: Store G electricity normalization
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Figure 3-11: Store G gas normalization
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Normalization Store H / Electricity
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Figure 3-12: Store H electricity normalization
Finally, for group 3, the same plot was created to see if there was any particular
difference or similarity with the other two groups. As can be seen in Figure 3-13, the apparent
seasonal behavior was repeated so, it was considered that this store could have a performance
similar to the ones in group 1.
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Figure 3-13: Store J electricity normalization
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One element observed in all of the previously presented graphs is the effect of the
normalization process. Displacements in the curves in both x-axis and y-axis can be seen
therefore, emphasizing the importance of synchronizing the energy use with the days of the
month. This process will be also critical to generate accurate energy models later in the analysis.

3.2 Energy Use Intensity (EUI) Calculation

With the information already available, it was possible to find the EUI’s for all the stores.
These quantities where calculated for the three 12 months periods that comprises the 36 month
data available to observe the EUI evolution during the studied time-frame. Table 3-1 resumes the
EUI for each store of group 1, Table 3-2 provides the same values for group 2 and Table 3-3 for
group 3.
Group 1 EUI [kBtu/ft2-year]
Store A
Store B
Store C
384.01
403.41
381.29
381.78
405.07
381.34
394.44
411.87
396.91
Table 3-1: Group 1 total EUI

Store D
427.07
445.69
454.13

Group 2 EUI [kBtu/ft2-year]
Period
Store F
Store G
2-2010 / 1-2011
538.23
531.25
2-2011 / 1-2012
591.77
425.32
2-2012 / 1-2013
544.54
407.88
Table 3-2: Group 2 total EUI

Store H
545.04
530.67
543.95

Period
2-2010 / 1-2011
2-2011 / 1-2012
2-2012 / 1-2013

Store E
376.93
399.56
391.27

Group 3 EUI [kBtu/ft2-year]
Period
Store J
2-2010 / 1-2011
409.59
2-2011 / 1-2012
415.59
2-2012 / 1-2013
399.44
Table 3-3: Group 3 total EUI
During this work, it was decided to separate the total EUI (EUIt) into electricity EUI
(EUIe) and a gas EUI (EUIg). This was done to have a clearer view of the effects that each utility
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type has in this parameter. Table 3-4 shows the EUIe and EUIg values for group 1 and, similarly,
Table 3-5 for group 2. Group 3 didn’t reported gas consumption. For example, it is possible to
observe that in Store C, the EUIe varied 5 kBtu/ft2-year from 2-2010/1-2011 to 2-2011/1-2012
and then 12 kBtu/ft2-year from 2-2011/1-2012 to 2-2012/1-2013 however, when the EUIt, is
observed, the change for the first period was only 0.05 kBtu/ft2-year and in the second period the
change was 15 kBtu/ft2-year, all this caused by the changes in gas consumption. Since for some
store there was no gas consumption record, it can be assumed that the EUIt is equal to the EUIe.

Group 1
Electricity EUI [kBtu/ft2-year]
Period
Store A Store B Store C Store D
2-2010 / 1-2011
384.01 403.41 375.17 427.07
2-2011 / 1-2012
381.78 405.07 380.20 445.69
2-2012 / 1-2013
394.44 411.87 392.72 454.13
Gas EUI [kBtu/ft2-year]
2-2010 / 1-2011
6.12
2-2011 / 1-2012
1.23
2-2012 / 1-2013
4.16
Table 3-4: Group 1 electricity and gas EUI

Store E
370.61
385.98
389.42
6.33
13.58
1.85

Electricity EUI [kBtu/ft2-year]
Period
Store F Store G Store H
2-2010 / 1-2011
537.15 510.76
545.04
2-2011 / 1-2012
576.54 405.56
530.67
2-2012 / 1-2013
542.58 393.72
543.95
Gas EUI [kBtu/ft2-year]
2-2010 / 1-2011
1.08
20.49
2-2011 / 1-2012
15.23
19.76
2-2012 / 1-2013
1.96
14.16
Table 3-5: Group 2 electricity and gas EUI
In general, most of the stores didn’t present significant variations of the EUIt for the
analyzed period. Although, it is possible to observe a big temporal variations in the EUIg as a
consequence of the irregular consumption pattern identified and noted above, both in group 1
and 2. A relevant observation is the behavior of Store G. For the period of 2-2010/1-2011, the
EUIt was 531.25 kBtu/ft2 year and then started to decrease till reaching the most recent period (2-
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2012/1-2013), which had a value of 407.88 kBtu/ft2. The same consistent reduction is present in
the EUIe and EUIg. This would likely be due to improvement and repairs made to the equipment
or modification of controls or the equipment. However, the presence of an almost flat load in
Figure 3-10 for the same period suggest that a low EUIt may be not enough to verify that the
store equipment is operating properly, because of the possible loss of the correlation with the
energy drivers.

3.3 Non-Weather Related Independent Variables Analysis

3.3.1 Occupancy

To evaluate the impact of the occupancy, customer turnover rate, as an energy driver
factor, the daily average costumer count was plotted against the daily average electricity
consumption for each store. A best line of fit correlation was added to the graph and in all cases
the R2 was consistently low as can be observed in the Table 3-1.
R2
Store
Electricity

Gas

A

0.015

B

0.035

C

0.055

D

0.021

E

0.009

0.013

F

0.061

0.014

G

0.024

0.029

H

0.004

J

0.238

0.068

Table 3-6: Daily electricity and gas use versus daily costumer count R2
The possible explanation for this phenomenon can be seen in the shapes of the energy
curve and costumer count curves. In general, peaks and valleys on of both graphs are not
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coincident, rather they are out of phase and the overlapping is minimal, implying there is not a
relevant relationship between them. The graphs observed in section 3.1, in combination with
results of Table 3-6, suggest that the influence of the weather on the energy use is much greater
than the effect of occupancy. A possible justification for this was found in the store visits. During
the inspection, it was observed that most of the equipment was operating all the time,
independently of the amount of costumers inside the store. Other detected factors that may be
related to costumer count is the opening of the refrigerator’s doors and buyers coming inside the
store, but according to these results the effects are minimal.
Interestingly, Store J presents a greater correlation than all other stores. The possible
explanation for this could be the higher insulation that this store has because of its location. Less
contact of the store as a system with the outside environment could amplify the effects of
customer interactions with refrigerators and freezers, making this trend more apparent than it is
for other stores. It is possible to conclude that customer count could have more impact on
electricity use as the heat exchange with the outside environment decreases however, it is still
too small to be considered a relevant parameter.
The effects of occupancy could be more relevant when daily energy use is correlated to
daily costumer count, that is, the observational time base is changed. Analyzing data from a
monthly point of view may dilute these dynamic customer count effects. Unfortunately, no data
on daily costumer count was available for this research.
As a last effort to evaluate the effect of occupancy, the costumer count will be included in
combination with the outdoor air temperature, to make a MMT multivariate regression.

3.3.2 Storefront Orientation

One of the empirical variables often used by the company to justify the higher energy
consumption on some of their stores was the front door orientation relative to solar orientation,
angle dependent flux intensity. To examine this hypothesis, the average EUIt of each store over
the analyzed period was used as the dependent variable and the approximated storefront
orientation as the independent variable. The orientation was calculated using satellite images of
the stores, using their address to locate them. Figure 3-14 show that there is no strong correlation
between the orientation and the EUIt. Most of the stores are in the same range of EUIt. The use of
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all stores may be misleading if we assume that the ones in group 2 are not working properly
therefore, Figure 3-15 shows only stores of group 1 and 3, suggesting the same results. A deeper
analysis was done separating the effects by season. It is logical to think that during summer, the
effects could be greater, but, again, no significant variation in energy intensity was found with
orientation. During winter, the results were similar.

EUIt versus storefront orientation (Groups 1, 2, 3)
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Figure 3-14: EUIt versus storefront orientation (Groups 1, 2, 3)

EUIt versus storefront orientation (Group 1 and 3)
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Figure 3-15: EUIt versus storefront orientation (Group 1 and 3)
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3.4 Mean Monthly Temperature Method

To evaluate the strength of the weather as an independent variable, an initial assessment
was done by plotting the mean monthly outdoor air temperature versus the monthly average daily
energy use (electricity and gas) for the whole 36 months of analysis. This way, it would possible
to establish if, in effect, stores from group 1 and 3 where responding to Toa as an independent
variable and the “excessive” relative energy use displayed in stores from group 2 is hypothesized
as due to some types of equipment failure or controls malfunction.
To create each plot it was required to find the appropriate Toa. By using the geographical
position of the store, the nearest weather station was located. In general, a maximum of 20 mile
radius from the store was the limit to consider that the information obtained was appropriate. The
data was acquired in average daily basis and was converted to monthly average temperature. For
group 1, Figures 3-16 to 3-22 shows the results for electricity and gas (when applicable).

