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Summary

Background

Commercial buildings in the United States consume approximately 18 quadrillion British thermal units
(quads) of primary energy annually (EIA 2016). Inadequate building operations leads to preventable excess
energy consumption along with failure to maintain acceptable occupant comfort. Studies have shown that
as much as 30% of building energy consumption can be eliminated through more accurate sensing, more
effective use of existing controls, and deployment of advanced controls (Fernandez et al. 2012; Fernandez
et al. 2014; AEDG 2008). Studies also have shown that 10% to 20% of the commercial building peak
load can be temporarily managed or curtailed to provide grid services (Kiliccote et al. 2016; Piette et al.
2007). Although many studies have indicated significant potential for energy savings in commercial
buildings by deploying sensors and controls, very few have documented the actual measured savings
(Mills 2009; Katipamula and Brambley 2008). Furthermore, previous studies only provided savings at the
whole-building level (Mills 2009), making it difficult to assess the savings potential of each individual
measure deployed.

Purpose

Pacific Northwest National Laboratory (PNNL) conducted this study to systematically estimate and
document the potential energy savings from Re-tuning™ commercial buildings using the U.S.
Department of Energy’s (DOE’s) EnergyPlus building energy modeling software. This study is a follow
up to the previous DOE study conducted by TIAX (Roth et al. 2005). Re-tuning is a systematic process of
detecting, diagnosing, and correcting operational problems with building systems and their controls in
either a semi-automated or a fully-automated way. Periodic Re-tuning of building controls and heating,
ventilation, and air-conditioning (HVAC) systems reduces inefficient and “faulty” operations and
improves building efficiency. This low-cost process identifies and corrects building operational problems
that lead to excess energy use and is implemented primarily through building automation systems
(BASs)—for those buildings that have them—for immediate impact.

Models for nine EnergyPlus prototype commercial buildings were used for the simulation of each of the
sensors and controls measures simulated during the study. The study also extended by analogy the
savings estimates for five additional prototypes that were similar to one of the original nine. The

14 building types represented 51% of the total commercial building floor space and 57% of the

U.S. commercial sector energy consumption. For each building type, the study’s purpose was to quantify
two impacts:

e the energy savings potential of properly deploying accurate sensors, as well as basic and advanced
controls, including automated fault detection and diagnostics in the commercial building sector; and

¢ the potential for demand-response (DR) measures to lower commercial building electric demand
during critical peak pricing (CPP) events. This load reduction potential can help facilitate the
performance of grid services by buildings that may be of particular benefit under a scenario of higher
penetration of distributed energy resources (DERS).

Methodology for Calculating Savings

Estimation of the potential national energy savings derived by adopting sensors and controls and
DR measures involved simulation of individual and packages of energy savings and DR measures in nine



different DOE prototype building models and in the 16 climate zones defined in the International Energy
Conservation Code that represent the entire United States (U.S. DOE 2017a). The simulation results were
mapped by building type and climate to the expected square footage of all equivalent or substantially
similar buildings in similar climates documented in the 2012 Commercial Building Energy Consumption
Survey (CBECS; EIA 2012). The survey strategically selected buildings across the country to represent
the national existing building stock. The buildings were assigned weights according to how many existing
buildings are representative of the surveyed building within the region of choice. CBECS categorizes
commercial buildings according to 17 principal building activities (PBAs), many of which have
subcategories. For this study, the PBAs by the category or subcategory that could be reasonably
represented by one of the nine prototype models, based on space usage, anticipated building internal
loads, and anticipated types of HVAC system, were selected.

Using detailed simulations, savings from individual energy efficiency measures (EEMS) can be isolated;
however, some EEMs cannot be easily modeled because of the limitation of the simulation tool. Despite
the limitation, during the study 43 different EEMs and DR measures were simulated for the nine
prototypical buildings in the 16 U.S. climate regions. In addition to the nine prototypical buildings, the
savings were extrapolated for five additional building types because of their similarity to one of the nine
prototypes simulated, resulting in a representation in total of 57% of the energy consumed and 51% of the
total floor space of the commercial buildings stock. The savings were calculated for each individual EEM,
each relevant building type, and each climate region, as were the national savings for each measure by
building type and climate location.

Building operators and managers often deploy a package of synergistic measures because doing so is
more cost effective than an individual measure. For this reason, packages of measures were developed to
estimate the national savings potential. These packages represent the diversity in the status and
complexity of the controls in a conceptualized set of existing buildings. This diversity helps to weight the
application of specific EEMs based on the observed prevalence of opportunities to implement them in
actual buildings. The three building packages are for:

¢ an efficient building defined as having the most common and some advanced EEMs implemented
with no operational faults modeled and limited opportunities for the remaining measures;

o atypical (or average) building with a wide range of opportunities for energy savings still available
despite limited easy-to-implement measures and few operational faults modeled; and

¢ an inefficient building defined as having no EEMs implemented and widespread operational faults in
existence.

Because the national distribution of buildings classified as efficient, typical, and inefficient is unknown.
Thus, three different penetration scenarios were considered:

o central/best estimate: 30% efficient, 50% typical, 20% inefficient
o low savings estimate: 50% efficient, 40% typical, 10% inefficient

¢ high savings estimate: 10% efficient, 40% typical, 50% inefficient.

Energy Savings for Individual Measures

Simulation results and findings for the individual EEMs and DR control measures and for the packages of
measures are highlighted below. Energy savings results were derived from individual EEMs and divided
into a national-level summary of savings with measures ranked by overall site energy savings and
aggregated across all building types and climates. The percent savings reported are the percent of the total



site energy consumption, which is further broken out into the contribution from electricity and natural gas
to that total.

The total site savings, natural gas savings, and electricity savings are reported as estimates for each
measure by building type and climate location. Savings were estimated for thirty-seven individual
simulated measures. Many of the EEMs only apply to a few building types, so only the savings for
relevant building types are reported. Refer to Appendix A for more details on individual measure results.

Table S.1 shows a summary of the range of savings modeled among the set of applicable EEMs for each
building type, aggregated across all climates. For each prototype, the minimum and maximum savings for
individual measures are shown for electricity, natural gas, and for both combined. The top performing
EEM for electricity savings and for natural gas savings is also listed. Typically, negative savings in
electricity or gas for one fuel type is offset by greater savings for the other fuel type. For example,
measures that produce electricity savings through reductions in internal electric loads simultaneously
reduce internal heat gains and increase the demand for natural gas. In Primary and Secondary Schools,
one measure (EEMO06: outdoor air damper faults/control) is modeled as leading to a significant increase
on overall energy consumption even though for other building types the same measure can save
significant energy. The reason for the increase is that this measure corrects a baseline fault that simulates
poor damper seals by limiting the range of the outdoor air damper (both minimum and maximum flow).
Because the maximum flow is limited, the baseline building is under-ventilated based on design
ventilation rates when the outdoor air damper seals are poor. For all building types, the best overall
measure for total savings was either EEM15: minimum VAV terminal box flow reductions,

EEM16: wider deadbands and night setbacks, or EEM17: demand control ventilation. For all building
types that used single-zone packaged units for space conditioning, the top performing measure for
electricity savings was EEM23: advanced RTU controls.

The last row in Table S.1 includes an estimate of the range of the technical potential savings for
individual measures at the national level. This involves an aggregation of savings among all building
types and climate zones. For each EEM, there is an additional adjustment of the total savings to reflect the
expected prevalence of opportunities to implement the measure, given that each of the measures is an
opportunity in only a subset of the building stock for buildings of each type. The adjustment is a
fractional multiplier that is set equal to that measure’s weighting within the set of packages. Among the
set of individual measures at the national level, the total site energy savings ranged from 0% to 7.7%. The
top overall measure for electricity savings was EEM23: advanced RTU controls (3.8%). For both natural
gas (5.3%) and overall site energy savings (7.7%), EEM16 (wider deadbands and night setbacks) was the
top performing measure.

Figure S.1 is a bubble plot showing the tradeoff between the energy cost savings and the level of effort
required to implement each measure. The effort level can be considered a proxy for the cost to implement
each measure. Here, the evaluation of effort is on a three-tiered scale (low, medium, and high) and is a
subjective assessment, based on the authors experience. The size of each bubble is proportional to the
amount of commercial floor space occupied by buildings for which the measure may be applicable. The
four most promising measures, offering high cost savings at low levels of effort, and with broad
applicability include EEMO04: shorten HVAC schedules, EEM15: minimum VAV terminal box damper
flow reductions, EEM16: widened thermostat deadbands and night setback, and EEM27:optimal start.
The measures in the figure are abbreviated using their numerical code (use Table 4.1 for reference).



Table S.1. Energy Savings from Individual Measures by Building Type Aggregated across All Climate

Locations and National (last row)

Electricity Natural Gas Total Savings
Savings Savings Top Performing Measure
Prototype Range Range Range
Mode! Mi M Mi M Mi M
in ax in ax in ax .
%) () (%) (%) %) %) Electricity Natural Gas
EEM16: Wider
EEM23: Advanced Deadbands and Night
Small Office 0.1 71 -39 7.4 0.0 9.7 RTU Controls Setbacks
EEM15: Minimum
VAV Terminal Box
Medium Damper Flow EEM17: Demand
Office -0.2 160 -15 0.9 -0.2 16.1 Reductions Control Ventilation
EEM15: Minimum
VAV Terminal Box
EEM26: Cooling Damper Flow
Large Office -0.2 54 26 122 -0.2 15.4 Tower Controls Reductions
Stripmall EEM23: Advanced EEM17: Demand
Retail 0.0 98 -6.3 115 0.1 12.0 RTU Controls Control Ventilation
StandAlone EEM23: Advanced EEM17: Demand
Retail 01 115 -84 142 0.2 14.8 RTU Controls Control Ventilation
EEM16: Wider EEM16: Wider
Primary Deadbands and Night ~ Deadbands and Night
School -0.8 56 -6.4 9.9 -7.2 15.6 Setbacks Setbacks
Secondary EEMO04: Shorten EEM17: Demand
School -0.8 42 -40 255 -4.2 24.7 HVAC Schedules Control Ventilation
EEM15: Minimum EEM15: Minimum
VAV Terminal Box VAV Terminal Box
Damper Flow Damper Flow
Large Hotel -0.1 48 -07 7.7 0.0 12.4 Reductions Reductions
EEM16: Wider
EEM23: Advanced Deadbands and Night
Supermarket 0.0 54 -35 7.7 -0.2 9.1 RTU Controls Setbacks
EEM16: Wider
National EEM23: Advanced Deadbands and
Total 0.0 3.8 -2.6 5.3 0.0 7.7 RTU Controls Night Setbacks
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Figure S.1. Cost-Benefit Analysis for Individual Energy Efficiency Measures across All Climates and
Building Types
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Peak Demand Impacts of Energy Efficiency Measures

Beyond the impact of reducing energy consumption in buildings, many EEMs can also lead to reduction
in the peak electricity demand. In many regions of the country, the utilities charge for both kWh (energy)
and kW (demand). In some cases, the demand portion of the total electricity cost may be significant
(>30%); therefore, reduction in demand can lead to an additional cost benefit for several of the EEMs.
Nine of the 37 EEMs were each capable of producing at least 3% peak demand savings in at least one
building type, and four of those nine were each capable of producing over 10% peak demand savings.
Most of the other measures had little to no impact on peak demand, while one measure (optimal start)
produced significant peak demand increases, but only for two building types.

