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Abstract 

Commercial buildings often experience faults that waste energy, decrease occupant comfort, and increase operating 
costs. For medium and larger commercial buildings (buildings with more than approximately 1,000 m2 [approximately 
10,000 ft2] of foor area), studies have shown that automated fault detection and diagnosis (AFDD) tools can help 
building owners and operators identify and correct faults, improving building performance and producing up to 10% 
energy savings. However, the existing state of the art in AFDD tools and algorithms poorly serves the needs of 
commercial buildings less than approximately 1,000 m2 (approximately 10,000 ft2). Using the United States market 
and building stock as a case study, this article characterizes AFDD needs for small commercial buildings, surveys the 
types of AFDD tools presently available in the market, identifes gaps and barriers to widespread adoption of AFDD 
technology in small commercial buildings, and makes recommendations for the future research and development of 
small buildings AFDD technology. 
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1. Introduction 

Commercial buildings often experience faults that produce undesirable behavior in building systems. Building 
faults waste energy, decrease occupant comfort, and increase operating costs. In the United States alone, faults in 
commercial buildings waste an estimated 90 to 530 TWh (0.3 to 1.8 quadrillion Btu [quads]) of primary energy—up 
to 11% of total U.S. commercial building sector energy consumption [1]. Automated fault detection and diagnosis 
(AFDD) tools help building owners discover and identify the root causes of faults in building systems, equipment, 
and controls. AFDD has proven an effective way to reduce energy waste and restore buildings to their intended levels 
of performance [2]. Achievable energy savings from AFDD are on the order of 5%–20% of a building’s total heating, 
ventilation, and air conditioning (HVAC); lighting; and refrigeration system energy consumption—or up to 10% of a 
typical commercial building’s total energy consumption [1]. 

Unfortunately, although AFDD solutions for medium and large commercial buildings are established and com-
mercially available, few effective solutions exist for small commercial buildings. This study examines gaps, barriers, 
and research challenges for AFDD technology for small commercial buildings in the United States. The study focuses 
on the U.S. market because it is most familiar to the authors and because data for it are relatively easy to obtain. The 
U.S. Commercial Building Energy Consumption Survey (CBECS) [3] provides detailed characterization data for the 
U.S. commercial building stock and is among the most comprehensive data sets of its type available in the world [4]. 
In addition, there is robust competition among AFDD providers in the U.S [5, 6]. Similar analyses could be conducted 
using buildings data available for other regions [7, 8, 9], however, proper alignment of data from various regions is 
quite difficult [4] and beyond the scope of this study. 

Small commercial buildings (buildings with foor area less than approximately 1,000 m2 or 10,000 ft2) represent 
roughly 72% of commercial building stock in the United States and account for slightly less than 20% of total U.S. 
commercial building energy consumption. Despite a proliferation of AFDD products for larger commercial build-
ings, small buildings lack cost-effective and easily deployable AFDD tools. Conventional AFDD technology has not 
achieved a necessary price point—including instrumentation, installation, and confguration costs—to provide ade-
quate return on investment. Alternative AFDD approaches include embedded AFDD, low-cost submetering hardware 
and software, and low-touch audit algorithms, but these are still largely at an early stage of commercial deployment. 

This study characterizes AFDD needs for U.S. small commercial buildings, surveys the types of AFDD tools 
presently available in the market, and identifes gaps and barriers for widespread adoption of AFDD technology in 
small commercial buildings. The article examines benefts and challenges associated with conventional and emerging 
AFDD tools, presents a simple analysis framework for estimating the cost-effectiveness of AFDD tools, and provides 
recommendations for AFDD developers and vendors who seek to enter the small commercial buildings market. 

2. Characteristics of Small Commercial Buildings 

There is no widely accepted formal size defnition for small commercial buildings. Various reports have classifed 
small commercial buildings as commercial buildings up to approximately 460 m2 (5,000 ft2) [10], 930 m2 (10,000 
ft2) [11], or 4600 m2 (50,000 ft2) [12, 13]. In this study, a commercial building is classifed as “small” if its foor area 
is 929 m2 (10,000 ft2) or less. This threshold is used in order to better differentiate systems and equipment typically 
found in very small buildings from those in medium-sized and larger buildings. 