MMT Store A / Electricity

Electric comsuption [kWh/day]

1100
1050
1000
950
900
850
800
750
25.00

y = 3.9557x + 739.37
R² = 0.8117
35.00

45.00

55.00

65.00

Monthly average Toa [°F]

Figure 3-16: MMT electricity Store A
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MMT Store B / Electricity
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Figure 3-17: MMT electricity Store B
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Figure 3-18: MMT electricity Store C
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Figure 3-19: MMT gas Store C
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Figure 3-20: MMT electricity Store D
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MMT Store E / Electricity
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Figure 3-21: MMT electricity Store E
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Figure 3-22: MMT gas Store E
For group 1, in the case of electricity, results suggest a strong relationship of the energy
use with the selected variable. Correlations (R2) up to 0.85 indicate that energy use in the stores
is most probably driven by the outdoor air temperature. It is relevant to note the existence of
some outliers on almost of the graphs. Continuous alterations in the energy use are observable in
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some cases. For example, in Figure 3-20, 4 points are clearly out of range. This suggests the
presence of abnormal energy patterns, which could come from faults in one or more systems or
non-energy efficient operational practices (e.g.: leaving an exterior door open for a long time).
Since the three periods of twelve months are overlapping and there is not a precise control over
the driving variables, it is possible to observe how at similar temperature there is a different
energy use. From these graphs it would be plausible to conclude that the energy-temperature
relationship is linear, however, that assumption should be verified.
In the case of gas consumption, correlations are noticeable lower however, a visual
inspection suggest that outdoor air temperature is the gas use driver. In general, above 60 °F, the
consumption is zero and starts to increase as temperature goes down. At this point, no
conclusions could be made on why data is so spread in the gas consumption.
The same procedure was done with stores of group 2 and 3. The results are shown from
Figures 3-23 to 3-27 for group 2 and Figure 2-28 for group 3.
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Figure 3-23: MMT electricity Store F
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Figure 3-24: MMT gas Store F
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Figure 3-25: MMT electricity Store G
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Figure 3-26: MMT gas Store G
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Figure 3-27: MMT electricity Store H

75.00

85.00

50

MMT Store J / Electricity
1600

Electric consumption [kwh/day]

1500
1400
1300
1200
1100

y = 7.0812x + 798.38
R² = 0.8211

1000
900
25.00

35.00

45.00

55.00

65.00

75.00

85.00

Monthly average Toa [°F]

Figure 3-28: MMT electricity Store J
For group 2, correlations are consistently low. Curves are almost flat along the
temperature range meaning that the stores tend to consume energy similarly in summer and in
winter, not the trend followed by stores in group 1. However, it can be noticed that outdoor air
temperature is somewhat of an energy driver because the curves have a slight tendency to go
higher as temperature goes up and no other factor could be linked statistically to the observed
behavior.
In the case of gas, correlations are equally low, however, the same observed patter in
electricity is visible (temperature driven). Most probably, these stores are cooling and heating
most of the time and there no effective control over the indoor temperature. Store J, in group 3,
behaves similarly to stores in group 1, presenting the same general characteristics. This store
seems to have a better control in energy use since, it is possible to observe that data is less
dispersed for a given outdoor temperature value.
If the R2 (electricity) of all stores obtained in this section are plotted against the average
EUIe, it is possible to observe that there is a strong correlation (R2 = 0.94) of energy intensity and
weather as an energy driver, as seen in Figure 3-29. This graph shows two series, one including
store G and other without it. The effect of it can be seen in the change of the correlation (R2 =
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0.63). With this information, it is possible to conclude that store G is an outlier, confirming that a
low EUI is not always an indication that weather-energy correlation is high. This graph also
suggests that stores with EUIe above 450 kBtu/ft2-year lost their connection with the outdoor
environment temperature as an energy driver. Consequently, it is highly likely that equipment
faults, equipment controls and/or other envelope issues are contributing to the decoupling of
energy use dependency on outdoor temperature. As the EUI deceases (< 450 kBtu/ft2-year), a
more detailed investigation is needed to confirm that the store’s systems are operating properly.

R2 vs. store average EUIe for period 1-2010 / 2-2013
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R2 (2-2010/1-2013) Including Store G

Figure 3-29: R2 vs. store average EUIe for period 1-2010 / 2-2013
In these models developed with a spreadsheet, it is assumed that all stores correlate
linearly with outdoor temperature. However, the behavior of similar high customer turnover
buildings (e.g. supermarkets), suggests that change point regressions should be evaluated to have
a better model. To do this, the ASHRAE Inverse Modeling Toolkit was applied to stores in
groups 1 and 3 for the 36 month period. Since it was already establish that stores in group 2 were
not correlating with outdoor air temperature, they were not further analyzed.
To use IMT, the user defines the model it is going to impose on the dataset for each
analysis. Therefore, for each store multiple variable change point models were done following
the procedure indicated in Figure 3-30. Also, IMT brought the opportunity to test a multivariate
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regression using outdoor air temperature and costumer count as simultaneous independent
variables using multiple change point models that it is not possible create on a standard
spreadsheet.
Start

Outdoor air temperature

Input data
Electricity consumption
[kWh/day] or Gas
consumption [Therms/
day]
Run 2P model

Run 3P model

Run 4P model

Select the model
with highest R2 and
lowest CVRMSE

Costumer Count

Run multivariable
regression with the
selected model

Select the model
with highest R2 and
lowest CVRMSE

End

Figure 3-30: IMT workflow
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The selection criterion for the best model to test the multivariate regression was the
highest R2, the lowest CVRMSE. The results of IMT software can be seen in Table 3.7.

Average Base
Store
Model
R
Load
[kWh/day]
2P
0.81
3.27
739.43
3P
0.81
3.29
28.92
853.49
A
4P
0.82
2.23
31.04
867.00
4P + Costumer
0.83
3.25
31.04
833.11
2P
0.73
3.92
766.19
3P
0.74
3.87
36.7
900.42
B
4P
0.74
3.92
35.65
895.52
3P + Costumer
0.74
3.92
36.7
899.29
2P
0.74
3.13
942.82
3P
0.74
3.14
28.92
1048.25
C
4P
0.74
3.14
28.92
1052.34
4P + Costumer
0.75
3.18
29.98
1072.42
2P
0.56
6.54
920.33
3P
0.56
6.52
35.27
1103.64
D
4P
0.58
6.44
66.99
1314.95
4P + Costumer
0.58
6.54
66.99
1314.05
2P
0.86
3.19
1020.18
3P
0.86
3.19
28.92
1210.62
E
4P
0.86
3.18
46.9
1316.47
4P + Costumer
0.87
3.19
45.84
1378.87
2P
0.82
4.54
804.67
3P
0.87
3.91
49.01
1093.29
J
4P
0.88
3.8
62.76
1195.76
4P + Costumer
0.89
3.75
55.36
1024.26
Table 3-7: IMT electricity results for groups 1 and 3 for 36 month analysis
2

CVRMSE
Balance
[%]
Temperature [°F]

As can be observed the balance temperature and base load vary considerably for each of
the models however, the values of the R2 and CVRMSE are similar between each model for a
given store. In general, the effects of customer count in the models are negligible or it diminishes
the confidence. Store J is the only instance where the impact is positive, reducing the error
(CVRMSE) and increasing the R2. This could be the confirmation of the explanation given on
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section 3.3.1, where the customer count was correlated with electricity consumption. Also, it is
possible to verify that store D presents a lower correlation, product of the 4 outliers identified in
Figure 3-20.
Table 3-8 shows the IMT results for gas in stores C and E. Store C has a higher
correlation using 3P and 4P models however, the CVRMSE is too high to consider the model as
valid. In this case, since the variables included values of zero or near zero, the CVRMSE can´t be
used as a valid measurement therefore, R2 is the only reliable source of information. In the case
of store E, the correlation is low even with a 3P model. This is product of the outliers observed in
Figure 3-22.
Store

Model

R2

CVRMSE
Balance
[%]
Temperature [°F]

3P
0.73 100.67
42.67
4P
0.75
99.24
41.61
E
3P
0.3
155.07
62.76
Table 3-8: IMT gas results for groups 1 and 3 for 36 month analysis
C

Results obtained with the IMT create another question. How the appropriate model (2P,
3P or 4P) for each store is selected since apparently, all of them could be considered good and, in
most cases, correlations are high and error is low? There is no way to confirm the results just
using the IMT or any information that could come from the store specifications. One drawback
of IMT detected in this research is that the user establishes the model, therefore, he forces the
program to provide a result that may not be physically correct and the change points could be
wrong. Even by simple inspection it is difficult to know where the change point could be.
Therefore, a separate methodology is necessary to verify these results.
Additionally, IMT software is a MS-DOS based application and data input is manual,
using a .TXT file. This process is time consuming and it is not practical to analyze multiple
buildings. Further work is necessary to develop a more user friendly application that allows one
to develop models faster and provides various models results at the same time.
In conclusion, a simple plot of the outdoor air temperature versus the energy use can
bring insights with respect how the building is responding to this energy driver. Furthermore, the
MMT method, using the IMT software, provides an effective way to find building’s specific
models that could define the energy use in a convenience store. However, the sole use of this
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methodology fails to provide a robust result that can be verified as physically correct. Another
limitation detected in these procedures is that it is not possible to model any store that has lost its
correlations with the independent variable energy drivers selected for correlation. The problems
in equipment or building envelope must be identified, solved and data must be collected again to
proceed with the generation of a new energy model. For a fast evaluation of a particular store,
the EUI can provide an initial idea of the building energy consumption however, to establish if
the store equipment is working properly, an energy driver correlation study should be conducted.
3.5 Variable Degree Days Method
The other technique to use outdoor air temperature as an independent variable, energy use
driver is the degree days method. To deploy the VDD, first it is necessary to find the base
temperature (for cooling and heating) that will be used to find the degree days. Since there was
no information or initial guess that could be used as possible base temperature, it was decided to
use the MMT 3P value as an initial “seed”. A trial and error process was developed using the
procedure shown in Figure 3-31.
Start

Plot graph energy
vs. degree days

Calculate
degree days

Calculate Quadratic
Regression Equation
(αx2+βx+c)

Is αx2 close to
0?