National Energy Savings from Packages of Measures

The total site energy savings by building type for the efficient building package, the typical building
package, and the inefficient building package ranged from 4% to 19%, 26% to 56%, and 30% to 59%,
respectively. Based on the weighting of these three efficiency levels, the expected national savings for
each set of building types were also estimated. For most building types, the potential national total site
savings ranged from 23% to 30%, with the exception of Secondary School (49%) and StandAlone
Retail/Dealership (41%). Figure S.2 shows the savings level for each package for each building type in
green, blue, and red, as well as the weighted total savings for each building type in black.
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Figure S.2. Savings from Packages of Measures by Building Type
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Aggregated among all building types, the annual building energy savings from EEMs is estimated
to be 29%. The savings from natural gas and electricity were also estimated separately. The site natural
gas savings by building type for the efficient building package, the typical building package, and the
inefficient building package ranged from -6% to 13%, 0% to 45%, and 0% to 42%, respectively. A few
building types have negative natural gas savings for the reasons previously discussed. The site electricity
savings by building type for each of the building packages ranged from 6% to 17%, 11% to 26%, and
15% to 43%, respectively.

Figure S.2 illustrates the total national energy savings from deploying measures based on the three
scenarios for the proportion of inefficient, typical, and efficient buildings selected. Considering these
three illustrative scenarios is the most straightforward way to handle uncertainty about the national
building stock, because the lack of data on the prevalence and magnitude of opportunities for controls
improvements renders a more sophisticated uncertainty analysis impossible.

The total site energy savings ranges from 1.02 to 1.70 quads, with a best estimate of 1.32 quads of
savings. Total primary energy savings ranges from 2.17 to 3.56 quads, with a best estimate of 2.74 quads
of savings.
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Figure S.3. National Total Site and Source Energy Savings Potential by Building Type in quadrillion
Btu (quads)

Peak Reductions from Individual Demand-Response Measures

The national technical potential peak reductions from individual DR measures are shown in Figure S.3.
Because the CPP (or time-of-use) utility rate is one of the commonly implemented DR mechanisms in
California and other parts of the United States, a series of measures was created to estimate the possible
peak reduction during critical demand periods. The national peak reductions, aggregated across all
building types and climate locations, ranged from 0.2% (refrigeration) to more than 16% (pre-cooling).



Note that the refrigeration peak reduction measure only applies to Supermarket and Other Food Sales.
Therefore, this measure results in only a 0.2% peak reduction across all building types. However, it
results in more significant peak reductions ranging from 5% (Phoenix) to 7.7% (Los Angeles) in the
buildings to which it applies.

Energy Impacts of Demand-Response Measures

Because the DR measures considered are only activated during rare CPP events, their impact on annual
energy consumption is very small—in almost all cases annual energy consumption increases or decreases
by less than 0.1%, which is statistically insignificant. However, the change in electricity consumption
over the course of a typical CPP day can be significant, with impacts ranging between 5% and 6%
increase in consumption (for pre-cooling, in three building types) to between 4% and 7% reduction for set
point changes and duty cycling in some building types.

National Peak Reductions from Packages of Demand-Response Measures

Because building operators/owners often will apply synergistic DR measures as a package, two different
DR packages were created—reactive and predictive. Applying these two packages to all building types
and in all climate locations resulted in peak reductions of 19% (for both reactive and predictive).

Figure S.4 shows the modeled electric demand savings during the CPP events for each DR measure and
DR package, aggregated across all building types and climates.
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Figure S.4. Demand-Response: Aggregate National Savings by Measure and Package

Conclusions and Limitations

This study investigated the potential energy savings from implementation of basic and advanced controls
measures and eliminating common faults in HVAC systems in the U.S. commercial building sector.
These measures focus on equipment operation, and thus do not require major retrofits of existing
equipment. For this reason, the upfront cost and payback period for these control measures tend to be
more financially attractive than equipment or envelope retrofits. In many cases, however, some measures
may require upgrades of building automation systems, such as enhanced communication capabilities and
installation of variable-speed drives on certain fans and pumps in some buildings. This study simulated
34 energy efficiency measures (including control measures) in nine commercial building types and
extended (by analogy) to another five building types that represent 57% of the U.S. commercial sector
energy consumption. The measures were simulated in 16 climate locations and savings were weighted
according to commercial sector square footages by climate and building type using the 2012 Commercial
Building Energy Consumption Survey from the U.S. Energy Information Administration. The energy
modeling also relied on packages of measures that represent a diversity of current status of building
controls and equipment faults (inefficient, typical, and efficient), and compared those packages to an ideal
building representing a reasonable approximation of best practice in all areas of building control. The
difference between the current state of building controls and the ideal state is the assumed savings
potential.
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Of the 34 measures simulated, six measures showed the potential for over 2% site energy savings
nationally. These measures include wider deadbands and night setback (7.8%), shortened HVAC
schedules (7.1%), demand control ventilation (7.1%), reduced minimum VAV box terminal damper flow
settings (6.5%), optimal start (5.9%), and supply air temperature reset (2.5%). Advanced rooftop unit fan
controls achieved the highest electricity savings of all measures (4.0% of baseline energy consumption),
but because of the additional natural gas consumed as a result of this measure, the overall savings was
only 1.3%.

Using the three packages of measures representing the U.S. commercial building stock, the potential site
energy savings across all 14 building types, representing 57% of the total energy consumed, is 29%. For
individual building types at the national level, the potential savings ranged between 23% and 29% for
11 of the 14 building types, while the other three building types (Secondary Schools, StandAlone Retail,
and Retail Dealership) achieved more than 40% savings nationally. Across all building types included in
this study, the savings represents approximately 387,000 GWh (1.32 quadrillion Btu) of site energy
savings, or 809,000 GWh (2.76 quadrillion Btu) of primary (or source) energy savings. A number of
building types were not considered in this study because of lack of validated prototype building models
and lack of relevance to the study. These building types can also benefit from many of the control
measures identified in the report. If the savings are extrapolated to include all relevant building types that
were not modeled, the savings may be in the range of 4 to 5 quadrillion Btu. This savings potential is
equivalent to the per-capita energy consumption of 12 to 15 million people. For comparison, the total
U.S. primary energy consumption across all sectors was 28.5 million GWh (97.4 quadrillion Btu) in
2015. This indicates that commercial building controls improvements are strategically important to meet
and sustain reductions in national energy consumption.

Despite the expansiveness of the study, the following limitations exist.

1. Just over half of the commercial building sector square footage is represented with the set of
modeled buildings used.

2. The first six EEMs investigated in this study represented the correction of an operational “fault”
condition. Although limited information is available regarding the prevalence of faults in
buildings, the prevalence of multiple faults and the severity of the fault levels for almost all faults
is completely unknown. Therefore, some assumptions for which no data exists in the literature are
guesses at best, and savings from their correction could use significant refinement, aided by
additional research.

3. The extent to which the building models used in this study are representative of the existing
building stock, whether baseline assumptions are accurate, and whether this kind of study would
benefit from more diversity in baseline system types, control parameter settings, and other factors
are not yet determined..

4. Additional data on controls across the buildings sector would improve the weighting of EEMs
within packages and the estimates of the prevalence of opportunities for deploying various
control measures, especially in office buildings.

5. Optimizing operations of individual components and optimizing whole-building operations can
result in additional savings; however, the savings are generally low compared to savings resulting
from improper operations. In addition, the level of effort to simulate and also deploy optimization
solutions in buildings is high. Therefore, this study excluded a handful of optimization strategies
that are not commonly used, but have the potential for higher energy savings.
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While the results and conclusions of this study can help to ensure persistent building operations,
addressing these limitations will provide further insights to the energy savings potential within the
commercial building stock and the pathway to achieving these impacts.
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Acronyms and Abbreviations

°C degree(s) Celsius

°F degree(s) Fahrenheit

AEDG Advanced Energy Design Guide

AERG Advanced Energy Retrofit Guide

AHU air-handing unit

ASHRAE American Society of Heating, Refrigerating, and Air-Conditioning Engineers
BAS building automation system

Btu British thermal unit

CBECS Commercial Building Energy Consumption Survey
CDD cooling-degree-day

cfm cubic foot (feet) per minute

COP coefficient of performance

CPP critical peak pricing

DER Distributed energy resources

DOAS dedicated outdoor air system

DOE U.S. Department of Energy

DP differential pressure

DR demand-response

DX direct expansion

EEM energy efficiency measure

EEV electronic expansion valve

EMS Emergency Management System

ERV energy recovery ventilation

EUI energy use intensity

ft foot (feet)

ft? or sf square foot (feet) ft?

HDD heating-degree-day

hr hour(s)

HVAC heating, ventilation, and air-conditioning
IECC International Energy Conservation Code
in. inch(es)

NOAA National Oceanic and Atmospheric Administration
Pa pascal(s)

PBA principal building activity

PNNL Pacific Northwest National Laboratory
quad quadrillion British thermal units
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RD&D
RTU
SAT
VAV
VFD

research, development, and deployment
rooftop unit

supply air temperature

variable air volume

variable-frequency drive

watt(s)

XVii






Contents

ST 0 1T T PSSR iii
2 T3 (0 ] £ T TSR iii
0 T0 L OSSR iii
Methodology for CalCulating SAVINGS ........ccouiiiiireiiieiees e iii
Energy Savings for INAividual MEASUIES............cooiiiiiiciiiiie e iv
National Energy Savings from Packages Of MEASUIES ..........cccviveieieeieie et viii
Peak Reductions from Individual Demand-Response MEASUIES...........cccuierirrerieieeiinise e X
National Peak Reductions from Packages of Demand-Response Measures .........ccccovvevveiveiveviesnenne. Xi
Conclusions aNd LIMITALIONS .......c.coiiiriiiiiieiieieisise sttt bbbttt sr e eneas Xii

ACKNOWIBAGIMENTS. ...t b bbbttt b et e XV

ACronyms and ADDIEVIALIONS .........ociiiiiice ettt re e na e re s XVi

1.0 INEFOTUCTION ..ttt b bbbt bbb bt e bttt bt nn s 1.1
1.1 APPIOACK ...ttt 1.2
1.2 Content and OrganiZatioN...........c.cccvceeieiieieie e se ettt be e e re e s re e be e e sresreenes 1.2

2.0 National Savings Calculation Methodology ..........cceieiiiiiiiiiieieeee e 2.1
2.1 Mapping CBECS DY BUIIAING TYPE.....iiiiiiiiieieise st 2.1
2.2 Mapping CBECS DY CHlIMALE ........cveiiiice ettt s re e 2.2

3.0 Building Prototype MOTEIS..........ccooiiieiiiiiseie e 3.1
3L SMAI OFFICE 1.t ettt bt e ettt 3.1
3.2 IMEAIUM OFFICE .ttt bbb ettt ettt bbbt 34
3.3 LArGE OFFICE ..ttt 3.6
I I 1o [ o o] (-] SR 3.9
3.5 StANAAIONE RELAI ....c.eeeeeiie et st e e te e e 3.11
3.6 SHrP Mall Rl ......ooiiieccee s 3.14
3.7 PrIMary SCROOL.........ooiii i et be st et sae e e pe e e 3.15
3.8 SECONAANY SCNOOL ...t 3.19
3.9 SUPEIMAIKEL ..ottt sttt et e e e s b et e e b e st e e te e besaeeaenre e e nran 3.22