The CBECS data indicate that 4.0 million out of 5.6 million commercial buildings in the United States (approxi-
mately 72%) meet the small commercial building criteria; among these buildings, 2.8 million are 93–464 m2 (1,001– 
5,000 ft2) and 1.2 million are 465-929 m2 (5,001–10,000 ft2) [3]. Each year, these buildings consume 402 TWh (1.37 
quads) of site energy—approximately 20% of the U.S. commercial buildings total. For reference, buildings between 
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Figure 1: Types of U.S. small commercial buildings categorized by principal building activity 

930 m2 and 4645 m2 (10,001 ft2 and 50,000 ft2) make up 22% of commercial building stock and consume 24% of 
total commercial buildings site energy. The totals for all buildings up to 4645 m2 (50,000 ft2) are 94% of building 
stock and 44% of site energy. 

Existing studies do not estimate energy waste due to faults specifcally in small commercial buildings (versus 
the U.S. commercial building sector as a whole), but energy-wasting faults are known to be widespread in small 
commercial buildings [10] and these buildings are underserved by existing AFDD tools. Their contribution to fault-
related energy waste is, conservatively, proportional to their 20% share of U.S. energy consumption, or an estimated 
18–106 TWh (60–360 trillion Btu) per year. 

Small commercial buildings differ in important ways from larger buildings, and therefore have different analytics 
needs. This section reviews several key characteristics of small commercial buildings in the U.S. that are relevant to 
AFDD tool development and deployment. Comprehensive characterization studies of small commercial buildings are 
available elsewhere [12, 14]. 

2.1. Building Types 

In CBECS, the commercial building stock is categorized into 14 major building types according to the principal 
building activity (Figure 1): education, food sales, food service, health care, lodging, mercantile (retail sales and strip 
malls), office, public assembly, public order and safety, religious worship, service, warehouse and storage, other, and 
vacant. Office, service, and warehouse and storage are the three categories with the largest number of buildings and 
consist of 19%, 14%, and 10% of the total small commercial building stock, respectively. 

A signifcant fraction of small commercial buildings are part of commercial building portfolios—collections of 
buildings with a common owner and general purpose [13]. To the authors’ knowledge, no comprehensive, publicly 
available database of small building portfolios exists, although several data points suggest that such portfolios con-
stitute a large fraction of small buildings in the U.S. For instance, of the 94,725 bank branches in the U.S., nearly 
one-third are operated by only 10 banking chains, according to 2014 data from the U.S. Federal Deposit Insurance 
Corporation. Wells Fargo alone operated 6,314 of these branches in 2014, while JPMorgan Chase and Bank of Amer-
ica each had more than 5,000 branches [15]. Similarly, the 2017 Convenience Store News Top 100 rankings indicate 
that the top 10 convenience store chains account for 26.3% (approximately 40,725) of all U.S. convenience stores 
[16]. 

Portfolios present better AFDD deployment opportunities than individual buildings because: 
• Per-building transaction and initial setup costs may be lower due to economies of scale 
• Multiple similar buildings present an opportunity to reuse fault detection and diagnosis rules, reducing per-

building engineering labor 
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Figure 2: Energy consumption in U.S. small commercial buildings by end use [3] 

Figure 3: Violin (density) plots of annual site energy use intensity for selected U.S. small commercial building types. Contours indicate the 
probability density of EUI at different values, while the inner box plots indicate the median and interquartile range. Food sales and food service 
categories have a different vertical scale. 

• Portfolio owners are better positioned to dedicate staff time and resources to using an AFDD tool. 
The ENERGY STAR® 2015 Snapshot, which captures commercial building energy efficiency trends through 

the U.S. Environmental Projection Agency’s ENERGY STAR Portfolio Manager® tool, provides evidence for this 
hypothesis; the analysis found that companies with large portfolios, primarily retail chains, are “leading the way” 
with respect to efficiency improvements [17]. 