Select other
base
temperature

Yes

Calculate linear
regression for the
model

No

Figure 3-31: VDD workflow to obtain store base temperature

End
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The values of αx2 and base temperatures found are summarized in Table 3-9. The αx2
parameter suggests how precise the calculation was based on how close to zero this parameter
could be found. The VDD was only developed for stores in group 1 and 3 for the reasons already
discussed.
One important observation is that store D presented a much higher αx2 in comparison
with the other buildings. In this case, the calculation process was less precise because of the
presence of some outliers (MMT R2 = 0.56), therefore it was difficult to have a better
approximation of its base temperature. In general, αx2 was considered to be good under a
somehow arbitrary tolerance around + 0.01, delimited by the fact that base temperatures with
decimal values were not available.
VDD Base Temperature
αx2
28
-0.0053
33
-0.0134
33 (Electricity)
-0.00003
C
55 (Gas)
0.0041
D
Approx. 40
-0.197
35 (Electricity)
0.0002
E
68 (Gas)
0.00005
J
54
0.0096
2
Table 3-9: VDD base temperatures and αx

Store
A
B

After the CDD and HDD values were calculated using the proper base temperature, they
were divided by the total days in each month to have CCD/day and HDD/day. This procedure
was done to reduce the error and to match these averages with the energy use. After plotting
electricity consumption versus CDD and gas consumption versus HDD, a linear regression was
obtained for all cases. The results are summarized in Table 3-10 for electricity and in Table 3-11
for gas.
Going back to the MMT method, now the base temperature and average base load energy
consumption per day can be compared to find the model that most closely matches the VDD
results. This way it was possible to verify and justify the MMT change point model selection.
Table 3-12 shows the final models and performance parameters that were defined for each store.
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Store
R2
Average base load [kWh/day] CVRMSE [%]
A
0.82
844.41
3.17
B
0.77
875.71
4.11
C
0.72
1060.9
3.18
D
0.58
1101.4
6.84
E
0.85
1232.2
3.23
J
0.87
1089.5
3.83
Table 3-10: VDD electricity results for groups 1 and 3 for 36 month analysis
Store
R2
CVRMSE [%]
C
0.6
122.63
E
0.3
154.59
Table 3-11: VDD gas results for groups 1 and 3 for 36 month analysis
Balance
Average base
Store
Temperature
load [kWh/day]
[°F]
A
3P
28.92
853.49
B
3P
36.7
900.42
C
3P
28.92
1048.25
Electricity
D
3P
35.27
1103.64
E
3P
28.92
1210.62
J
3P
49.01
1093.29
C
3P
42.67
Gas
E
3P
62.76
Table 3-12: MMT models selected after VDD method
MMT
Model

As can be seen, the incorrect selection of the MMT model can lead to errors in the
average base load and the base temperature. This could hide issues and problems that could go
undetected because of a wrong model selection and would introduce errors in the M&T energy
predictions.
One important conclusion so far is that most of the stores presented a base temperature
below 35 °F. This means that, even in winter, the air conditioning was operating to keep the store
cool and explains why there is not gas tracking in most of them. Such a low cooling balance
temperature confirms that there is no need for heating during cold weather. These results suggest
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that it is necessary to conduct a comprehensive revision of mechanical systems design to
evaluate which factors could be causing such a low value on this parameter.
Furthermore, it is possible to conclude that for store C, heating and cooling are operating
at the same time during a period of the year. The justification for this analysis can be seen on
Table 3-12, where it is indicated that, in this store, the heating balance temperature is higher that
cooling balance temperature. In store E, the same phenomenon could be occurring, however, the
gas results must be handled with caution because of the low correlation.
In general, due to the instability in the gas consumption observable in the lower
correlations it is possible to conclude that probably heating starts to operate when there is an
abnormal heat exchange with the exterior during winter. This can occur when, for example,
workers leave the back door open during some hours while receiving products. This causes the
store temperature to go down for some time thus, starting the heating system. Clearly, if this is
case, there would not be a relevant correlation with the outdoor temperature.
Interestingly, the only store presenting a higher balance temperature is store J. Again, this
could be related to the different configuration of this building, since it has a lower exposed
exterior surface and more insulation from the outside.

3.6 Stores Energy Use Base Lines

Energy consumption base lines are needed to generate a starting point in the monitoring
and targeting process. They are defined as periods were the building is responding properly to
their energy drivers and all systems are expected to be working under the expected operational
thresholds. Therefore, this period can be used as an energy use point of reference. The base lines
allow to predict the future energy consumption of the store and also to measure retrofit energy
savings.
All of the models created before were formulated using the entire 36 months period for
each site, taking in account failures and other events that may have altered the real performance
of the building. To find the convenience stores base line it was necessary to start a search
procedure. This process consisted in scanning the 36 months of data of each store, looking for a
12 months time-frame where the error (CVRMSE) was the minimum and the R2 was maximum.
The selection of 12 month criteria is dictated by the cycles of the independent variable. In the
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case of convenience stores that respond to weather, one energy cycle is completed every 12
month, as shown in section 3.1. The process was conducted in all buildings in groups 1 and 3. A
last attempt to find a base line period for stores in group 2 turned out to be unsuccessful,
meaning that all R2’s were below 0.6. It is important to note that the base line represents the
model with the highest degree of confidence therefore, it can be used to find the closest
approximation to the true average base temperature and monthly average base energy use.
The process previously employed in the MMT and the VDD method was repeated to find
the base lines and compare the two methods. The results for the VDD are shown in Table 3-13.
Results from MMT will be presented in the next section for comparative purposes.

Store

Base Line Period

A
B

2-2010/1-2011
9-2010/8-2011
2-2010/12011(electricity)
2-2010/1-2011(gas)
2-2010/1-2011
7-2010/62011(electricity)
7-2010/6-2011(gas)
1-2011/12-2011

C
D
E
J

Base
Temperature
[°F]

Average base
load
[kWh/day]

R2

αx2

CVRMSE
[%]

28
39

836.53
863.56

0.87
0.96

-0.0485
0.0471

3.22
1.4

28

1034.2

0.91

-0.0062

1.75

55
56

1122.8

0.97
0.87

0.0017
0.001

22.27
2.31

39

1206.6

0.93

0.0035

2.42

1033.1

0.82
0.98

0.0003
0.0043

71.75
1.49

52
45

Table 3-13: VDD base line results
In general, each store had a different base line period time frame depending on their
performance and subsequent statistical analysis. It is relevant to note that there are changes in the
base temperature, indicating that this value is important in defining the specific site model and is
closely related to energy consumption pattern. The biggest difference in base temperature was
found in store D, confirming the negative effects of the outliers. For this store, the MMT model
of 36 months of data had a R2 of 0.58 however, the base line showed an R2 of 0.87. It was not
possible to explain why the store base temperature was 56 °F, much higher that other stores in
the same group. Additionally, there were changes in the gas base temperature for store E. With
an R2 of 0.82, the base temperature is 52 °F, which could be justified based on the change of the
coefficient of determination.
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Another point of evaluation of energy use behavior is a comparison of the base loads.
When the calculated average monthly base load is normalized by store area, it is possible to
observe that all stores fall within a similar range of electricity consumption, as observed in
Figure 3-32. The graph confirms that stores with the same configuration and equipment behave
similarly from an energy use point of view. Probably, close attention must be paid to store D,
which is slightly above, about 18%, the range detected in the rest of the stores. To have a better
overview of these types of parameters it is necessary to develop an extensive database containing
this type of information that would allow comparing one building with similar ones.