4.0 Energy Savings and Demand-Response Control MEaSUIES...........ccvvvereieeieseseeie e 4.1

5.0 Packages of Controls and Demand-Response MEASUIES ...........ccorveveiririninenesreeeeeee s 5.1

6.0 RESUITS AN DISCUSSION ...ttt ettt bbbttt b b e 6.1
6.1 Individual Measure Results by BUilding TYPE.......ccoiiiiiiiiiieiieniee e 6.1
6.2 National Summary of Individual Measure RESUILS ...........cccooveiiiiiiiniieecces e 6.10
6.3 Cost-Benefit Analysis of INdividual MEASUIES ...........ccviieieieee e 6.12
6.4 Peak Demand Savings from Individual Energy Efficiency Measures ............cccccoovvvnincnennns 6.15
6.5 Demand-Response RESUILS DY MEASUIE .........ceciuiiieieiieiie et eneas 6.16

6.5.1 Measure 38: Demand-Response: Setpoint Changes .........cccvevveveeeereveevese e 6.16

XiX



6.5.2 Measure 39: Demand-Response: Pre-CooliNg ........ccccvveveieeieieiecie e 6.19

6.5.3 Measure 40: Demand-Response: DUty CYCI.........ccvcveviieeieii s 6.21
6.5.4 Measure 41: Demand-Response: Lighting Control ... 6.23
6.5.5 Measure 42: Demand-Response: Chilled Water Temperature Control..................... 6.25
6.5.6 Measure 43: Demand-Response: Refrigeration............c.covvvereieieisiisienisese e 6.25
6.6 National Summary of Demand-ResSponSe MEASUIES............coveiririrerenieieeeeee e 6.26
6.7 Energy Impacts of Demand-RespoNnSse MEASUIES...........ccverveieeieieieeieseeeesiesteeseesreeseesresneas 6.27
6.8 Results for PAackages OF IMBASUIES ...........ccveiiiiiiiieri e 6.28
6.8.1 Package A: Inefficient BUIlAiNgS........cccoiviiiiiiieic e 6.29
6.8.2 Package B: Typical BUIldiNGS .........cccoiiiiiiiiiii e 6.31
6.8.3 Package C: Efficient BUIAINGS.........ccooiiiiiiiiicccsee e 6.34
6.8.4 National SAVINGS SUMMAIY .......c.civiieieiieicie et sreenes 6.37
7.0 Summary of Results and CONCIUSIONS ..........ccoiiiiiiiiieici e 7.1
7.1 Energy Savings from INdividual MEASUIES ............ccoiiiiiiiiiiiiiis e 7.2
7.2 Energy Savings from Individual Measures by Building Type Aggregated across All Climate
[0 [or: 1 {[o] 4K ST P RSP UR PR 7.3
7.3 Energy Savings from Individual Measures Aggregated Across All Building Types and All
CHMALE LOCALIONS ...ttt ettt bbbttt 7.5
7.4 Peak Demand Impacts of Energy Efficiency MeasUres..........ccoccevvvveieieciecc s 7.6
7.5 National Energy Savings from a Package 0f MEaSUIES ...........ccccuvvririncrenenieiceese e 7.6
7.6 Peak Reductions from Individual Demand-Response MeasUreS..........ccccvvevereiverreseseesiesveenns 7.7
7.7 Energy Impacts of Demand-ReSPONSE MEASUIES ...........couerreieieinisiiniesie e 7.7
7.8 National Peak Reductions from Packages of Demand-Response Measures...........cc.ccocveennene. 7.7
7.9 Limitations 0f the STUAY .......cccviiiiee et re e 7.8
710 NEXE SEEPS oottt et e e Rt e R R R Rt r e r e nr s 7.9
8.0 RETEIBICES ...t et b bbb bbb R bbbt b e be s 8.1
Appendix A — Detailed Individual Measure Results by Building Type and Climate............ccccceevevennene. Al
Appendix B — EnergyPlus Users Guide to Measure Implementation............c.ccoceeveneneneieisicnese e, B.1

XX



Figures

Figure 2.1. Mapping from the 2012 CBECS Principal Building Activity to the EnergyPlus
Prototype 2.2

Figure 3.1. Small Office Prototype Building Shape and Zoning Diagram ...........cccccveveveiiveveineecsvesnen, 3.2
Figure 3.2. Small, Medium and Large Office — Schedules of Internal Loads ...........cccccovovviveiiirnnnnnnnnn. 3.3
Figure 3.3. Medium Office Prototype Building Shape ..........coveieiiiicii e 3.5
Figure 3.4. Medium Office Thermal ZONING ........cccooiiiiiiiiiieee e 35
Figure 3.5. Large Office BUIldiNg SHape........coo i 3.7
Figure 3.6. Large Office Thermal ZONINgG........c.cooviieiiiiie ettt 3.7
Figure 3.7. Large Hotel BUIING SNAPE .........coiiiiiiiice s 3.9
Figure 3.8. Weekday Schedules for Lighting and Equipment in Large Hotel Prototype...........c.ccccoue.... 3.10
Figure 3.9. Weekend Schedules for Lighting and Equipment in the Large Hotel Prototype................... 3.10
Figure 3.10. StandAlone Retail Building SNape ...........cooiiiiiiiiiiiieec e 3.12
Figure 3.11. StandAlone Retail Thermal ZONING..........ccooviiiiiiiiiee s enes 3.12

Figure 3.12. Lighting and Plug Load Schedules for Weekday and Weekends in the StandAlone
Retail Model3.13

Figure 3.13. Strip Mall BUIlding Shape .........ooiiiiiee e 3.14
Figure 3.14. Strip Mall Thermal ZONING........cccoiiviiiiiiiieiece et sreenes 3.14
Figure 3.15. Primary School BUilding Shape ..........cccviiveiiiic et 3.16
Figure 3.16. Primary SChool Thermal ZOning ...........ccccoeiiiiiiiiiieeese e 3.16
Figure 3.17. Lighting and Plug Load Schedules for Weekday and Weekends during the Study Period
(January—June and September—December) in the Primary School Model.............cccccooviviirnnnen. 3.17
Figure 3.18. Lighting and Plug Load Schedules for Weekday and Weekends during the Study Period
(July and August) in the Primary SChool MOdel...........c.coviiiieiiiice e 3.18
Figure 3.19. Secondary School Building Shape ........ccccveiiiiie i 3.20
Figure 3.20. Second Floor Zoning for Secondary SCOOL.............cooiiiiiiiiic e 3.20
Figure 3.21. Floor Plan/Zoning for the Supermarket Building Prototype .........ccccovevevvevieiiiiecececee, 3.22
Figure 4.1. Comparison of Baseline and DP Reset Pump Power Curves and Energy Savings for
Measure 10 4.10
Figure 4.2. Schedule Changes to Plug Load Fraction with Measure 21...........ccccccevevveieneieeveseseee 4.15

Figure 4.3. Schedule for Elevator Cab Fan and Lights Using Occupancy Presence Sensor (Measure 24)4.17
Figure 4.4. Optimal Stop: Early Stop Hours Subtracted from Evening HVAC Schedules for Measure 284.19

Figure 4.5. Defrost Time Fraction for Optimal Defrost Control for Measure 33 ............ccocooeiiiiiiinnnene 421
Figure 6.1. Individual EEMs Ranked by Impact for Small Office Buildings............cccccoovvvnencnciiiiinnn, 6.2
Figure 6.2. Individual EEMs Ranked by Impact for Medium Office and Outpatient Healthcare Buildings6.3
Figure 6.3. Individual EEMs Ranked by Impact for Large Office, College/University, and Hospital
(AGMINISIIALIVE) ...tttk bt b ettt b bbb e n e e e e s nne s 6.4
Figure 6.4. Individual EEMs Ranked by Impact for Primary SChool ............cccocooviiiiiiiiicccc 6.5
Figure 6.5. Individual EEMSs ranked by impact for Secondary School...........c.ccccoovvviiiiiei i, 6.6

XXI



Figure 6.6. Individual EEMs Ranked by Impact for Large HOtel............cccoeviiieiiiicec e, 6.7

Figure 6.7. Individual EEMs Ranked by Impact for StandAlone Retail and Retail Dealership..... 6.8
Figure 6.8. Individual EEMs Ranked by Impact for Strip Mall Retail ..............ccocooiiiiiiiie 6.9
Figure 6.9. Individual EEMs Ranked by Impact for Supermarket and Other Food Sales....................... 6.10
Figure 6.10. Commercial Building Sector Energy Savings Summary: Individual Measures Ranked
by EEM and Weighted by Prevalence (>0.25% SaViNgSs) ......ccccviveieieieeie e seesese e see s 6.11
Figure 6.11. Commercial Building Sector Energy Savings Summary: Individual Measures Ranked
by EEM and Weighted by Prevalence (<0.25% SaVINGS) ....ccoierveiveiiiiiininienieeeeeeese s 6.12
Figure 6.12. Cost-Benefit Analysis for Individual Energy Efficiency Measures across All Climates
and Building Types (the number in the bubble the EEM number) ..o, 6.14
Figure 6.13. Peak Demand impacts from Energy Efficiency Measures ..........ccoccevoveeerereeneneneeneseennns 6.16
Figure 6.14. Demand-Response: Electric Demand Savings: Measure 38 (Setpoint Changes): Office
Prototypes 6.17
Figure 6.15. Demand-Response: Electric Demand Savings: Measure 38 (Setpoint Changes): Primary
School, Secondary School, and Supermarket Prototypes ........ccecvevveieieiieie e 6.18
Figure 6.16. Demand-Response: Electric Demand Savings: Measure 38 (Setpoint Changes): Strip
Mall and StandAlone Retail ProtOtyPeS........civiiiiiiie ettt 6.18
Figure 6.17. Demand-Response: Electric Demand Savings: Measure 39 (Pre-Cooling): Office
Prototypes 6.19
Figure 6.18. Large Office Demand-Response Performance: Measure 39 (Pre-Cooling): Primary
School, Secondary School, and Supermarket PrototyPes ........cccvevviiereiieiie e 6.20
Figure 6.19. Demand-Response: Electric Demand Savings: Measure 39 (Pre-Cooling): Strip Mall
and StandAIone REtail PrOtOTYPES .......ccviiiiiiieiesie sttt s ne et nne e 6.20
Figure 6.20. Demand-Response: Electric Demand Savings: Measure 40 (Duty Cycle): Office
Prototypes 6.21
Figure 6.21. Demand-Response: Electric Demand Savings: Measure 40 (Duty Cycle): Primary and
Secondary SCNOOI PrOTOLYPES .....c.oiieeie ettt sbe e eneenee e 6.22
Figure 6.22. Demand-Response: Electric Demand Savings: Measure 40 (Duty Cycle): Strip Mall
ANd SUPEIMAIKET PrOTOTYPES ......eeveieieeieieeie ettt sttt ettt st ste et este st e saesaeeneesaesneeaesneas 6.22
Figure 6.23. Demand-Response: Electric Demand Savings: Measure 41 (Lighting): Office Prototypes 6.23
Figure 6.24. Demand-Response: Electric Demand Savings: Measure 41 (Lighting): Strip Mall,
StandAlone Retail, and Large HOtel PrOtOLYPES .......cveiviieiie et s 6.24
Figure 6.25. Demand-Response: Electric Demand Savings: Measure 41 (Lighting): Primary School
and Secondary SCHOOI PrOtOYPES.........oouiiiiiieieiiiie ettt 6.24
Figure 6.26. Demand-Response: Electric Demand Savings: Measure 42 (Chilled Water Temperature
Control): Large Office, Large Hotel, and Secondary School Prototypes ...........cccovvvnereieneniennnn. 6.25
Figure 6.27. Demand-Response: Electric Demand Savings: Measure 43 (Refrigeration):
SUPEIMAIKET PIOTOTYPES ....cveiiietiieiste ettt bbbttt 6.26
Figure 6.28. Demand-Response: Aggregate National Savings by Measure and Package ..............ccc.c.... 6.27
Figure 6.29. Average Daily Energy Impact from Demand-Response Measures on CPP days................ 6.28
Figure 6.30. Energy Savings for Packages of Controls Measures by Climate Type for “Inefficient”
BUIldiNgS: OFfICE PrOTOLYPES. ... ccuiitiitiiieieieieiese ettt 6.29

XXii



Figure 6.31.