2.2. Energy Consumption and Intensity 

Figure 2 shows energy consumption in U.S. small commercial buildings by end use. Space heating (91 TWh [0.31 
quads]), refrigeration (64 TWh [0.22 quads]), and cooking (56 TWh [0.19 quads]) are the three largest end uses and 
together account for more than 50% of total site energy consumption in small commercial buildings. This differs 
from larger buildings, in which space heating, miscellaneous loads (“other”), and lighting are the largest end uses. In 
larger buildings (more than 929 m2 [10,000 ft2]), HVAC end uses consume 46% of the total site energy; many existing 
AFDD tools therefore focus heavily on HVAC systems and equipment. In contrast, HVAC end uses total only 37% of 
small building energy consumption. 

On average, U.S. small commercial buildings have an site energy use intensity (EUI) of approximately 256 
kWh/m2 (81 kBtu/ft2) per year, which is nearly identical to the 252 kWh/m2 (80 kBtu/ft2) weighted average across 
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Figure 4: Comparison of annual energy use intensity of different U.S. building categories by end-use type 

all U.S. buildings [3]. However, because of their small size, the average per-building energy consumption of small 
commercial buildings is only about a quarter of the average of all commercial buildings. The EUI of individual build-
ings varies widely with building type, age, location, construction, use patterns, and other factors. Figure 3 displays 
the probability distribution of EUI by building type using violin plots. Buildings with food sales or service activities 
have a much higher EUI than those without and are therefore grouped and shown with a different vertical scale. 

Figure 4 breaks EUI into end use categories [3]. Small commercial buildings without food-related activities have 
similar or lower EUIs compared to medium and large commercial buildings. However, small commercial buildings 
with food-related activities are much more energy-intensive than any other small building categories across all end uses 
except computing. In particular, the cooking and refrigeration EUIs of these buildings are an order of magnitude higher 
than those of medium and large commercial buildings. This is attributed to the inherent energy use characteristics of 
food sales and food service businesses, which usually involve energy-intensive processes such as food storage, food 
preparation, cleaning, and space conditioning. AFDD tools—particularly embedded AFDD tools—that target these 
buildings and their energy-intensive end uses are more likely to be cost-effective due to the large energy use and the 
associated cost. 

2.3. Typical Equipment 
Figure 5 summarizes the percentage of U.S. small commercial buildings that use major equipment types for 

heating, cooling, and refrigeration. Selection of heating and cooling equipment strongly depends on climate, whereas 
equipment selection for refrigeration and other categories, such as lighting and water heating, is less climate-dependent. 

According to CBECS 2012 data, packaged units, such as rooftop units (RTUs), are the most common heating 
equipment in small commercial buildings; 47% are equipped with packaged units. Individual space heaters, furnaces, 
and heat pumps are also very common. Only 5.7% of small commercial buildings have boilers and a negligible 
fraction connect to district heating systems. (The data for district heating were withheld by CBECS either because the 
relative standard error was greater than 50% or there were fewer than 20 sample buildings. District systems are much 
more common in medium- or large-sized commercial buildings than in small commercial buildings.) For cooling, 
30% of small buildings use residential-type central air conditioners and 28% use packaged air-conditioning units, 
such as RTUs. Other cooling equipment such as heat pumps, individual air conditioners, and swamp coolers is less 
common. District chilled water and central chillers are usually used in larger commercial buildings. 

CBECS 2012 data also show that 68% of small commercial buildings use at least one kind of refrigeration equip-
ment and 58% use residential-type or compact refrigerators. Other, less common types of refrigeration equipment 
include walk-in units, cases or cabinets, large cold storage areas, commercial ice makers, and vending machines. 
These types of refrigeration equipment are more common in food sales and food service buildings and account for a 
large fraction of energy consumption in those buildings. 