Average Monthly Base Load per Store
Area [kWh/ft2 day]

Average Monthly Base Load Comparison
0.340
0.320
0.300
0.280
0.260
0.240
0.220
0.200
Store A

Store B

Store C

Store D

Store E

Store J

Figure 3-32: Average monthly base load comparison
The results indicate that it was possible to identify base lines in stores of groups 1 and 3,
all of them with a high degree of confidence. This means that a precise response to the
independent variables occurred given the stores present configuration and equipment. However,
it seems that instability in the energy use is typical in these buildings. Operational procedures,
store’s design and equipment selection may be playing a relevant role in baseline model results
and a detailed study of the variations in these parameters across the fleet of similar store
configurations would be valuable. For the already functioning stores, close monitoring is
necessary to know and evaluate the necessity for equipment maintenance, equipment overhaul
and possible retrofit projects. In the case of new buildings, close attention should be given to the
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presented parameters with the goal of reducing the whole building energy use. The information
given in the chapter could suggest some focus points in new store design.

3.7 Variable Degree Days and Monthly Mean Temperatures Method Comparison
In summary of this chapter, a qualitative and quantitative comparison of MMT using the
IMT software (MMT-IMT) and VDD methodologies was developed.
The base line calculations for both methods and stores from groups 1 and 3 were used to
better understand the differences that could exist. The quantitative analysis is separated into four
categories. These are: R2, CVRMSE, average base load and balance temperature. Figure 3-33,
shows the R2 comparison. In 5 out of 6 cases, the VDD generated a model with a better
coefficient of correlation however, the differences could be considered small. Similarly, Figure
3-34 indicates that VDD provided less error (CVRMSE) in 5 stores and the differences are
minor.

R2 Comparison between MMT-IMT and VDD (Electricity)
1
0.98
0.96
0.94

R2

0.92
0.9
0.88
0.86
0.84
0.82
0.8
Store A

Store B

Store C

MMT-IMT

Store D

Store E

Store J

CVDD

Figure 3-33: R2 comparison between MMT-IMT and VDD (Electricity)
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CVRMSE Comparison between MMT-IMT and VDD (Electricity)
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Figure 3-34: CVRMSE comparison between MMT-IMT and VDD (Electricity)
In Figure 3-35, a contrast between the average base loads is shown. The dissimilarities
between the two models can be considered negligible. Figure 3-36 suggest that monthly mean
temperature using the MMT-IMT provides a higher base temperature than the VDD method in 4
stores with small differences however, larger dissimilarities are observable in stores D and E.
The probable cause of this error is the failure of the IMT to detect the proper change point.
Interestingly, this did not lead to have a less statistically robust MMT-IMT model, confirming
that different balance temperatures can provide results that can be considered equally good in
energy use characterization and is the reason why the IMT technique should be done carefully if
no previous information about similar buildings is known. It is important to verify the results
with other methods and/or have an educated, experienced based estimate of possible solutions.
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Average base load comparison between MMT-IMT and VDD
(Electricity)

Average base load [kWh/day]
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Figure 3-35: Average base load comparison between MMT-IMT and VDD (Electricity)

Base Temperature Comparison between MMT-IMT and VDD
(Electricity)
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Figure 3-36: Base temperature comparison between MMT-IMT and VDD (Electricity)
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In the case of gas models, Figures 3-35 and 3-36 presents the same analysis developed for
electricity however, in this case only R2 and base temperatures where compared. As explained
before, CVRMSE could provide misleading results and gas base load is zero (not used in
summer season).

R2 Comparison between MMT-IMT and VDD (Gas)
1
0.95

R2

0.9
0.85
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Store C

Store E

MMT-IMT

CVDD

Figure 3-37: R2 comparison between MMT-IMT and VDD (Gas)

Base Temperature Comparison between MMT-IMT
and VDD (Gas)
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Figure 3-38: Base temperature comparison between MMT-IMT and VDD (Gas)
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Contrary to the electricity use, in the case of gas, the R2 was higher for both stores with
the MMT-IMT method. In the case of base temperatures, the VDD provided lower base
temperatures, however, differences were small. Since the access to gas consumption was limited,
the comparison could not be more extensive and therefore, these results are less significant than
in the case of electricity.
For the qualitative comparison, Tables 3-14 and 3-15 summarize the advantages and
limitations of both methodologies that were detected during the development of this work.

Advantages
Mean Monthly Temperature Method

Variable Degree Days Method

Outdoor air temperature can be easily

Building average base load and base

obtained

temperature can be easily identified

Easier deployment to determine if the
building is responding to outdoor air
temperature as an independent variable
Can provide information about equipment or
controls malfunctions and/or envelope
problems by measuring the response to

In general, CVRMSE and R2 are better than
those obtained with the MMT method

Can be used to verify the validity of the
average base load and base temperature
obtained by other methods

weather
Can be deployed using a multivariable
regression, if needed

The model is defined by a simple linear
regression and a multivariable regression can
used, if needed
A standard spreadsheet can be used to generate
the model

Table 3-14: MMT and VDD methods advantages
Limitations
Mean Monthly Temperature Method
Require a special algorithm to develop the
change point regressions

Variable Degree Days Method
To obtain the degree days it is necessary to
have the building base temperature (or an
initial guess)
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Different change point models can provide
equally valid statistics solutions that could
lead to errors in interpretation

Degree days calculations can be lengthy and
require software to aid in the process

Doesn´t allow verifying the validity of the

This method requires more assumptions that

base temperature and average base load

the MMT

CVRMSE and R2 not as robust as those
produced by the VDD method for electricity

Different base temperatures are needed for

models

heating and cooling

Table 3-15: MMT and VDD methods limitations
In general, literature shows both methodologies as separate and not related however, this
research suggests that a hybrid model MMT-VDD can be developed. The conclusions of this
section provide some thoughts about the benefits of using both methodologies in one
comprehensive workflow that could provide a more robust solution when working on inverse
modeling analysis. The advantages are not only that the model can be improved by this
approach, but the calculations could be more rapid and the information that can be obtained on
each phase could be used to detect equipment’s malfunctions and opportunities to reduce energy
use. Also, the use of a hybrid method may allow creating of an algorithm that can be translated
into a computer program. Both processes combined can provide a path to test each assumption
and verify the results, giving enough data to generate a software workflow. A detailed
development of the hybrid method is explained in Chapter 6.
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CHAPTER 4
MONITORING AND TARGETING ENERGY USE

This chapter develops the method to monitor and target energy use in convenience stores.
First, a detailed explanation of how to obtain a CUSUM chart is given. For each store, the
CUSUM chart is developed and the results are analyzed with respect to differentials as a function
of from the expected energy use base line graph. Next, the comparative CUSUM method is
developed as the basis to simultaneously compare various stores deviations from the expected
energy use. Different options to set the energy targets and “deadband” intervals around the
expected energy use baseline are discussed. To conclude this chapter, the weather related energy
consumption as a diagnostic parameter is discussed.

4.1 CUSUM Development

To monitor energy use a methodology should be created to have the tools to track
electricity and gas consumption. First, energy use must be compared with some point of
reference of expected energy use, that is, is electricity or gas energy utilization for conditions
similar to that in which the base use was determined. Evaluating the data available, one option
could be just to use the differences in energy consumption with the prior year at given points
during the year. However, this doesn´t take in account the temporal changes in independent
variables, e.g. MMT or VDD conditions which could be altering the energy use for the
corresponding annual time points.
The base line established in the prior section presents the best option to be the energy use
reference of an energy use monitoring system. With these equations it is possible to predict the
energy use of each building in the future, taking in account the changes in a main energy driver,
the outdoor air temperature. Deviations from the reference, expected energy use, base line can
provide information about events that could be translated into physical cause interpretations, e.g.
equipment malfunction, operational issues or building envelope problems. To keep track of the
differences between the expected and actual, monitored, energy use, the cumulative sum chart
provides an alternative approach. CUSUM determines the energy use accumulated differences,
as opposed to just the time point differences. This is important because, it has been observed for
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a given independent variable value, e.g. MMT, a store energy consumption can fluctuate from
month to month. But a consistently accumulating energy use in time above the baseline would
more certainly identify some operational issue that needs to be addressed. On the other hand, a
consistently accumulating deficit energy use in time below the baseline would imply positive
operational changes and lessons that might be transferrable to similar stores within the fleet.
A CUSUM chart were developed for each of the stores in groups 1 and 3 and are
displayed in Figures 4-1, 4-2, 4-3, 4-4, 4-5 and 4-6 for electricity consumption. The process to
create them was the one indicated within the related published literature, as discussed above,
using the base line equation and the CDD/day temperature to provide the expected energy use.
This value was subtracted from the actual energy use for each month and the accumulated
differences were summed from month to month. The plot was done from the start of each of the
base lines till the end of the analyzed period (January 2013). Since base lines starting points are
different, the length of the analysis varies accordingly.