Energy Savings for Packages of Controls Measures by Climate Type for “Inefficient”

Buildings: Strip Mall, StandAlone Retail, and Supermarket Prototypes.........cccceocvveveeneivernseenne 6.30
Figure 6.32. Energy Savings for Packages of Controls Measures by Climate Type for “Inefficient”
Buildings: Primary School, Secondary School, and Large Hotel Prototypes.........ccccccevvvveviennnnne. 6.31
Figure 6.33. Energy Savings for Packages of Controls Measures by Climate Type for “Typical”
BUildings: OFfiCE PrOIOLYPES. .. .cviiveeieiie ettt sttt sreere e besne e e e sreenes 6.32
Figure 6.34. Energy Savings for Packages of Controls Measures by Climate Type for “Typical”
Buildings: Primary School, Secondary School, and Large Hotel Prototypes.........ccccocvvvvcvevieninnne. 6.33
Figure 6.35. Energy Savings for Packages of Controls Measures by Climate Type for “Typical”
Buildings: Strip Mall, StandAlone Retail, and Supermarket Prototypes.........ccccoevvvvevenviieevesennne. 6.34
Figure 6.36. Energy Savings for Packages of Controls Measures by Climate Type for “Efficient”
BUildings: OFfiCe PrOIOLYPES. .. .cuviiviiiieiiecie ettt sttt sre s e besneeseesbe e e neas 6.35
Figure 6.37. Energy Savings for Packages of Controls Measures by Climate Type for “Efficient”
Buildings: Primary School, Secondary School, and Large Hotel Prototypes..........ccccoevvevvivenenne. 6.36
Figure 6.38. Energy Savings for Packages of Controls Measures by Climate Type for “Efficient”
Buildings: Strip Mall, StandAlone Retail, and Supermarket Prototypes.........ccccoevevevviiveveseeriene. 6.37
Figure 6.39. Summary of Total Energy Savings for Packages of Control Measures by Building Type . 6.38
Figure 6.40. Natural Gas and Electricity Savings by Package of Measures..........ccccccoevevevivicvernsncnene. 6.39
Figure 6.41. National Total Site and Source Energy Savings Potential by Building Type in
(o [V T L Lo T = (I (0[N Lo ) ISR 6.40
Figure 7.1. National Potential Savings for Individual Measures among all Building Types and

ClmMAteS (TOP 18 IMBASUIES) ....vvveeveteesiesteateestesteestestesseesaestaaseesteateesesseassessesssessessesnseseesseessessenseensens 7.5

xXxiii



Tables

Table 2.1. Representative Cities and Climate Details...........cccoooveiiiiiiiiiiiee e 2.3
Table 2.2. Share of Total Commercial Building Stock Square Footage by Building Type and

IECC Climate Z0Ne LOCALION ........eiuiiiiiieee ettt ettt stesneesaesee e e e nnesneeneeneeanes 2.5
Table 3.1. Envelope Characteristics for the Baseling MOdelS ..........ccooeiiiieriiiie e 3.2
Table 4.1. List of Energy Savings and Demand-Response Control Measures and Applicability to

L Lol T 1001 0L OSSPSR 4.2
Table 4.2. COP and Capacity Multipliers Used to Simulate Refrigerant Undercharging ............ccccevu.... 4.4
Table 4.3. Weekday, Saturday, and Sunday Schedules in the Baseline Models and Restored

HVAC Schedule (Measure 04) MOUEIS ........ooi ittt 4.5
Table 4.4. Seasonal Switch Dates for Supply Air Temperature RESEL........c.cccvvviieriiiieiere e 4.7
Table 4.5. Lighting Savings Assumptions in Applicable Zones for Lighting Occupancy Presence

SENSOIS TOr MBASUIE L18..... .ottt ettt et ettt e e e sbe s e saeeteeneeseeaneeeenneens 4.13
Table 4.6. Occupancy Presence Sensor Application by Prototype Model for Measure 18 ..................... 4.14
Table 4.7. Parking Lot Installed Lighting and Scheduled OFF Hours for Measure 20 ............ccccccue...... 4.15
Table 4.8. Advanced RTU Control Definitions for Measure 23...........ccooveiiieenenieeie e 4.16
Table 5.1. Packages of EEMs used to Estimate National Savings...........ccccevviiiieieseeie e 5.3
Table 5.2. Packages of DR Measures used to Estimate National Savings...........cccoceeereieininiiinenene 54
Table 6.1. Weights used for the Sensitivity ANalYSiS .........ccoeiiiiiiiiiiic e 6.39
Table 7.1. Energy Savings from Individual Measures by Building Type Aggregated across All Climate

Locations and National (IaSt FOW) .......cc.eiveiiiiiece e 7.3

XXIV



1.0 Introduction

In addition to consuming more energy than they should, commercial buildings also generally cannot
maintain adequate comfort. As a result, inadequate sensing, monitoring, and control operations lead to
significant energy waste (up to 30%). For example, over 85% of buildings representing about 43% of
commercial sector building area do not have adequate control infrastructure (CBECS 2012) and still rely
on time clocks, thermostats, and manual switches. Even buildings that have sophisticated building
automation systems (BASs) do not typically use the full capabilities of the system, leading to many
operational problems that result in significant wasted energy. It is possible to reduce energy consumption
between 10% and 30% in the existing building stock by Re-tuning™, which improves and ensures
persistence of proper building operations, and by fully deploying advanced controls measures (Fernandez
et al. 2012; Fernandez et al. 2014). This savings is in addition to estimated savings of between 30% and
50% that can be achieved through deep energy retrofits (the combined savings is estimated to be between
40% and 60%?*).

Re-tuning is a systematic process of detecting, diagnosing, and correcting operational problems with
building systems and their controls in either semi-automated or fully-automated ways. Periodic Re-tuning
of building controls and HVAC systems helps to reduce inefficient and faulty operations and improve
building efficiency. The focus of this process is to identify and correct building operational problems that
lead to energy waste at little cost; it might be thought of as a scaled-down retro-commissioning (RCx)
process. Re-tuning is implemented primarily through BASs at little or no cost other than the labor
required for making the necessary control changes. The Re-tuning approach has been shown to identify
operational problems that can be corrected with low- or no-cost—and the impact is immediate (Brambley
and Katipamula 2009; Mills 2009). Unlike the traditional RCx approach, which has a broader scope,
Re-tuning primarily targets HVAC systems and their controls (Katipamula and Brambley 2008; Brambley
and Katipamula 2009).

To achieve an advanced state of building control, several needs in the commercial buildings market must
be addressed. In particular, technologies are needed to perform smart and automatic control of building
systems so that these systems are scalable, reliable, and low cost. Often technologies, like BASs, that can
be deployed to accommodate Re-tuning measures are very expensive to purchase and operate for smaller
buildings (<50,000 sf). Furthermore, existing legacy systems solutions are lacking for the small
commercial buildings market. As such, this continues to be an active area of research until controls
infrastructure is a commaodity product across building types that building owners and operators can
purchase, easily install, and maintain on their buildings without the need for custom programming by
specialized technicians.

This study was initiated to systematically estimate and document the potential savings through detailed
simulation of the impact of properly deploying accurate sensors and advanced controls, including
automated fault detection and diagnostics, by estimating the energy savings potential of these measures in
the commercial buildings sector. Furthermore, the impact of DR measures to lower commercial building
electric demand during critical peak pricing (CPP) events was investigated. This load reduction potential
can help to facilitate the performance of grid services by buildings that may be of particular benefit under
a scenario of higher penetration of distributed energy resources (DERS) (e.g., wind and solar
photovoltaics). Both analyses rely on the simulation of individual measures and packages of measures in
the U.S. Department of Energy’s (DOE’s) EnergyPlus building energy modeling software (U.S. DOE
2012). This study is a follow up to the previous DOE study conducted by TIAX (Roth et al. 2005).

1 https://energy.gov/eere/buildings/advanced-energy-design-quides
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1.1 Approach

Estimation of the national-level impact of controls and DR measures involves the simulation of packages
of energy savings and DR measures in as many different DOE prototype building models as possible and
in all 16 International Energy Conservation Code (IECC) climate zones. These simulation results are
mapped by building type and by climate to the expected square footage of all equivalent or substantially
similar buildings in similar climates documented in the 2012 Commercial Building Energy Consumption
Survey (2012 CBECS, EIA). Packages of measures are developed based on Pacific Northwest National
Laboratoy’s (PNNL’s) internal documentation of the prevalence of opportunities to implement individual
measures on over 130 buildings that have been surveyed in the past 10 years for the Re-tuning program
(Katipamula 2015). Three packages are developed that are intended to represent buildings with different
energy footprints: (1) an efficient building defined as having the most common and some advanced
measures installed, (2) a typical (average) building defined as having a handful of obvious and/or easy-to-
implement measures installed, and (3) an inefficient building defined as having no control measures
installed. Savings are evaluated by comparing the energy consumption of each of these buildings to an
“ideal” building that has all of the measures implemented (excluding a few that are expected to not be
economically sound or worthwhile investments based on individual measure simulation results).

Some of the measures are geared toward the correction of operational faults that have been added to the
baseline models to represent inefficient buildings. Simulation of individual measures is performed first,
to evaluate and understand the energy savings potential of each measure and to verify that each measure
is simulated correctly in each building type. In some cases, either due to complex modeling strategies or
limitations and “bugs” in EnergyPlus, a few measures are excluded for certain prototypes, both in the
individual measure simulation results presented in this report as well as in the results derived from
packages of measures.

A smaller set of DR measures is simulated as well. Four DR measures use different strategies to attempt
to reduce the building’s cooling load. This is important because the CPP events are scheduled in this
study to coincide with the hottest weekdays of the year. Two additional measures are a measure to dim
the lights (or to shut off a fraction of the building lights) and a measure to curtail temporarily energy-
intensive processes associated with maintaining refrigeration systems (applicable to only one building
type). Demand-response packages are created by selecting the top performing cooling energy reduction
measure and pairing with either the lighting measure or the refrigeration measure, depending on the
building type. Packaging more than one cooling energy reduction measure together is expected to cause
unacceptable disruptions in occupant comfort.

1.2 Content and Organization

Including the introduction (Section 1.0), this study consists of eight sections. Section 2.0 describes the
methodology used to estimate the national savings potential of the measures considered by describing the
mapping of CBECS building samples and square footages to EnergyPlus prototype models for simulation.
Each of the nine prototype building models used in this study and the changes that have been made to the
building models to accommodate the simulation of the full set of energy efficiency measures (EEMs) are
described in Section 3.0. Section 4.0 provides a description of the individual efficiency and DR measures
considered for this study, including details regarding how each measure was modeled in EnergyPlus. The
distribution of individual EEMs within three packages of measures used to calculate the national savings
potential are discussed in Section 5.0. The results of the simulations—first describing the savings from
individual EEMs by measure, by building type, and in terms of nationally-aggregated summaries; then
describing the electricity demand savings derived from DR measures; and finally presenting the national
savings estimates derived from simulation of the packages of measures, are presented in Section 6.0.
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Section 7.0 summarizes the results and conclusions with a description of the limitations of the current
study. Finally, references are listed in Section 8.0.
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2.0 National Savings Calculation Methodology

The calculation of potential national energy savings from the adoption of sensors and controls measures is
outlined in this section. The 2012 CBECS forms the basis of the estimation of total existing building
square footage. The 2012 CBECS encompasses 5,557 buildings across the country that are strategically
selected to be representative of the national existing building stock. These buildings are assigned weights
according to how many existing buildings are representative of the surveyed building within the region it
is located. To calculate the national energy savings potential of measures, CBECS-calculated square
footage was mapped to EnergyPlus simulations, both by building type and by climate.