2.4. Fuel Types 

Figure 6 shows the site energy consumption in commercial buildings by major fuel type. Although small commer-
cial buildings account for 72% of the total buildings in the U.S. commercial building stock, they consume only 402 
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Figure 5: Percentage of U.S. small commercial buildings with major types of heating, cooling, and refrigeration equipment 

TWh (1.37 quads), or 19.7% of the total major fuels across all commercial buildings. Small commercial buildings 
consume approximately 243 TWh (0.83 quads) of site electricity, 147 TWh (0.50 quads) of natural gas, and 9 TWh 
(0.03 quads) of fuel oil. Figure 7 shows the fuel expenditure and EUIs in different categories of commercial buildings. 
Overall, the EUI of small commercial buildings is very similar to the average EUI of all buildings and somewhat lower 
than that of medium and large commercial buildings. Among small commercial buildings, buildings from 93–464 m2 

(1,001–5,000 ft2) have a slightly higher EUI than buildings from 465-929 m2 (5,001–10,000 ft2). The total annual 
fuel expenditure of small commercial buildings is $30.57 billion USD, which accounts for 20.5% of the total fuel 
expenditure of all buildings. 

2.5. Building Automation Systems 

Very few U.S. small commercial buildings are equipped with building automation systems (BASs); only 8% use a 
BAS with HVAC control features and only 2% have BAS-controlled lighting systems [3]. HVAC, lighting, and plug 
loads are not properly controlled in many small commercial buildings due to the lack of cost-effective methods to 
monitor and control the building equipment from a central location. Additionally, building equipment may operate 
when buildings are not occupied. This and other uncontrolled building operations can lead to 10%-25% energy waste 
[10]. Even in buildings with a BAS, the lack of standard data collection methods and performance metrics is a 
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challenge; Brambley et al. [18] identify “inconsistent measurement and archiving methods, inconsistent boundaries 
for energy measurements, and inconsistent normalization techniques” as current issues with BAS deployment. 

3. Tools Available 

AFDD products for the commercial buildings sector as a whole include conventional, rule-based AFDD software; 
embedded AFDD algorithms for HVAC equipment; low-cost circuit-level submetering technology; and low-touch/no-
touch audit tools that rely on utility billing data. Most available tools are rule-based, as opposed to based on physical 
or data-driven models [19]. Only a few commercially-available AFDD products are well-suited to applications in 
small commercial buildings. In the absence of AFDD tools, building owners and operators may rely on reactive 
maintenance (resulting in unscheduled downtime or unpredicted fatal failures) or scheduled periodic maintenance (a 
labor- and resource-intensive process that may result in unnecessary equipment replacement) [20]; either approach 
can easily result in a failure to detect and correct common energy-wasting faults. 

3.1. Conventional Automated Fault Detection and Diagnosis 

Conventional AFDD tools and algorithms for commercial buildings are typically offered as part of an energy 
information system (EIS). Dozens of EIS products are now available [6]; prominent examples1 of EIS products that 
offer AFDD as a feature include: 
• Analytika by Cimetrics 

1Here and elsewhere in the article, discussion of specifc commercial vendors or products that illustrate particular features or classes of AFDD 
does not imply any product endorsement on the part of the authors. 
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• Building Analytics by Schneider Electric 
• Clockworks by KGS Buildings 
• Facility AnalytiX by ICONICS 
• SkySpark by SkyFoundry. 
Most such EIS products are offered under a software as a service (SaaS) model and require regular subscription 

fees to remain active or up-to-date. Many EIS software developers rely on value-added third party integrators to market 
and deploy their EIS products. Multiple conventional AFDD tool vendors self-identify their products as suitable for 
small commercial buildings [5]. 

Most AFDD tools presently on the market are rule-based; they rely on the comparison of measured building 
performance to a set of relational rules that describe proper building operation in order to detect and diagnose faults 
[19]. Rule-based algorithms are most effective when given access to highly detailed building performance data, such 
as space temperatures, temperature set points, control valve and damper positions, measured fuid fow rates, and 
metered equipment power consumption. Therefore, AFDD algorithms offered by EIS vendors rely heavily on BAS 
data collected from building controllers and network-connected building equipment. 

Although the targeted systems and equipment types differ among commercial EIS products, most vendors adver-
tise AFDD capability for the HVAC systems most commonly found in large buildings, including built-up air handling 
units, central chillers and boilers, and variable-air-volume systems. Large, complex HVAC systems of this type are 
rarely found in small commercial buildings. On the other hand, many conventional AFDD tools also include rule sets 
for packaged RTUs, which are common in small commercial buildings (Figure 5). 