CUSUM (Electricity) / Store A
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Figure 4-1: Store A electricity CUSUM chart
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Figure 4-2: Store B electricity CUSUM chart
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Figure 4-3: Store C electricity CUSUM chart
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Figure 4-4: Store D electricity CUSUM chart
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Figure 4-5: Store E electricity CUSUM chart
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Figure 4-6: Store J electricity CUSUM chart
All graphs presented an upward trend after the end of the base line, except store A, where
upward and downward trend can be seen. Interestingly, differences varied a lot from store to
store. For example, in store D accumulated differences of 1600 kWh/day were observed, in store
B approximately 900 kWh/day and in store J only 400 kWh/day over the same period. All these
changes in energy use went undetected and the trend suggests that no action was taken at any
moment to revert the pattern.
One characteristic of CUSUM graph is that the curve goes to zero (or near zero) at the
end of the base line period, as can be clearly observed in all figures. The actual tracking begins at
the end of the base line time-frame. However, it is important to include this period to observe the
“quality” of the regression equation and how well is predicting this phase. It is interesting to note
that the confidence of the regression equation is reflected in the precision of the CUSUM. This
means that a lower CVRMSE and a higher R2 will produce a curve that is closer to zero during
the base line, likely affecting the future accumulated differences. This confirms a good baseline
model is important to have an accurate monitoring of the energy use.
One interesting behavior can be observed in Figure 4-4. It can be seen how, after the base
line period, two upwards “steps” (increase in energy use) occurred during March 2011 and May
2012. After the first of these step increase events, month by month, accumulated energy
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consumption kept growing, mildly, for some time before leveling off and then being followed by
an additional step increase in cumulative energy use in time. To assist in the identification of
these events, it is possible to see the deviations from the base line in Figure 4-7. After the jumps
of approximately 300 kWh/day, the changes were still above the base line until the end of 2011.
Almost the same pattern happened a year later with some differences in the timing. A step is
visible again at the beginning of 2012 and finishes at the end of that year. It is relevant to observe
that, in both years, base line levels are restored as the winter approaches, meaning that this
problem is exacerbated when outdoor air temperatures start to increase. All these changes can be
seen if the 36 months of monthly electricity consumption are superimposed on each other by 12
month intervals, as seen in Figure 4-8. The bumps are clearly observable and it seems that energy
consumption was restored almost to the original level in June and July 2011. However, it is not
possible to see if energy continued to be higher because of changes in temperature (warmer
winter?) or if the problem that generated the jumps was solved properly. In effect, the energy
consumption was higher than the base line period as shown in Figure 4-7. It would be expected
that after a failure is completely solved, the differences would start to be negative, as a sign that
at some point in the future, the energy levels would be restored to their original values. It is
probable that the root cause of this problem was not properly identified and this is reflected in
the CUSUM chart.
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Figure 4-7: Store D differences from best line of fit for electricity
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Monthly Electric Consumption Comparison / Store D
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Figure 4-8: Store D monthly electricity consumption comparison
Another interesting case is store J, observable in Figure 4-6. Energy use was constant
after the base line, indicating a stable performance almost till the end of the evaluated period.
However, after October 2012, energy consumption started to deviate and accumulated in a fast
upward trend. The differences from base line can be seen in Figure 4-9.
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Figure 4-9: Store J differences from best line of fit for electricity
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Again, when the electricity use in multiple periods is plotted as shown in Figure 4-10, it
is possible to observe that summer 2010 the energy use was higher than in 2011 and 2012.
According to what can be extracted from the CUSUM graph, the explanation for this was that
this year was warmer and systems responded properly, because energy use was stable in 2011
and 2012. Deviations are only observable after August 2012, when the differences started to go
up. These differences are also observable in Figure 4-10, meaning that for October, November
and December the increase in electricity use is an abnormal trend and not a product of a warmer
winter.
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Figure 4-10: Store J monthly electricity consumption comparison
In the case of gas, CUSUM was only developed for store C. Figure 4-11 and 4-12, clearly
indicate a seasonal pattern. The curve is changing during the month of operation (winter) and is
constant in the summer, when there is no consumption. The differences during summer are
because the independent term in the equation is not zero however, these quantities can be
considered as negligible. Interestingly, this period of gas use reduction has coincided with a
continuous increase in the electricity consumption after the winter of 2011 as can be seen in
Figures 4-13. Also, refer to Figure 4-3 for this store CUSUM chart. It is possible to think that the
store starts to consume more electricity and generates more internal heat, the gas consumption
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goes down, as initially thought. This is not a normal pattern and requires attention to investigate
the causes.
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Figure 4-11: Store C gas CUSUM graph
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Figure 4-12: Store C differences from best line of fit for gas
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Monthly Electric Consumption Comparison / Store C
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Figure 4-13: Store D monthly electricity consumption comparison
4.2 Multiple Stores Monitoring and Targeting

As demonstrated above, convenience store energy consumption can be monitored using
the CUSUM graph. Counting the retrofit case below, analyses were done for about 7 individual
stores however, the company that provided the data owns hundreds of stores. Therefore, these
results need to be extended to multiple buildings at the same time. This is important because, this
company has a centralized energy management department that should be able to receive and
analyze the information coming from each building with a standardized, semi-automated
method. This would allow the franchise to generate the required information to see significant,
quantitative trends in energy use by store type and operating conditions to take the appropriate
decisions to optimized energy efficiency in stores throughout the fleet. In some cases, lessons
will be learned with respect to best practices in equipment selection, controls and operation,
ECM retrofits as the CUSUM data accumulates negatively relative to a baseline sets for a
number of similar store configurations. In other cases, issues leading to inefficiencies in
operational energy use will be identified as positive CUSUM values emerge. The objective
should be to use the approach as part of a systematic, continuous loop methodology to improve
energy efficiency of store operations.
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The variable analyzed in a CUSUM chart is energy use in significant time periods of
operation, as opposed to the snap shot, somewhat subjective energy efficiency auditing practices
commonly used in commercial building operations. In the case of convenience stores and other
higher customer turnover facilities, energy consumption is directly proportional to the size of the
store, meaning that a smaller store will have smaller refrigerators, less light fixtures, smaller air
conditioning systems and, in general, smaller energy requirements than a bigger store.
Furthermore, if all the developed CUSUM graphs are plotted in the same chart, differences from
bigger stores could look more relevant than the ones for a small store. For example, the impact of
accumulated differences of 50 kWh/day is not the same for a small store that could consume 900
kWh/day to the impact of the same 50 kWh/day in a bigger store that could be around 1500
kWh/day. The same reasoning could be valid for gas consumption. The solely energy
consumption difference comparisons between the fleet could lead to misinterpretations of the
real energy use deviations. Therefore, when analyzing multiple stores with different floor plan
area, the energy use comparisons should take in account the size of the building.
To solve this issue, a CUSUM per store area was created. The method would be the same
as indicated for individual stores, but one more step would be added. The change in the
procedure consists in dividing the differences with the baseline by the store area. Normalizing by
area, allows observing the deviations from the same reference point, therefore it is possible to
have a clearer picture of a store having greater increments in energy use. The CUSUM chart
normalized by store floor area is shown in Figure 4-14. It can be observed that only two stores
have a stable performance, while the others increased their energy use. The behavior of store D
calls the attention immediately because of the rapid accumulation of differences, meaning that
energy use is deviating faster than in any other store. Also, it is possible to see how different
stores can have dissimilar base line, that is, as expected, each store has its own specific energy
use “fingerprint,” but the set of fingerprints falls in the broad range of statistically distributed
energy uses associated with the convenience store fleet. Other types of commercial building
facilities will have their own particular, characteristic energy use baseline fingerprints and
associated statistically characterized energy distribution boundaries. From a time-frame point of
view, stores A, C and D base lines start in February 2010, while other stores start further in time,
however, this doesn´t limit the application of this methodology.
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Figure 4-14: Comparative CUSUM per store area
The energy targeting process consists in setting a limit in the sum of the accumulated
differences. This means a tighter target would allow fewer deviations. In Figure 4-13, three
targets are suggested: Level 1 = 0.1 kWh/day-ft2, Level 2 = 0.2 kWh/day-ft2 and Level 3 = 0.3
kWh/day-ft2. It is possible to see how only two stores are in the Level 1, keeping their energy
almost constant, three stores are below Level 2 and only one is above Level 3. The setting of the
targets can have multiple justifications and can depend on multiple factors, such as the quality of
the energy use data. Some of these influencing factors on target level “deadbands” could be:

-

Investments of time and resources are needed to keep the stores below Level 1. It is
possible that the company doesn’t have the resources to keep them at this level or
increasing the energy use is cheaper than the investments needed to keep the stores under
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Level 1, that is, the estimated return on investment to make the stores follow a narrow
deadband target level cannot be justified.
-

The design of certain type of stores doesn’t allow keeping the energy consumption under
a particular level, meaning that with the present configuration energy reduction is not
possible by operational changes or simple specific equipment change out. A more
complete retrofit is necessary.

-

A company may set a program of progressive energy reduction. Therefore, initially Level
3 is imposed till all stores are below it, then Level 2 is imposed and finally stores are kept
under Level 1.