2.1 Mapping CBECS by Building Type

Commercial buildings are categorized by the 2012 CBECS according to principal building activity
(PBA). There are 17 PBAs, many of which include subcategories. Nine prototype building models were
selected for simulation as part of this study: Supermarket, Large Hotel, StandAlone Retail, Strip Mall
Retail, Small Office, Medium Office, Large Office, Primary School, and Secondary School. These
building types were selected because of the availability of detailed EnergyPlus reference models and the
potential for savings. Furthermore, the selection was based on the PBAs by the category or subcategory
that could be reasonably represented by one of the nine prototype models, based on space usage,
anticipated building internal loads, and anticipated types of heating, ventilation, and air-conditioning
(HVAC) system. Figure 2.1 shows the mapping process. The far left column lists each of the PBAs, in
some cases broken into subcategories of PBA. The applicable PBAs that could be mapped to an
EnergyPlus model are listed in black, while the PBAs that could not be mapped are listed in red. In two
cases, an intermediate criterion was needed for the mapping. For office buildings, all subcategories of
office buildings were combined, then the buildings were segregated according to square footage;
buildings under 25,000 ft? were assigned to the Small Office category, buildings between 25,000 and
100,000 ft? were assigned to the Medium Office category, and buildings over 100,000 ft? were assigned to
the Large Office category.

Another intermediate criterion was used for mapping the Inpatient Health Care (Hospital) PBA. For
hospitals, it was determined that only the administrative portion of the building could be mapped to the
Large Office prototype. To determine an estimated square footage of the administrative portion, the study
investigated the space usage types and HVAC system connections for each zone in the Hospital building
prototype EnergyPlus model, which was not otherwise used for this study. Offices, corridors, and nurses’
lobbies were grouped as administrative zones. These zones were controlled by one of two variable air
volume (VAV) units that did not control other patient rooms, laboratories, and operating areas. The total
fraction of the building dedicated to these administrative spaces was 69% of the total floor area. This is
the fraction of the square footage used for the CBECS mapping. Other notable mapped PBAs include
Outpatient Healthcare being mapped to the Medium Office prototype, Food Sales:Convenience Store
(with or without a gas station) being mapped to Supermarket, and Retail:Dealership being mapped to
StandAlone Retail. In all, the PBAs that are mapped to prototype models represent 51.6% of total
commercial building sector square footage and 56.8% of commercial building sector energy consumption.
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Intermediate  prototype

CBECS PBA Criteria Model
Food Sales: Grocery Store
Food Sales: Gas Station with a Convencience Store » Supermarket

Food Sales: Convenience Store
Food Service: All

Lodging: Hotel »Large Hotel
Lodging: All Others
Mercantile (Retail Other than Mall): Retail Store | #Standalone Retail

Mercantile (Retail Other than Mall): dealership
Mercantile (Retail Other than Mall): Other
Mercantile (Enclosed and Strip Malls): Enclosed Mall
Mercantile (Enclosed and Strip Malls): Strip Mall » Strip Mall Retail
Health Care (Outpaitent): all

<25,000 ft? . Small Office
Office: All—» 50-100,000 ft2—tip Medium Office
™ >100,000 ft? Large Office
Health Care(inpatient): hospital—» 69% of floor area—r.
Health Care(inpatient): inpatient rehabilitation
Education:College or University
Education: Elementary /Middle School » Primary School
Education: High School »Secondary School
Education: All Others
Public Assembly: All
Public Order and Safety: All
Religious Worship
Service: All
Warehouse and Storage: All
Other: All
Vacant

Figure 2.1. Mapping from the 2012 CBECS Principal Building Activity to the EnergyPlus Prototype

Principal building activities (PBAs) in the 2012 commercial building energy consumption survey
(CBECS) do not necessarily match the available EnergyPlus prototype models. A mapping based on
similar building types and in some cases, building size was undertaken to later assign floor area weights
to the results generated from each prototype model. Note: black typeface indicates mapping of PBA to an
EnergyPlus model while red indicates PBAs that could not be mapped and are thus not represented in
this study).

2.2 Mapping CBECS by Climate

To estimate national energy savings, the impact of unique climates on the potential energy savings from
each of the measures must be taken into account. This study used the IECC climate zones as delineations
of unique climate regions that should be considered for building energy simulation. There are 16 IECC
climate zones, which are presented in Table 2.1, along with their associated alphanumeric code; the code
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delineates a zone (1-8) with “1” being the hottest and “8” being the coldest on an annual basis. A letter
(A, B, or C) accompanies most climate codes to indicate humidity regimes; A is humid, B is dry, and C is
marine climate. One city in each climate zone is used for simulation, and these cities are specified in
Table 2.1, along with the heating-degree-days, cooling-degree-days, and summer humidity conditions in
those cities.

Table 2.1. Representative Cities and Climate Details

A representative U.S. city was selected in each of 16 International Energy Conservation Code (IECC)
climate zones and a corresponding typical meteorological year 3 (TMY3) weather file was selected for
simulation in EnergyPlus. Annual heating degree-days, cooling degree-days, and average summer
dewpoints are provided based on analyses of the TMY3 files.

Heating-Degree- Cooling-Degree-
IECC Climate Zone Days (°F-days) Days (°F-days) Dewpoint (°F)
June—
September
Representative City Code Description HDD55 HDD65 CDD55 CDD50 Average
Miami, FL 1A Very Hot, 6 130 7,585 9,404 72
Humid
Houston, TX 2A Hot, Humid 626 1,557 5,403 6,942 70
Phoenix, AZ 2B Hot, Dry 307 1,200 6,712 8,324 52
Atlanta, GA 3A Warm, Humid 1,486 3,129 3,517 4,792 65
Los Angeles, CA 3B-CA Warm, Dry, 82 1,442 2,636 4,380 58
California
Las Vegas, NV 3B - Warm, Dry 838 2,356 5,272 6,625 38
other
San Francisco, CA 3C Warm, Marine 743 3,497 947 2,208 51
Baltimore, MD 4A Mixed, Humid 2,818 4,862 2,710 3,719 62
Albuquerque, NM 4B Mixed, Dry 2,505 4,494 2,810 3,810 47
Seattle, WA 4C Mixed, 2,208 5,003 959 1,824 50
Marine
Chicago, IL 5A Cool, Humid 4,099 6,405 2,111 2,978 58
Boulder, CO 5B Cool, Dry 3,733 6,141 1,833 2,687 44
Minneapolis, MN 6A Cold, Humid 5,503 7,898 1,907 2,717 57
Helena, MT 6B Cold, Dry 5,063 7,880 1,159 1,841 42
Duluth, MN 7 Very Cold 7,094 10,107 796 1,351 51
Fairbanks, AK 8 Subarctic 10,903 14,096 491 918 43

The CBECS database does not have a climate characterization that is consistent with the set of 16 IECC
climate zones. In fact, CBECS does not categorize by climate at all; instead, it provides only the census
division (e.g., “Mountain,” “East South Central”), total annual heating-degree-days (HDDs), and total
annual cooling-degree-days (CDDs) as hints to the applicable IECC climate zone. The study used the
following climate mapping methodology, relying only on the HDDs and CDDs provided for each CBECS
entry:

1. Assembly of National Oceanic and Atmospheric Administration (NOAA) monthly weather data from
360 weather stations. The data consist of reported HDDs and CDDs at the base temperature of 65°F
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for year 2012. In collecting these degree-days, the approach matches the time period used to
determine the degree-days in 2012 CBECS.

2. Assigning each building to one of the 360 weather stations by calculating which weather station
(within the given CBECS census region) is the closest using the best linear least squares fit of the
CBECS data to the weather data. Equation (2.1) calculates the U.S. weather station closest to (or with
minimum “distance” from) the CBECS building:

" Distance” = y/(HDD, — HDD,)? + (CDD, — CDD, )’ 21)
3. Attributing an IECC climate zone to each CBECS entry according to the climate zone designated to
the assigned weather station.

Table 2.2 shows the final mapping of the 2012 CBECS square footage by the prototype model and the
IECC climate zone location. The numbers were normalized by dividing by the total commercial sector
square footages from 2012 CBECS. Thus, the sum of the entries in the table is equal to the fraction of
2012 CBECS square footages represented by the nine EnergyPlus prototype models (51.6%). Also note
that two climate locations are modeled in IECC Climate Zone 3B (Los Angeles and Las VVegas). The
weights for each building type in Climate Zone 3B are split equally between these two locations for the
national savings estimates.
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Table 2.2. Share of Total Commercial Building Stock Square Footage by Building Type and IECC
Climate Zone Location

The 2012 Commercial Building Energy Consumption Survey (CBECS) was used to estimate the
proportion of the total commercial building sector floor area represented by each building type(s) in each
climate zone. Because CBECS does not provide a comparable climate zone for buildings in its database,

heating and cooling degree-days provided by CBECS were used in a methodology developed to map each
building to a climate zone.
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1A (Miami) 0.10% 0.08% 0.06% 0.22% 0.14% 0.05% 0.03% 0.01% 0.01% 0.69%
2A (Houston) 0.89% 0.59% 0.57% 0.70% 0.82% 0.72% 0.32% 0.36% 0.10% 5.07%
2B (Phoenix) 0.23% 0.05% 0.04% 0.15% 0.10% 0.08% 0.06% 0.02% 0.00% 0.74%
3A (Atlanta) 1.23% 0.66% 0.63% 0.96% 0.65% 0.93% 0.27% 0.55% 0.15% 6.04%
3B (Las Vegas) 0.44% 0.46% 0.39% 0.26% 0.36% 0.41% 0.12% 0.20% 0.14% 2.77%
3B-CA (Los Angeles) 0.44% 0.46% 0.39% 0.26% 0.36% 0.41% 0.12% 0.20% 0.14% 2.77%
3C (San Francisco) 0.40% 0.14% 0.11% 0.05% 0.12% 0.06% 0.00% 0.06% 0.03% 0.96%
4A (Baltimore) 2.74% 1.25% 0.98% 1.03% 1.13% 1.29% 0.77% 0.68% 0.21% 10.07%
4B (Albuquerque) 0.44% 0.39% 0.38% 0.09% 0.10% 0.26% 0.12% 0.18% 0.06%  2.03%
4C (Seattle) 0.24% 0.24% 0.12% 0.27% 0.11% 0.10% 0.08% 0.00% 0.03% 1.17%
5A (Chicago) 221% 1.47% 1.27% 1.15% 1.28% 1.38% 0.88% 0.33% 0.31% 10.28%
5B (Denver) 1.03% 0.74% 0.45% 0.54% 0.41% 0.63% 0.27% 0.12% 0.15% 4.34%
6A (Minneapolis) 0.59% 0.37% 0.39% 0.31% 0.18% 0.44% 0.33% 0.09% 0.07% 2.76%
6B (Helena) 0.19% 0.24% 0.23% 0.12% 0.04% 0.17% 0.10% 0.08% 0.03% 1.21%
7 (Duluth) 0.07% 0.10% 0.10% 0.12% 0.04% 0.10% 0.05% 0.13% 0.02% 0.73%
8 (Fairbanks) 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Totals 11.24% 7.25% 6.09% 6.24% 5.84% 7.03% 3.51% 3.00% 1.44% 51.63%

To calculate national savings by building type (across all climates) for either an EEM or a package of
EEMs, the building energy savings attributable to reductions in electricity was calculated according to
Equation (2.2) and the building energy savings attributable to reductions in natural gas was calculated
according to Equation (2.3).