3.2. Embedded Automated Fault Detection and Diagnosis 
Embedded AFDD products differ from conventional AFDD products in that they are installed in an integrated 

fashion with specifc hardware during manufacture. From a cost perspective, embedded AFDD solutions offer bene-
fts over traditional AFDD products because embedded AFDD products do not require the expense of site installation. 
Although installation costs can be minimized by integrating sensor and controller installation during product manu-
facture, there are still labor costs associated with continued monitoring and data analysis. 

Embedded AFDD options are now commercially available for several types of HVAC equipment. RTUs, which are 
widely used in small commercial buildings, are a particularly active area of innovation. In the United States, the state 
of California’s Title 24 regulation is the main driving force behind deployment of embedded AFDD systems for RTUs: 
“Title 24, Part 6 Section 120.2(i) requires that economizer fault detection and diagnostic functions (FDD) [should] be 
installed on air-cooled unitary air conditioning systems with more than 4.5 tons [15.8 kW] cooling capacity, with the 
ability to detect the faults specifed in Section 120.2(i)” [21]. However, the AFDD capabilities required by Title 24 
are not highly sophisticated and are limited to notifcations of sensor failure and economizer operation (or failure). 

At least two major RTU manufacturers offer embedded AFDD options for their products that are more advanced 
than the Title 24 requirements: 

• York’s Simplicity Smart Equipment Controls System uses several sensors to provide refrigerant circuit and 
economizer alerts to the operator. This system comes standard on some higher-end models, but can be optionally 
added to a large selection of units. 

• Lennox’s SmartAirfow System is available as an option for their Energence 10–18 kW (3-5 ton) RTUs. This 
system provides embedded controls and fault detection related to economizing. It uses sensors to modulate the 
outdoor air damper to prevent over-ventilation of the space being served. If the system detects that the damper 
is stuck open/closed, it will alert the operator. 

Some RTU after-market control products, such as Transformative Wave’s CATALYST control system, also of-
fer AFDD. In addition, recent academic research has proposed novel algorithms for packaged air-conditioning unit 
AFDD. For example, Kim et al. [22] propose a low-touch algorithm for detecting RTU short cycling and sensor drift 
based solely on zone air temperature measurements, while Turner et al. [23] present a data-driven event detection 
AFDD method for residential air conditioners. 

Despite these advances, there are signifcant deployment challenges for embedded AFDD in RTUs. Customers 
often treat RTUs as commodity items. This is particularly true for those customers seeking items at the low-cost, low-
efficiency (i.e., minimally code-compliant) end of the product spectrum. As with all commodity items, uniformity 
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of utility (code-compliant heating and cooling) means that sales are directly and strongly tied to cost. Although 
embedded AFDD capabilities may offer the customer cost-effective energy savings, the added frst cost of the AFDD 
system itself dissuades many customers from requesting it. Because of this, embedded AFDD systems are most 
commonly found installed on higher-performance (and higher-margin) units, where customers are specifcally looking 
for differentiating features. 

Embedded AFDD approaches also exist for large HVAC equipment, including chillers and air handling units. 
However, these product categories are not generally applicable to small commercial buildings. A few thermostat 
manufacturers now offer basic fault detection features, such as malfunctioning sensor alerts and air flter replacement 
reminders. Little data is available on the effectiveness of thermostat-based AFDD, although evaluation frameworks 
have been proposed [24]. 

More broadly, in 2011, the U.S. National Institute of Standards and Technology began the Embedded Intelligence 
in Buildings Program, aimed at advancing the capabilities of embedded AFDD technologies. The program intends to 
address “standard data models, communication protocols, user interface standards, security procedures, testing tools, 
and performance metrics” for embedded AFDD [25]. In a 2016 U.S. Department of Energy report, embedded systems 
(e.g., Emerson’s CoreSense systems) that lack a method of fault communication were earmarked as more useful for 
ex post facto diagnosis of equipment failures than for proactive maintenance [26]. More research into quantifying the 
energy cost savings enabled by embedded AFDD products would signifcantly help manufacturers move this type of 
system into the mainstream market [27]. 