-

Level 1 could not be maintained because differences are so small that it is not possible to
identify any events or failures that could be causing the deviation, even with expensive
sub-metering to individual component levels. A higher level could be required to be able
to effectible locate the source of the problem.

This analysis above was conducted only for six stores, but as the number of stores
increase the manually implemented table and graph techniques becomes too time consuming and
an automated methodology is required. A software that integrates an energy use, weather data,
customer count acquisition system and calculates the CUSUM differences, give alarms and
generate a report of the stores that either operate above or below the lower target level for a
given time period could be useful to effectible monitor a large quantity of stores.
An efficient approach might be to separate the stores in different databases by certain
factors, such as store type, store age and store location. Determining the most significant criteria
to separate them depends on the company management decision process to start a policy of
energy reduction and the resources planned to be invested, as well as the expected return on
investment. For example, databases by store age probably would be more complex to manage
because of the natural tendencies of equipment to become less energy efficient as they get older.
A suggested division could be by store type and age at the same time. This would allow having
better control of the variables involved and have a more efficient approach of the energy
monitoring and targeting. This would allow one to determine, at a point in time, whether change
out of equipment over multiple, similar facilities in a “bulk” approach would be more financially
attractive than on a store by store basis. For example, new stores from a hypothetical type X of 5
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of less years may have a more stable performance, with not that many alarms. On the other side,
type X stores between 5 and 10 years will have more alarms, and the franchise would be able to
focus more on them. The same could happen with stores of types Y and Z. Also, if a store is
retrofitted, it will be moved to the new stores database, under its own store type. The
determination of these factors would be only possible by a trial and error procedure that permits
a feedback process to get the best approach.
Energy use monitoring could be deployed using the EUI and not necessarily be limited to
the CUSUM graph. To overcome the limitations of the EUI for M&T and to be able to include
all stores in an integrated monitoring system, different levels of supervision could be created. As
shown in Figure 4-15, after the data collection, the EUI can provide a first level overview of the
stores. Buildings above a certain EUI threshold could be taken out of this first phase and
checked. This would be called a level A. Since it was established that EUI could hide the proper
response to outdoor air temperature, level B would be would be to test the correlation to the
selected independent variables. Again, if the store has an average EUI, but does not respond to
the outdoor air temperature, building systems and equipment should be inspected. If the store
passes this second level, the next step would be the base line monitoring (inverse energy
modeling-CUSUM). Under the CUSUM, further target definitions would allow to keep track of
energy use as explained before in this section. This discard process could provide useful
information to set energy targets at different levels, allowing to conduct effective energy use
supervision over a greater amount of stores, and not only with the ones were inverse energy
modeling could be deployed.

4.3 Weather Related Electricity Consumption

Other information that can be useful to evaluate the energy performance of the store can
be extracted from the VDD graph. Plotting the outdoor air temperature against the electricity
consumption separates the weather electricity consumption from the average base load. This
difference can be considered the amount of energy that the building uses as a consequence of the
changes in outdoor air temperature. It must be taken in account that his is an approximation and
that, without sub metering, it is not possible to further separate the origin of the electricity
consumption in the base load. It is expected that in summer, the air conditioning, ventilation and
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refrigeration would consume more energy; however, lighting will be less than in winter because
of the changes in the duration of the day. These changes are not considered in this analysis, but
they can provide a close idea of how much energy is being used to counteract the outdoor
temperature changes and can be greatly elucidated by some sub-metering. To evaluate how each
store behaves to this respect, a normalized by store area comparison chart is shown in Figure 416. As can be seen this parameter is not constant and, as expected from the above analyses,
varies from store to store.
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Figure 4-15: Monitoring levels
Again, the analysis and benchmarking of a larger number of stores in the fleet would
provide better information regarding the energy performance of the stores as part of a fleet of
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similar stores. In present time, the lack of information about energy parameters in convenience
stores presents a limit to be able to compare different stores.
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Figure 4-16: Weather related electricity consumption comparison
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CHAPTER 5
STORE RETROFIT METHODOLOGY

This section evaluates the application of a methodology for the analysis of energy savings
after a store remodel or major retrofit. First, the store characteristics and changes made are
described. Next, the energy saving analysis is conducted, with the use of the MMT and the VDD
methods. This chapter concludes with a summary of the energy use variations.
5.1 Retrofitted Store Characteristics
The company database indicated that one store, which was identified as store K, was
retrofitted during the period of the analysis. This is important because data prior and after the
remodel was already collected and available for this research. This presented an opportunity to
show the application of the MMT and VDD method, in conjunction with the CUSUM graph to
evaluate conditions of the store from an energy use point of view before and after the changes.
Again, a 36 month analysis was selected and base lines of 12 months were created for the pre
and post retrofit periods.
Store K opened in 1969. The last remodel was done in 2012 and was comprised of
changes to exterior façade and part of the internal equipment. The remodel started on April 15th,
2012 and lasted till April 26th, 2012. The store area is 3902 ft2 and the storefront is facing north.
These were the changes made to it during the retrofit:

-

Building interior: new food service equipment, new refrigerator casings and adding new
coffee service.

-

Building exterior: stone half way up wall and re-shingle the roof.

This company regularly does this type of remodel in cycles of 7 to 10 years and the
changes are mainly aimed to update the internal equipment and the exterior façade of the
building. It is relevant to point out that the modifications made to the store are not a product of a
standardized energy audit for energy savings. A secondary objective is to reduce the energy use
however, it would be relevant to quantify the variations in the use of gas and electricity. The
results could show that these types of changes can produce a quantifiable energy reduction with
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the goal of creating a more comprehensive remodeling program that could include other type
equipment inside the store. New goals could be set to not only include a better appearance of the
building and updated equipment but to reduce the operational costs by giving an economic value
to the energy reduction in a return on investment context.
As explained in past chapters, the first step was to plot a curve of the normalized
electricity and gas consumption along the analyzed period. Figure 5-1 indicates the time of the
retrofit and the changes in the energy pattern before and after the work. The lowest point in the
graph is around April 2012, when the work was conducted and the store was closed. After this
moment, the energy consumption is reestablished at a lower level that the average pre remodel.
As shown before, the seasonal pattern repeats in this store, with a high energy use in summer and
a lower use in winter, as commonly observed throughout the fleet.
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Figure 5-1: Store K electricity normalization
In the case of gas, the situation is similar as shown in Figure 5-2. Again, the seasonal
pattern is present, meaning that gas it is used only for heating. Again, low gas consumption and
an irregular pattern can be observed, similar to what was found in groups 1 and 3.
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Figure 5-2: Store K gas normalization
5.2 Energy Modeling and Savings Analysis

The selected base line period of the pre retrofit model was from 3-2010 to 2-2011. This
time frame is not exactly prior to the retrofit because during the 12 month immediately before the
remodeling the Toa-energy correlation was low. Therefore, the model could not be used to
measure the savings. The post retrofit model was created from 8-2012 to 7-2013 with a good
confidence level. It is relevant to notice that it not recommended starting the post retrofit model
immediately after the work is finished, because some time is necessary for the systems to begin
operating normally. It is undesirable to have the tuning period data in the model. Table 5-1
resumes the MMT-IMT/VDD results for pre and post retrofit. The benefits from the work done
in the store are clearly visible: a reduction in the average base load, higher cooling base
temperature and lower energy use at the maximum Toa. Both methodologies provide similar
results, with the exception of the base temperature wherein the difference in the post retrofit is
about 5 °F.
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Period

Pre
Remodel

Post
Remodel

Average
base load
[kWh/day]

Energy
consumption
at max Toa
[kWh/day]

Base
Temperature
[°F]

MMT
Model

28.08

3P

Method

R2

CVRMSE
[%]

MMT-IMT

0.9

2.19

1155.8

CVDD

0.89

2.53

1142

27

MMT-IMT

0.901

1.43

1090.31

46.24

CVDD

0.902

1.42

1090.4

1385

3P

1219
52

Table 5-1: Store K pre/post retrofit comparison for MMT and VDD for electricity
The results for gas were not as expected. Table 5.2 shows that the post retrofit model has
a lower R2 because of the existence of an outlier around March 2013 however, the model still can
be considered valid. As a reference, if the outlier is removed the R2 jumps to 0.88 and the base
temperature lowers to 55 °F. Again, gas consumption seems to be low and variable, with the
tendency to present outliers. Not common in any other store is that there was a minimal gas use
in August and September 2012 for unknown reasons. It is important to mention that one of the
improvements was the adjustment of cooling and heating base temperatures. Table 5-1 indicates
that the cooling system will stop operating at around 50 °F, while the heating is starting at
around 55 °F. This new condition suggests that is it less likely that there is simultaneous heating
and cooling in the store or it is happening during a lower period of time than before the retrofit.