Savings,elecy, =1—-

> (EUI (base, elec) * weight — EUI (EEM, elc) * weight)

> (EUI (base) * weight)

Ccz
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> (EUI (base, gas) * weight — EUI (EEM, gas) * weight )
Savings, gas,; =1—-%

> (EUI (base) * weight )
& 2.3)

where the subscript BT denotes savings for a given building type, CZ denotes the summation across all
climate zones, and “base” refers to the baseline model without the EEM or package of EEMs applied.

For total national savings across all building types and climate zones, the following two equations
(Equations (2.4) and (2.5)) were used, which mirror the previous two equations, but sum across building
types as well. Note that for total national savings for a given EEM, the denominator sums the energy use
intensities (EUIs) and weights across all building types, even if the measure was not applicable for that
building type. This reduced the national savings for measures that were less globally applicable.

> > (EUI (base, elec) * weight — EUI (EEM, elc) * weight )
S H , I :1_ BT CZ
avings, elec S S (EUI (base) * weight)
BT cz

(2.4)
> > (EUI(base, gas) * weight — EUI (EEM, gas) * weight)
Savings,gas =1--21 £
> > (EUI(base) * weight)
BT Cz (2.5)
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3.0 Building Prototype Models

This section describes each of the EnergyPlus building models that were used for the simulation of each
of the efficiency and DR measures simulated in this report. In general, the models were either taken
directly from the commercial building prototypes (U.S. DOE 2016) developed by DOE for the Building
Energy Codes Program, or from further iterations of these models—for example, from the set of
Advanced Energy Design Guides (AEDG 2008; AEDG 2011; AEDG2015) published by the American
Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) with support from DOE.
These models formed a starting point for the development of the baseline models used in this study.
Several changes were needed for each model to properly estimate the savings from the full suite of
efficiency measures that were investigated. This section describes in detail each of the source models and
the changes that were made for this study.

3.1 Small Office

The EnergyPlus model for Small Office was developed by modifying the prototype model used in the
Advanced Energy Design Guide (AEDG 2011). The prototype is a two-story building with 20,000 ft? of
total floor area. Figure 3.1 reveals an axonometric projection of the building shape plus a diagram of floor
zoning, which is identical on the first and second floors. The diagram shows that the building has 4 ft
plenum spaces above each floor (12 ft floor-to-ceiling height) and regular placement of windows for a
total window-to-wall fraction of 20%. Perimeter zones are delineated by the orientation of each facade.
Each perimeter zone is 12 ft deep. A core zone occupies 58% of the area of each floor. Each zone
includes thermal mass that is specified as 2 ft? of 6 in. thick wood per square foot of floor space.!

The Small Office building represents buildings constructed in the 1990s. Specifically, ASHRAE Standard
90.1-1999 code was used for the wall, roof, and window construction, as shown in Table 3.1. The original
intent was to use performance requirements specified in ASHRAE Standard 90.1-2004. However,
because ASHRAE Standard 90.1-1999 has even more stringent requirements than Standard 90.1-2004 in
some climates, ASHRAE 90.1-1999 was used instead for this analysis. Exterior walls are constructed of
8 in. concrete blocks with rigid insulation in varying thickness required to meet climate-zone—dependent
code requirements and an interior ¥z in.-thick gypsum board. The roof is a built-up roof with rigid
insulation above a metal deck. The peak infiltration rates of outdoor air are 0.2 cfm/ft? of exterior surface
area and coincide with the scheduled shutdown of rooftop unit (RTU) fans. When the fans are on,
infiltration rates drop to one-quarter of this level.

! Internal mass was not included in the AEDG model, but was added for this study to be consistent with the Large
Office model.
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Figure 3.1. Small Office Prototype Building Shape and Zoning Diagram

Table 3.1. Envelope Characteristics for the Baseline Models

Window U- Window Solar
Roof U-Values  Wall U-Values  Values (Btu/hr- Heat Gain

Location (Btu/hr-sf-F) (Btu/hr-sf-F) sf-F) Coeff (SHGC)
Miami, FL 0.074 1.000 1.220 0.25
Houston, TX 0.066 0.340 1.220 0.25
Phoenix, AZ 0.046 0.410 1.220 0.25
Atlanta, GA 0.072 0.290 0.720 0.25
Los Angeles, CA 0.100 1.000 1.220 0.44
Las Vegas, NV 0.048 0.290 1.220 0.25
San Francisco, CA 0.088 0.490 0.720 0.39
Baltimore, MD 0.058 0.120 0.590 0.36
Albuquerque, NM 0.059 0.190 0.720 0.36
Seattle, WA 0.064 0.100 0.720 0.39
Chicago, IL 0.053 0.100 0.590 0.39
Denver, CO 0.051 0.140 0.590 0.39
Minneapolis, MN 0.045 0.071 0.520 0.39
Helena, MT 0.049 0.079 0.520 0.39
Duluth, MN 0.040 0.061 0.520 0.49
Fairbanks, AK 0.031 0.047 0.520 0.49

Internal loads include lighting at a density of 1.36 W/ft? and interior electric equipment at a density of
0.75 W/ft? in each zone. Occupant densities peak at 200 ft? per occupant.® Lighting, equipment, and
occupancy schedules on weekdays, Saturdays, and Sundays are shown in Figure 3.2. Exterior lighting
includes 4.89 kW of parking lot lights and 3.29 kW of other exterior building lights on photocell sensors.

2 Lighting power densities were 1.0 W/ft? in the AEDG model, but were changed for this work to be consistent with
the Large Office model.

% Occupant densities were 226 ft2 per person in the AEDG model, but were changed for this work to be consistent
with the Medium Office model.
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Figure 3.2. Small, Medium and Large Office — Schedules of Internal Loads

HVAC is provided for each zone via single-zone packaged RTUs. The RTUs have single-speed direct
expansion (DX) cooling coils with rated coefficients of performance (COPs) of 2.73% and gas heating
coils with rated thermal efficiency of 80%. RTU fans are constant volume fans. Zone thermostat setpoints
are set at 73°F for cooling and 71°F for heating.® Night setback and setup temperature setpoints are 65°F
and 80°F, respectively. Minimum outdoor air fractions for ventilation are set constant at 15%. Outdoor air
economizers are used in all IECC climate zones, except 1a, 1b, 2a, 2b, 3a, 3b, and 4a. Operation
schedules for the RTU fans, as well as hours of operation for occupied thermostat setpoints, run from
5:00 a.m. to 10:00 p.m. on weekdays and from 5:00 a.m. to 6:00 p.m. on Saturdays.® For domestic hot
water, the building uses a 75-gallon natural-gas-fired hot water tank. Hot water use equipment has been
added to the model so that cold domestic water is mixed with hot water at the point of use. Bathroom
exhaust fans have been added to the two core zones of the model with constant “on” schedules for
modeling control savings derived from scheduling exhaust fans.

Some additional faults are added to the Small Office baseline model to facilitate simulation of several
fault correction measures. These include the addition of a low refrigerant charge fault, which lowers

the COP of the RTUs’ cooling coils by 10% and their cooling capacity by 20%. Temperature bias faults
of +3°C and -3°C are added to all outdoor air temperature sensors and to all return air temperature

4 Note that the COP for the baseline is lower than the 3.033 COP in the AEDG model because of a fault that has
been added to the baseline to simulate low refrigerant charge.

® Thermostat setpoints were 70°F for heating and 75°F for cooling in the AEDG model, but were changed to 71°F
and 73°F, respectively, for consistency with the Large Office model.

6 Morning start-up time was 6:00 a.m. Monday through Saturday in the AEDG model, but was changed to 5:00 to
provide a standardized 3 hours of morning start-up time prior to occupancy.
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sensors, respectively. These temperature bias faults only affect the economizer operation. To simulate
poor damper seals, the maximum outdoor air fraction was limited to 70%.

Additional advanced controls were added to better model the impact of turning on and off air systems that
affect building pressurization. These include packaged air-handling units (AHUS) and exhaust fans. A
common control of AHUs is to establish a differential between outdoor airflow and relief airflow, such
that the AHU (and by extension the building) is always bringing in slightly more outdoor air than is being
exhausted when the AHU is on, in an attempt to maintain slightly positive building pressure. This type of
control is embodied in the infiltration schedule in the AEDG model, which sets infiltration to 100% when
the fan is off, but decreases infiltration to 25% during the hours when the fan is scheduled to run. This
schedule, however, is fixed and does not respond to the AHU fans coming on after-hours for night-cycle
operation. New Energy Management System (EMS) code has been added that dynamically changes the
base infiltration fraction between 25% and 100% according to the fraction of the building’s AHUs that are
on. For example, during night-cycle operation, if two of the Small Office’s 10 AHUs come on to maintain
zone temperatures, the infiltration fraction will drop from 100% to 85%. If eight of the 10 AHUs come
on, the infiltration fraction will drop to 40%. A further reduction to the infiltration fraction is achieved if
and when the bathroom exhaust fans shut off under the assumption that all air that is exhausted from the
building must be made up through infiltration. The reduction fraction is calibrated such that the total
volumetric flow rate of infiltration reduced to the entire building is equal to the total flow rate of air that
the fans exhaust when they are on. This control is necessary to accurately model savings from a measure
that shuts off the exhaust fans at night.

3.2 Medium Office

The EnergyPlus model for Medium Office was developed by modifying the prototype model used in the
Advanced Energy Design Guide (AEDG 2011). The Medium Office prototype is a three-story building
with 53,600 ft? of total floor area. Figure 3.3 is an axonometric projection of the building shape and
Figure 3.4 is a diagram of floor zoning, which is identical on all three floors. Figure 3.3 shows that the
building has 4 ft plenum spaces above each floor (13 ft floor-to-ceiling height) and a continuous band of
windows for a total window-to-wall fraction of 33%. Perimeter zones are delineated by the orientation of
each facade. Each perimeter zone is 15 ft deep. A core zone occupies 60% of the area of each floor. Each
zone includes thermal mass that is specified as being 2 ft? of 6 in.-thick wood per square foot of floor
space.

The Medium Office building represents buildings constructed in the 1990s. ASHRAE 90.1-1999 was the
code used for wall, roof, and window construction for the same reasons as the Small Office model.
Exterior walls are steel framed (stucco-exterior) with rigid insulation in varying thicknesses required to
meet climate-zone—dependent code requirements and an interior 5/8 in.-thick gypsum board. The roof is a
built-up roof with rigid insulation above a metal deck. Peak infiltration rates of outdoor air are 0.2 cfm/ft?
of exterior surface area and coincide with scheduled shutdown of VAV system fans. When the fans are
on, infiltration rates drop to one-quarter of this level.
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Figure 3.4. Medium Office Thermal Zoning

Internal loads include lighting at a density” of 1.36 W/ft? and interior electric equipment at a density of
0.75 W/ft? in each zone. Occupant densities peak at 200 ft? per occupant. Lighting, equipment, and
occupancy schedules on weekdays, Saturdays, and Sundays are shown in Figure 3.2. Exterior lighting
includes 13.12 kW of parking lot lights and 7.56 kW of other exterior building lights on photocell
Sensors.