Period

Pre
Remodel

Post
Remodel

Method

R2

Base
Temperature
[°F]

MMT
Model

MMT-IMT

0.977

56.98

3P

CVDD

0.978

54

MMT-IMT

0.743

60.08

CVDD

0.764

47

3P

Table 5-2: Store K pre/post retrofit comparison for MMT and VDD method for gas
To fully address the energy consumption changes in the store, the NBE was checked for
the pre retrofit VDD model. For electricity (CVDD), the NBE was 0.01%, above the ASHRAE
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14 requirements however, for gas (HVDD), the NBE was 0.0025% below the 0.005%. These
results indicated that it was necessary to conduct a weighted regression on the CVDD. The days
of each month were used as weights they were applied to the same data set. The adjusted results
can be seen in Table 5-3.

Regression Equation
R2

 = 4.62 + 1141.93
1

CVRMSE [%]

2.29

NBE [%]

0.00002

Table 5-3: Store K weighted regression results
The changes in the regression equation and the CVRMSE are minor. However, these
changes were needed to comply with ASHRAE Guideline 14. Table 5-4 resumes the variations
in energy use for the store. Results suggest that there was a reduction of 11% in the electricity
use and 18% in gas consumption. Another point of comparison is the changes in the EUI. Table
5-5 shows the changes in this parameter in the pre and post retrofit time frame.

Gas
[Therms]
Projected consumption
460,980
446
Actual consumption
414,165
376
Difference
46,815
69
Percent change [%]
11.3
18.4
Table 5-4: Store K pre and post retrofit energy consumption changes
Electricity [kWh]

EUI Type
Pre Retrofit
Post Retrofit
2
EUIe [KBtu/ft ]
407.41
362.17
EUIg [KBtu/ft2]
12.18
9.66
2
EUIt [KBtu/ft ]
419.59
371.83
Table 5-5: Store K pre and post retrofit EUI changes
Figure 5-3 shows the CUSUM chart as a tool to measure and quantify the accumulated
savings after the retrofit. The graph was developed predicting the energy use with pre retrofit
equation and finding the differences with the actual energy use after the remodel. Savings
totalize around 1600 kWh/day for a period of one year. Figure 5-4 shows the difference from the
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base line of fit and suggests that the biggest differences come from the summer season with
differences up to 180 kWh/day. During winter the differences are lower, being less that 100
kWh/day.
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Figure 5-3: Store K electricity CUSUM graph (Post retrofit savings)
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Figure 5-4: Store K differences from line of best fit (Post retrofit)
In the case of gas, indicated in Figure 5-5, the CUSUM shows an increase of use during
the winter of 2012. This is a consequence of the adjustment of the base temperature and it would

89
be expected that more gas is going to be consumed after the retrofit however, it would be for a
shorter period of time. The peak observed in February 2012 corresponds to the outlier detected
previously that is affecting the confidence of the regression. Again, the seasonal pattern is
observable, as the differences are constant during the summer of 2013.
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Figure 5-5: Store K gas CUSUM graph (Post retrofit savings)
It is also possible to quantify the weather related energy consumption variations in the
store. In Figure 5-6 it is possible to observe that before the retrofit, electricity consumption due
to weather was 243 kWh/day, representing 21% of the average base load. After the retrofit it
changed to 128 kWh/day representing 12% of the average base load, while the changes in the
average base load were only 5%.
The results of the remodel seem congruent with the fact that similar equipment was
installed however, the updated equipment produced changes in the internal air heat exchange.
Interestingly, the variations in the weather related energy consumption only came as a result of
the changes in the façade since no modifications were done to the heating, ventilation or air
conditioning. Moreover, the adjustment of the cooling and heating base temperature came as a
result of the new food and refrigeration equipment installed, or a combination of effects with the
façade changes. This is a possible indication of the influence that the internal equipment has in
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the performance of the store and the response to their performance as a main energy driver.
Deeper reductions in energy use could be aimed at the HVAC system, in conjunction with the
internal equipment to diminish, not only the weather related energy use, but the base load.
From the methodology point of view, an additional advantage of using the continuous
monitoring method is that base line equation was already obtained and the historical performance
of the store is previously known. Moreover, for the post retrofit evaluation period it is not only
needed to quantify the changes, but to keep the M&T running using a new base line and a target
deadband as part of a continuous energy efficiency improvement loop.

Store K Weather Related Electricity Consumption
Electricity consumption [kWh/day]

1600
1400
1200

243.93
128.94

1000
800
600

1142

1090.4

710 Pre

710 Post

400
200
0

Base Electricity Consumption [kWh]

Weather Related Electricity Consumption [kWh]

Figure 5-6: Store K pre/post retrofit comparison of weather related energy consumption
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CHAPTER 6
CONVENIENCE STORES ENERGY MONITORING AND TARGETING
METHODOLOGY

This chapter is divided in four parts. The first part describes the database required to
monitor and target energy use. The next three parts define and explain: a comprehensive
methodology for a first-one time store energy use audit, continuous monitoring and retrofit
monitoring. All these workflows are the combination of the tools used and demonstrated during
this research. The material is presented to establish an efficient way to apply the tools in a
convenience store and generate the appropriate information to evaluate the energy performance
of this type of building. Precise descriptions of the database and workflows can be found in the
Appendix.

6.1 Convenience Stores Energy Use Database

The original database containing the store energy use information was insufficient for the
required purpose. For this reason, a new data base is proposed to include all the necessary
information that should be available to conduct the continuous monitoring or any type of energy
analysis on any store.
The database is divided into four main categories that comprise each of the inputs,
outputs and complementary information required for the energy monitoring of the stores. These
subdivisions are: weather, building information, energy and performance characteristics. Under
energy, sub metering was included, although this category was not used in this work. During the
analysis process it was determined that the sub metering could bring important benefits for the
energy analysis. This information it is not expected to be used on a constant base, but it is
important that is available, because it can allow identifying a source of energy waste or a failure
in end uses and associated energy using equipment. For example, if the CUSUM graph suggests
that there was a deviation in energy use, the source of the waste can be more easily isolated from
sub-metering that it would be monitoring specific end-use functions. Figure 6-1, shows the
suggested divisions for the database.
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Electricity
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Characteristics

Electricity
Submetering

Figure 6-1: Database description
6.2 First Time-One Time Methodology

This methodology is intended for a first time analysis of the store to evaluate its current
performance, relevant parameters and as the initial step for continuous energy monitoring. The
same information that it is used for evaluating the store for the first time is needed to develop the
energy monitoring, for example the building base line equation. This methodology is divided in
four main parts:

1) General Procedure: it describes the general workflow and directs the user to the sub
processes. This part is divided into electricity and gas, depending on the application,
since the requirements for each of them are different. It starts with the data
recollection, continues to the energy modeling and finishes with monitoring and
targeting.
2) Data recollection: it details how the dependent and independent variables data should
be collected for each particular case. It is composed of five subdivisions, electricity
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consumption, gas consumption, outdoor air temperature, cooling degree days and
heating degree days.
3) Energy modeling: it provides the necessary steps to conduct the energy modeling for
the MMT and VDD method, again subdivided into electricity and gas. It shows the
different decisions that should be taken to evaluate the accuracy of the model. In the
case that a high correlation is not found on the MMT, the user is directed to calculate
the EUIt and inspect the store. The VDD should not be developed if a good MMT
model could not found.
4) Monitoring and Targeting: this part explains the workflows for the development of
the CUSUM chart, calculation of the EUIt, EUIe, EUIg, weather related energy
consumption and base temperature analysis.

After the Monitoring and Targeting part ends, the General Procedure will direct the user
to summarize a status report that can be used during the store visit or can be filed for future use.

6.3 Continuous Monitoring Methodology

The Continuous Monitoring Methodology is intended to establish the basis of a software
program that could check multiple stores simultaneously. As explained in section 4.3 one main
database containing all the stores is not the best approach. A more efficient way of handling the
monitoring system would be to create multiple databases for each type of store and by years of
operation to reduce the workload and focus on the stores that require more attention.
For this part it is assumed that: 1) the user already went thru the First Time – One Time
methodology; 2) at some point in time the store responded to its energy drivers with a high level
of confidence; 3) the building base line equation is known. The workflow is divided into
electricity and gas calculations and also explains the process to obtain the dependent and
independent variables in the section of data recollection.
The workflow operates the following way: each month, the systems acquires data of
electricity and gas consumption from the appropriate database, finds the average value per day
and, using the base line equation, calculates the next point in the CUSUM graph. It is not
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intended that the monitoring should be done graphically, but rather a sequence of points will be
calculated and compared to the target. There are two possible outcomes:

1) If the next point is above the target, an alarm is activated. A status report should be
filed indicating the amount of the increase, the period and the action taken. The user
should go to the database to verify the data and plan a site visit.
2) If the next point is below target there are two possible options: energy use is constant
and close to the base line or the curve is trending down, going below the lower target.
In either case no immediate action is necessary. The fact that the store is consuming
less energy is not likely however, a mayor repair or equipment substitution can trigger
the signal that must be acknowledged by the user. If the CUSUM values remain
consistently below the lower target band and not major equipment change is
associated with the trend, then the store operation may be inspected for a “best
practice, lesson learned” that may be applicable to other stores operations.