HVAC is provided for each floor via a packaged VAV system. The packaged VAV air handlers have two-
speed DX cooling coils with rated COPs of 2.618 and gas heating coils with a rated thermal efficiency

" Lighting power densities were 1.0 W/ft? in the AEDG model, but were changed for this work to be consistent with

the Large Office model.
8 Note that the COP for the baseline is lower than the 2.9 COP in the AEDG model because of a fault that has been

added to the baseline to simulate low refrigerant charge.
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of 80%. VAV terminal boxes are equipped with electric reheat coils for final conditioning. Minimum
VAV airflow fractions for each zone are set at 40% of the maximum flows, which are autosized in
EnergyPlus. Supply air temperature setpoints for each VAV system are constant at 55°F year-round.
Static pressure control is implicitly controlled to a constant setpoint via a constant fan pressure rise of
1120.5 Pa. Zone thermostat setpoints are set at 73°F for cooling and 71°F for heating.® Night setback and
setup temperature setpoints are 65°F and 80°F, respectively. Minimum outdoor air fractions for
ventilation are set constant at 15%. Outdoor air economizers are used in all IECC climate zones, except
1a, 1b, 2a, 2b, 3a, 3b, and 4a. Operation schedules for VAV supply fans, as well as hours of operation for
occupied thermostat setpoints, run from 5:00 a.m. to 10:00 p.m. on weekdays and from 5:00 a.m. to

6:00 p.m. on Saturdays.*® For domestic hot water, the building uses a 200-gallon natural-gas-fired hot
water tank. Hot water use equipment has been added to the model so that cold domestic water is mixed
with hot water at the point of use. Bathroom exhaust fans have been added to the three core zones of the
model with constant “on” schedules for the purpose of modeling control savings from adding schedules to
exhaust fans.

Some additional faults were added to the Medium Office baseline model to facilitate simulation of several
fault correction measures. These include the addition of a low refrigerant charge fault, which lowers the
COP of the VAV systems’ DX cooling coils by 10% and their cooling capacity by 20%. Temperature bias
faults of +3°C and -3°C are added to all outdoor air temperature sensors and to all return air temperature
sensors, respectively. To simulate poor damper seals, the maximum outdoor air fraction is limited to 70%.

Some additional advanced control of infiltration rates has been added to better model the impact of
turning on and off air systems that affect building pressurization. The strategy used for these changes is
discussed in detail Section 3.1.

3.3 Large Office

The Large Office prototype is a four-story building with 200,000 ft? of total floor area. Figure 3.5 is an
axonometric projection of the building shape and Figure 3.6 is a diagram of floor zoning, which is
identical on all four floors. Figure 3.5 shows that the building has 4 ft plenum spaces above each floor
(13 ft floor-to-ceiling height) and a continuous band of windows for a total window-to-wall fraction

of 40%. Perimeter zones are delineated by the orientation of each facade. Each perimeter zone is 15 ft
deep. A core zone occupies 60% of the area of each floor. An additional 2,860 ft? conference room and a
429 ft2 computer room are also located in the interior of the top floor. The bottom three floors each have a
computer room, but do not have the additional conference room. Each zone includes thermal mass that is
specified as 2 ft? of 6 in thick wood per square foot of floor space.

The Large Office building also represents buildings constructed in the 1990s and uses ASHRAE 90.1-
1999 for wall, roof, and window construction for the same reasons discussed in the Small Office and
Medium Office model sections. Exterior walls are steel framed (stucco-exterior) with rigid insulation in
varying thickness required to meet climate-zone—dependent code requirements and an interior 5/8 in.-
thick gypsum board. The roof is a built-up roof with rigid insulation above a metal deck. Peak infiltration
rates of outdoor air are 0.094 cfm/ft? of exterior surface area and coincide with scheduled shutdown of
VAV system fans. When the fans are on, infiltration rates drop to one-quarter of this level.

® Thermostat setpoints were 70°F for heating and 75°F for cooling in the AEDG model, but were changed to 71°F
and 73°F, respectively, for consistency with the Large Office model.

10 Morning start-up time was 6:00 a.m. Monday through Saturday in the AEDG model, but was changed to 5:00
a.m. to provide a standardized 3 hours of morning start-up time prior to occupancy.

3.6



Figure 3.5. Large Office Building Shape

Figure 3.6. Large Office Thermal Zoning

Internal loads include lighting at a density of 1.33 W/ft? and interior electric equipment at a density of
0.75 W/ft? in each zone, except for computer rooms, which have a density of 25 W/ft2. Occupant densities
peak at 194 ft? per occupant in all zones except conference zones (which peak at 22 ft? per person) and
computer rooms (which have no occupancy). Lighting, equipment, and occupancy schedules on
weekdays, Saturdays, and Sundays are shown in Figure 3.2. Exterior lighting includes 23.52 kW of
parking lot lights and 10.12 kW of other exterior building lights on photocell sensors.

HVAC is provided for each floor via built-up VAV air handlers. The air handlers have chilled water
cooling coils and hot water heating coils. VAV terminal boxes are equipped with hot water reheat coils
for final conditioning. Minimum VAV airflow fractions for each zone are set at 40% of the maximum
flows, which are autosized in EnergyPlus. Supply air temperature setpoints for each VAV system are
constant at 55°F year-round. Static pressure control is implicitly controlled to a constant setpoint via a
constant fan pressure rise of 1,500 Pa. Zone thermostat setpoints are set at 73°F for cooling and 71°F for
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heating. Night setback and setup temperature setpoints are 65°F and 80°F, respectively. Minimum
outdoor air fractions for ventilation are set constant at 15%. Outdoor air economizers are used in all IECC
climate zones, except 1a, 1b, 2a, 2b, 3a, 3b, and 4a. Operation schedules for VAV supply fans, as well as
hours of operation for occupied thermostat setpoints, run from 5:00 a.m. to 10:00 p.m. on weekdays and
from 5:00 a.m. to 6:00 p.m. on Saturdays.!

The building has a central plant that consists of two equal-sized natural-gas-fired boilers (67% thermal
efficiency) that heat a primary hot water loop fed by a constant-speed pump. A secondary loop served by
a variable-speed pump delivers the hot water to VAV terminal box reheat coils. The hot water primary
loop is controlled to meet a constant-supply setpoint of 180°F.

Two equal-sized chillers (5.2 rated COP) cool a primary chilled water loop fed by a constant-speed pump.
A secondary loop served by a variable-speed pump delivers chilled water to the cooling coils of the
building’s AHUs. The chilled water primary loop is controlled to meet a constant-supply setpoint of 44°F.

A constant-speed pump delivers water from the chillers’ condensers to two cooling towers, each with
constant-speed fans. The boilers, chillers, and cooling towers are staged to meet their respective loads.

For domestic hot water, the building uses a 600-gallon natural-gas-fired hot water tank. Hot water use
equipment has been added to the model so that cold domestic water is mixed with hot water at the point of
use. There are bathroom exhaust fans located in each of the core zones of the model with constant “on”
schedules.

Additional faults were added to the Large Office baseline model to facilitate simulation of several fault
correction measures. These include an EMS program (discussed in the description for Measure 03) that
simulates leaking AHU hot water coil valves by adding a fixed 2°C of heating across the hot water coil
whenever the fan and the hot water loop are active. Temperature bias faults of +3°C and -3°C are added
to all outdoor air temperature sensors and to all return air temperature sensors, respectively. To simulate
poor damper seals, the maximum outdoor air fraction is limited to 70%. This model is also modified to
include a run of indoor hot water piping that spans the long dimension of the building, located in the
plenum space above each floor. Ninety percent of this pipe is insulated, while 10% is uninsulated. The
purpose of this addition is to more accurately model the effects of hot water temperature reset.The
primary loop hot water, chilled water, and condenser water pumps have been configured in this model to
be interlocked with the status of the equipment they serve. For example, when a chiller shuts off, its
primary pump shuts off as well. Additional EMS code has been added, however, to keep the secondary
loop chilled water and hot water pumps always on whenever their respective primary equipment (chillers
and boilers) are available to run (which is all the time). This is meant to simulate common control of the
secondary loop pumps, wherein the pumps do not receive control feedback from hot water and chilled
water valves out in the building, and by default, run continuously unless the plant systems are locked out.

Additional advanced control of infiltration rates have been added to better model the impact of turning on
and off air systems that affect building pressurization. The strategy used for these changes is discussed in
detail in Section 3.1

1 Morning start-up time was 6:00 a.m. Monday through Saturday in the AERG model, but was changed to 5:00 to
provide a standardized 3 hours of morning start-up time prior to occupancy.
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3.4 Large Hotel

The prototype Large Hotel building consists of six stories above ground, plus a conditioned basement
floor, totaling 122,132 ft? of total floor area. Figure 3.7 is an axonometric projection of the building
shape. The basement floor is a single conditioned zone. The first floor contains the lobby, two retail
stores, a café, a storage room, a laundry room, and a mechanical room. Aside from a banquet room,
dining room, and kitchen on the sixth floor, the rest of the five upper floors are devoted to guest rooms
and corridors. There are 179 total guest rooms, accounting for 41% of the building’s total floor area. Most
of the guest rooms are accounted for in the model through duplicated zones within EnergyPlus. In the
original prototype, there is one guest room zone on the north side and one guest room zone on the south
side of the building’s second through fifth floors that is duplicated 76 times through a zone multiplier. For
this modeling work, each of these two zones was copied and each modeled as two zones, each with a
multiplier of 38. The reason for this change was to accommodate a common controls measure for
hotels—occupancy sensors that control guest room heating, cooling, and lights. In the original prototype,
the guest room occupancy schedules use common schedules that indicate the average rate of occupancy
(on a scale of 0 to 100%). To accommodate the guest room occupancy sensor measure, this average was
replaced by unigque zone-by-zone occupancy schedules that were either 1 for occupied or 0 for
unoccupied. At all times, when weighted by square footage, the total guest room occupancy was nearly
equal to the total guest room occupancy in the original prototype. Splitting the two most highly duplicated
zones in two was necessary to maintain this equivalence.

The Large Hotel building is intended to represent buildings constructed in the 1990s. The code used for
wall, roof, and window construction is ASHRAE 90.1-1999 for the same reasons discussed in

Section 3.1. Exterior walls are 8 in. mass walls with rigid insulation in varying thicknesses required to
meet climate-zone—dependent code requirements and an interior 0.5 in.-thick gypsum board. The roof is a
built-up roof with rigid insulation above a metal deck. Infiltration rates vary by zone according to the
values in the original prototype. The window-wall ratio for the building is 30.2%.