This process is repeated continuously for each store. If there is mayor change in the store
configuration, a new base line should be developed and new data recollected. If this is the case,
the user will need to go to the One Time - First Time procedure.

6.4 Retrofit Methodology

This methodology was designed to perform the savings analysis a project retrofit in a
store. There are two limitations on this procedure. The first is that post retrofit data recollection
must continue for one year after the retrofit is finished, to be able to record all the energy
changes during the different seasons. Also, a pre retrofit base line should be created, meaning
that at some point before the remodel the store must be responding properly to its energy drivers
for a minimum period of 12 months.
The method begins describing the general procedure with the pre retrofit data recollection
and pre retrofit energy modeling. Even if continuous monitoring is in place, a pre retrofit base
line equation is needed. However, if the energy use has been stable, the current base line
equation could be used. The equation NBE should be checked and corrected if necessary. During
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the retrofit, energy data becomes useless because it is altered by the different changes that the
store is undergoing and the store is not operating in the usual manner. Therefore, this energy data
should not be used. After the remodel is completed, the post retrofit data recollection starts.
Finally, the energy modeling and savings analysis can be completed.
For this process data recollection and energy modeling is similar to First Time-One Time
Methodology. The savings analysis contemplates a comparison on the following topics:

1) Pre and post retrofit EUIt, EUIe, EUIg
2) Pre and post retrofit weather related energy consumption
3) Pre and post retrofit base temperature for electricity and gas
4) Pre and post retrofit average base load and maximum electricity consumption (winter
vs. summer)
5) CUSUM charts for electricity and gas. The chart will allow to identify the first year
post retrofit accumulated energy savings that can be translated into savings cost to
evaluate when the payback period is going to end.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

This chapter presents the significant findings of the investigation and ends with
recommendations for future studies in energy analysis of convenience stores. The future goal
would be to further understand the energy use patterns of this type of building and to improve the
methodology proposed in this work. Other recommendations for immediate actions are included
and suggested for use by convenience stores operator.

7.1 Conclusions

The main objective of this research was to develop a methodology to audit, monitor and
target energy use in convenience stores. The necessary tools and steps are identified that enable
one to continuously monitor energy use in the stores and detect deviations from an energy use
base line. These deviations could indicate energy waste caused by system or equipment
malfunctions.
An extensive literature review of the existing tools to monitor energy in buildings
allowed collecting information on tools and processes that were adapted to the specific,
convenience store application. The necessary steps to perform the monitoring and targeting were
developed in a series of similar stores that were further divided in three groups to investigate
inputs, outputs, limitations and the optimal path to follow to be able to implement the
methodology.
One of the main findings was that the outdoor air temperature is an important energy
driver. It was found that occupancy, in form of costumer count, starts to become relevant as the
stores become more thermally isolated from the ambient conditions however, it was not a
significant independent variable for energy use at the evaluated conditions.
For the inverse energy modeling analysis, both MMT and VDD method can provide a
model with accuracy under the recommended range. However, each of them present particular
limitations that can be overcome with a hybrid method that involves the extraction of
information from the MMT that can be used in the VDD. It is also noted that stores that have lost
their relationship with their independent variable energy driver can’t be monitored, since a base
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line equation is impossible to develop. Sites with EUIt above ~450 kBtu/ft2 year frequently fall
into this category
The CUSUM graph is the heart of the monitoring and targeting system. This tool allows
measuring the accumulated deviation from the building base line and can be used for multiple
stores at the same time. Target setting is driven by the technical, organizational and economical
possibilities of the company implementing the M&T. The investment required to develop the
methodology must be analyzed in monetary terms to find the most convenient approach that
could lower the energy use and, at the same time, return economic benefits. To overcome the
limitations of the base line monitoring, the EUI can provide an initial level of energy use
supervision. As targets become more narrow (lower EUI) further statistical analysis is necessary,
to find the energy response to outdoor air temperature. Finally, if a regression equation under the
recommended tolerance is found, the store could be monitored using a base line and the CUSUM
graph.
Finally, the proposed methodology workflow can be used for an initial audit, continuous
monitoring or retrofit savings analysis. The necessity of a robust database containing all the
required information for energy monitoring is critical to have all the data related to independent
variables, dependent variables, energy and building general information.

7.2 Recommendations

During the conduct of this investigation, a variety of opportunities were identified for
improvement, not only at the methodology implementation level, but at the convenience store
design level.
From the methodology point of view, it is necessary to expand the study to other types of
stores and climates. This would allow one to determine if there are other independent variables
that are relevant energy drivers and the interactions among them. The automation of the
continuous monitoring methodology in the form of a computer program is highly recommended.
This software should be linked to a database that could extract all the required information to
monitor hundreds of stores at the same time, with multiple levels of targets and have the ability
to filter information that could be useful for the energy managers. The use of a building
management system on each store with the capacity of recording daily outdoor air temperatures
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and interval electricity could provide the necessary information to feed the monitoring systems
without the use of external support databases (i.e. purchased weather data).
It is necessary to develop a benchmark of the store’s portfolio. This information could be
used to establish statistics about the typical energy use, main energy drivers, occupancy and
other variables. This would allow comparing the performance of different types of designs and
between different store chains companies. The current lack of information presented a major
limitation to further diagnose the stores.
Sub metering implementation is necessary for convenience stores, as it is for any type of
buildings. The appropriate monitoring of subsystems (refrigeration, HVAC, lighting, cooking)
would give more accuracy to the presented methodology when an alarm is triggered. One could
even envisage a monitoring and targeting procedure for key energy using subsystems. However,
sub metering can be costly and an economic analysis should be done to determine the extent of
sub-metering required to achieve the given levels of increased certainty.
From the store design point of view, it is required to attack two elements: 1) the mixing
of hot and cold air inside the store and 2) restrict the interaction of the indoor air with the
outside. The first one is related to controlling the air flow in the hot zone of the store by changing
the design of the HVAC system and looking for a better arrangement of the cold aisles. The
second element should be focus on using double or revolving doors in the main entrances and
automatic operation of backdoors. An relevant future research could be aimed to the design of an
energy efficient convenience store taking in account not only energy use but parameters like
marketing, customer satisfaction and issues found in every day store operations.
The suggested immediate actions for the convenience stores company, based on the
information so far, are the following:

-

Stores above 500 kBtu/ft2 should be inspected. HVAC, refrigeration and other equipment
should be checked because there are strong signs that they could be faulty. It would be
important to consider a retrofit plan for stores that, after the inspection, energy use
couldn’t be improved.

-

Start a pilot program with some of the stores already analyzed. For example stores D and
J could be inspected to return their energy consumption to their normal pattern.
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APPENDIX

Building
Information

Weather

Outdoor Air
Temperature
Cooling Degree
Days

Heating Degree
Days

Nearest
Weather Station

Performance
Characteristics

Type of store

Last Base Line
Period

Address

Base Line
Equation

Remodel Date

Electricity EUI

BAS Information

Gas EUI

List of
Equipment

Total EUI

Store Number

VDD Base
Temperature

Store Age

MMT Base
Temperature

Remodel Details

VDD R2

Number of Fuel
Dispensers

MMT R2

Area

MMT Model

Storefront
Orientation

Model CVRMSE

Monthly
Costumer Count

Energy Target
Value per ft2

Store Status
Report
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Energy

Electricity

`

Electricity
Submettering

Gas

kWh per Month

Therms per
Month

HVAC

kWh per Day

Therms per Day

Refrigeration

Days of Service

Days of Service

Lighting

Initial Day of
Service

Initial Day of
Service

Electronic
Equipment

Last Day of
Service

Last Day of
Service

Deli Equipment

Days in Month

Days in Month

Miscellaneous
Equipment

Electricity Cost
per kWh
(Monthly)

Gas Cost per
Therm
(Monthly)

Total Service
Cost per Month

Total Service
Cost per Month

Billing Date

Billing Date
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Start

Weather
Data

Energy
Data

Electricity
Consumption

Outdoor Air
Temperature

Is an R2 > 0.50
found on MMT?

Cooling Degree
Days

File into
stores
database

MMT Method
(Electricity)

No
EUI

Status Report

Store must be
inspected

End

Yes
EUI

CUSUM

CVDD Method
(Electricity)

Calculate
Monitoring
and Targeting
Procedures

Status Report

Base
Temperature
Analysis

Weather
Related Energy
Consumption

Filed into
stores
database

Evaluate if store
must be inspected
according to results
of M&T

End
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Data

Gas
Consumption
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Temperature
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stores
database

MMT Method
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EUI

Status Report

Store must be
inspected

End

Yes
Heating
Degree Days
EUI

HVDD Method
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Calculate
Monitoring
and Targeting
Procedures

Status Report

CUSUM

Filed into
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must be inspected
according to results
of M&T

End
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