Figure 3.7. Large Hotel Building Shape

Internal loads include lighting at a density that ranges from 0.5 W/ft? in corridors to 1.5 W/ft? in the two
retail stores. The area-weighted average is 1.00 W/ ft. Interior electric equipment densities are 0.63 W/ft?
in guest rooms, but vary significantly in other zones; the highest densities occur in the kitchen (272 W/ft?)
and the laundry room (56 W/ft?). The area-weighted average is 3.82 W/ ft2. Occupant densities vary by
zone and average 336 ft2 per person. Lighting and equipment schedules on weekdays and weekends are
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shown in Figure 3.8 and Figure 3.9, respectively. Exterior lighting includes 23.52 kW of parking lot lights
and 10.12 kW of other exterior building lights on photocell sensors.
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Figure 3.8. Weekday Schedules for Lighting and Equipment in Large Hotel Prototype
100%
90%
g 5% G | Building Light
% 70% ~——General Building Lights
” 60% = Guest Room Lights
o
.g 50% ~— General Building Equipment
2 a0%
E . — Guest Room Equipment
30% : . .
’ = Kitchen Electric Equipment
20% _ _
10% ——Kitchen Gas Equipment
0%
0 4 8 12 16 20 24

Hour of Day
Figure 3.9. Weekend Schedules for Lighting and Equipment in the Large Hotel Prototype

HVAC systems differ between the guest rooms and the rest of the building. Guest rooms use a four-pipe
fan-coil unit for heating and cooling, and receive hot water or cold water from a central plant. The fan in
the unit is an on/off, constant-speed fan that cycles on to deliver heating or cooling as needed to maintain
the room thermostat setpoint. For ventilation in guest rooms, a dedicated outdoor air system (DOAS) with
an enthalpy wheel for heat recovery distributes conditioned ventilation air to each of the rooms. There is a
heating and cooling coil downstream of the heat recovery wheel in the DOAS main air supply. The
DOAS is configured with linear supply air temperature reset based on the outdoor air temperature. The
setpoint is reset from 60°F at 60°F outdoor air temperature down to 55°F at 70°F outdoor air temperature.
The DOAS unit is equipped with a constant-speed fan and runs continuously to provide ventilation.
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The rest of the building is conditioned and ventilated using a single VAV air handler with chilled water
cooling coils and hot water heating coils. VAV terminal boxes are equipped with hot water reheat coils
for final conditioning. Minimum VAV airflow fractions for each zone range from 30% to 100%. The
supply air temperature setpoint for the VAV system is constant at 55°F year-round. Static pressure control
is implicitly controlled to a constant setpoint via a constant fan pressure rise of 1,389 Pa. Zone thermostat
setpoints are set at 73°F for cooling and 71°F for heating, and these setpoints are maintained 24 hours per
day, year-round. The hotel has continuous occupancy and the VAV system runs continuously without
schedules.

The building has a central plant that consists of a natural-gas-fired boiler (80% thermal efficiency) that
heats a building hot water loop, served by a variable-speed pump. The pump delivers the hot water to the
VAV terminal box reheat coils and to the fan-coil units in each of the guest rooms. The hot water primary
loop is controlled to meet a constant-supply setpoint of 180°F.

One air-cooled chiller (2.8 rated COP) cools a primary chilled water loop fed by a constant-speed pump.
A secondary loop served by a variable-speed pump delivers chilled water to the cooling coils of the
DOAS and the VAV air handler. The chilled water primary loop is controlled to meet a constant-supply
setpoint of 44°F.

For domestic hot water, the building uses a 600-gallon natural-gas-fired hot water tank. An additional
300-gallon tank serves the laundry room.

As described in Section 3.3, a fault has been added to facilitate simulation of leaking hot water coil valves
by adding a fixed 2°C of heating across the hot water coils in the DOAS and VAV AHU whenever the
hot water loop is active. Also, as described for the Large Office prototype, this model is modified to
include a run of indoor hot water piping that spans the long dimension of the first floor (where the boiler
room is located), plus a vertical segment of pipe that travels to the top floor. Ninety percent of this pipe is
insulated, while 10% is uninsulated.

3.5 StandAlone Retail

The EnergyPlus model for StandAlone Retail was developed by modifying the prototype model used in
the Advanced Energy Design Guide (AEDG 2008). The StandAlone Retail prototype is a single-story
building with a rectangular footprint, covering 24,695 ft of total floor area, with a floor-to-ceiling height
of 20 ft. Figure 3.10 is an axonometric projection of the building and Figure 3.11 is a diagram of zoning.
Approximately 70% of the total floor area is contained in the core retail zone. Only the front fagade of the
building has any windows, and the total window-to-wall ratio is 7.1%. Exterior wall construction includes
8 in. of concrete masonry with wall insulation sufficient to meet ASHRAE 90.1-1999 new construction
codes, according to each climate zone. Roof constructions include an outer roof membrane above
insulation and a metal deck.

Internal loads include lighting at an average density of 1.6 W/ ft?and plug loads at an average density of
0.5 W/ ft2. Plug load densities are highest at the point of sale zone at 2.0 W/ft?and lowest in the core retail
zone at 0.3 W/ft2. Occupant densities are 66.6 ft¥person. Weekday, Saturday, and Sunday schedules for
lighting and plug loads in all zones are shown in Figure 3.12.
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Figure 3.10. StandAlone Retail Building Shape

Figure 3.11. StandAlone Retail Thermal Zoning
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Figure 3.12. Lighting and Plug Load Schedules for Weekday and Weekends in the StandAlone Retail
Model

Aside from the “Front Entry” zone, which is a very small, unconditioned zone, each of the zones in the
StandAlone Retail model is conditioned and ventilated with a single-zone packaged rooftop air-
conditioning unit with two-speed DX cooling and a gas heating coil. Outdoor air economizers are used in
all IECC climate zones, except 1a, 1b, 2a, 2b, 3a, 3b, and 4a.

The StandAlone Retail model has been modified in several ways for this project, both to better simulate
the effect of certain control measures and to introduce certain faults into the baseline model. HVAC
schedules have been extended by four hours each day, relative to the prototype model used for
commercial building energy codes development. The fan operation schedules now run from 5:00 a.m. to
1:00 a.m. (20 hours) Monday through Friday, from 5:00 a.m. to 2:00 a.m. on Saturday, and from

7:00 a.m. to 11:00 p.m. on Sunday. A bathroom exhaust fan has been added to the model, and is located
in the “Front Retail” zone. One bathroom fixture per 50 people during peak occupancy is assumed (7 total
fixtures) and 50 cfm per fixture of exhaust airflow rate is assumed for the exhaust fan (350 cfm total). A
matching infiltration object, using the exhaust fan’s operation schedule, has been added to simulate
makeup infiltration air caused by the use of the bathroom exhaust fan. Sensor bias faults have been added
to each of the return and outdoor air sensors for the packaged unit economizers as described in

Section 3.1, with a 3°F outdoor air temperature bias and a -3°F return air temperature bias. Each of the
four packaged RTU cooling coils has been modified to simulate a 20% undercharged refrigerant scenario,
by adjusting the COP and capacity of the coils as described for the Small Office model in Section 3.1.
Thermostat setpoints have been adjusted to be consistent with the other models. The occupied thermostat
setpoints for heating and cooling are 71°F and 73°F, respectively, and the night setback heating and
cooling setpoints are 65°F and 80°F, respectively. An EMS program has been added to automatically
adjust the occupied and unoccupied hours for the thermostats, such that they are always consistent with
the fan schedules.
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3.6 Strip Mall Retail

The EnergyPlus model for Strip Mall Retail was developed by modifying the prototype model used in the
Advanced Energy Design Guide (AEDG 2008). The Strip Mall prototype is a one-story building with
22,500 ft? of total floor area. Figure 3.13 is an axonometric projection of the building shape and Figure
3.14 is a diagram of floor zoning, including all 10 retail stores. The floor-to-ceiling height of the building
is 17 ft and the building has a total window-to-wall fraction of 10.5%.

Figure 3.13. Strip Mall Building Shape

Figure 3.14. Strip Mall Thermal Zoning

This prototype building includes a total of 10 retail stores. Store 1 and Store 6 are large stores with an
area of 3,750 ft2. All the other stores are small stores with an area of 1,275 ft?. Each zone includes thermal
mass that is specified as 6 in. thick wood per square foot of floor space.

The Strip Mall building represents buildings constructed in the 1990s using the ASHRAE 90.1-1999 code
for wall, roof, and window construction for the same reasons as the office models. Exterior walls are steel
framed (stucco-exterior) with rigid insulation in varying thickness required to meet climate-zone-
dependent code requirements and an interior 0.5 in.-thick gypsum board. The roof is a built-up roof with
rigid insulation above a metal deck. Peak infiltration rates of outdoor air are 0.2016 cfm/ft? of exterior
surface area and coincide with scheduled shutdown of RTU fans. When the fans are on, infiltration rates
drop to one-quarter of this level.
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Internal loads include lighting and interior electric equipment. Due to the different store types, this
building includes three settings of lighting density (5.6, 3.3, and 2.7 W/ft?) and two settings of electric
equipment density (749 and 1,498 W/ft2). Occupant densities peak at 125 ft? per occupant in all zones.
Lighting, equipment, and occupancy schedules vary by both day of the week and by store type. Exterior
lighting includes 6.356 kW of parking lot lights and 2.797 kW of other exterior building lights.

HVAC is provided for each store via a single-zone RTU with constant air volume air distribution. Zone
thermostat setpoints are set at 73°F for cooling and 70°F for heating. Night setback and setup temperature
setpoints are 80°F and 65°F, respectively. Minimum outdoor air fractions for ventilation are set constant
at 15%. Outdoor air economizers are used in all IECC climate zones, except 1a, 1b, 2a, 2b, 3a, 3b, and 4a.
Three operation schedules for fans are used, based on the occupancy schedule of each store type. The
building has a packaged air-conditioning unit (3.3 rated COP) installed for each store. A gas burner
(efficiency of 0.8) inside the packaged air-conditioning unit provides heating. For domestic hot water, the
building uses a 40-gallon electricity hot water tank for seven of the stores.

Some additional faults are added to the Strip Mall baseline model to facilitate simulation of several fault
correction measures. These include temperature bias faults of +3°C and -3°C that are added to all outdoor
air temperature sensors and to all return air temperature sensors, respectively.

3.7 Primary School

The Primary School model was developed based on the DOE commercial building protoype model

(U.S. DOE 2016). The Primary School prototype is a one-story building totaling 73,960 ft? of total floor
area and having a floor-to-ceiling height of 13 ft. Figure 3.15 is an axonometric projection of the building
and Figure 3.16 is a diagram of zoning. The building consists of a main body that contains a lobby,
bathrooms, offices, a gym, a cafeteria, a kitchen, a library, and a mechanical room. Branching off from
the main body on the west side are three classroom pods that each include a central linear corridor that
runs east-west, surrounded on the north and south sides by classrooms. Windows run in a continuous
band around the exterior of the building, including each of the classrooms. The overall window-wall ratio
is 35%. Exterior walls are steel framed, with 2x4 steel studs spaced 16 in. on center. The exterior is
stucco over an exterior 5/8 in. gypsum board with cavity insulation, and another 5/8 in. interior gypsum
board. Roof construction includes an outer roof membrane above insulation and a metal deck.
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Figure 3.15. Primary School Building Shape

Figure 3.16. Primary School Thermal Zoning
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Internal loads include lighting at an average density of 1.19 W/ft?and ranging from a minimum density of
0.50 W/ft2in corridors to 1.40 W/ ft?in classrooms. Plug loads average 4.80 W ft2, but this average is
skewed by the kitchen, which has a density of 151 W/ft?. Excluding the kitchen, the average density is
1.13 W ft2. The density in the classrooms is 1.39 W/ft2. Occupant densities vary by zone, but average

42 ft¥/person. Schedules for internal loads vary according to the season. Schedules for study periods
(January through June and September through December) are shown in Figure 3.17 and summer
schedules (July and August) are shown in Figure 3.18.

100%
90%
— 80%
= 70%
1}
= 60%
=
@ 50%
3 40%
2 30%
Q
o 20% /—/_R
0 e —
0%
0 4 8 12 16 20 24
Hour of Day
Lights, Weekdays Lights, Weekends
Electric Equipment, Weekdays Electric Equipment, Weekends
Kitchen Electric Equipment, Weekdays Kitchen Electric Equipment, Weekends

Figure 3.17. Lighting and Plug Load Schedules for Weekday and Weekends during the Study Period
(January—June and September—December) in the Primary School Model
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