3.3. Low-Cost Submetering 

In an effort to address sparse instrumentation and data integration challenges associated with conventional EIS ap-
proaches, multiple vendors have introduced low-cost, circuit-level submetering products over the past decade. These 
products collect detailed electricity consumption data for buildings by monitoring the voltage and current of each 
branch circuit at building electrical panels or subpanels. Prominent vendors include Enertiv, OutSmart Power Sys-
tems, and Panoramic Power. 

Typically, low-cost, circuit-level submetering products combine physical measurement hardware with cloud-based 
data storage and analytics under an SaaS business model. Among other capabilities, vendors advertise the ability to 
use interval data for electricity consumption to detect abnormal operation and diagnose faults in connected systems 
and equipment. Effective AFDD requires adequate confguration of the analytics software, including association with 
weather data and identifcation of the loads connected to each circuit. 

Individual vendors have released case studies demonstrating impressive energy reductions stemming from AFDD 
applications of circuit-level submetering. Because this approach to AFDD is relatively new and independent assess-
ments of the technology are not yet available, it is not clear what level of energy savings is typical. The U.S. General 
Services Administration’s Proving Ground program has an active project that is assessing the costs and benefts of 
circuit-level submetering, but the fndings will not be made public until late 2018 [28]. 

Similarly, little information is available regarding the per-point cost of circuit-level submetering. Vendors do 
not provide general cost information in their product literature. Parker et al. [29] place installation costs for the 
previous generation of electricity meters at approximately $2,000 USD per meter (one meter per three-phase circuit); 
vendors of new circuit-level submetering technology presumably price their products well below this price point in 
order to remain cost-competitive. However, the Better Buildings Alliance’s Technology Solutions Team has issued the 
“Low-Cost Wireless Meter Challenge” to catalyze industry development of low-cost (less than $100 USD per point) 
panel-level metering, with the ultimate goal of enabling U.S. national electricity energy savings of at least 2% [30]. 

3.4. Low-Touch / No-Touch Audit Tools 

Building energy audits are widely adopted by medium to large commercial buildings as a one-time means to di-
agnose persistent faults and improve performance. The goal of an energy audit is to assess energy use in a building 
and identify opportunities for energy savings. An energy audit typically consists of a physical inspection of a build-
ing’s envelope, HVAC equipment, and control systems; a review of current and historical utility billing data; and 
identifcation and prioritization of energy conservation measures [31, 32]. 

However, because energy audits are labor-intensive, they are often cost prohibitive for small commercial buildings 
[33]. Low- or no-touch audit tools, also known as virtual audit or rapid energy modeling tools, have been developed 
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in recent years to provide a more affordable means to improve the energy performance of small commercial buildings. 
These tools aim to identify energy savings opportunities and potential issues in commercial buildings with little or 
no interaction with the building owners or occupants. The data required by these tools may include utility data (15-
minute interval, hourly, monthly, or annual), building information (building type, foor area, location, etc.; some data 
may be publicly available), or both [34]. 

A number of startups are developing cost-effective and scalable solutions for low-touch/no-touch audits using 
monthly utility data, low-cost tablet computers with cameras, and cloud-based or SaaS software [26, 35]. For exam-
ple, Ecosight provides a mobile audit solution for the iPad that collects building information during a walk-through in 
a building and performs online analysis. FirstFuel’s services use hourly interval data from utilities to perform no-touch 
audits by estimating and analyzing specifc end-use energy consumption such as lighting and HVAC. A shortcoming 
of all such tools is that they can detect abnormal energy consumption in an end-use category but cannot necessarily 
identify a specifc root cause. These tools also cannot assess the relationship between energy consumption and occu-
pancy patterns or achieved thermal comfort, without which it is difficult to know whether an observed energy anomaly 
is attributable to a fault. Additionally, tools that work exclusively with monthly data cannot identify the exact time an 
energy anomaly occurred. 

The accuracy and effectiveness of low-touch/no-touch audit tools is still under evaluation. Recently, a no-touch 
building audit tool was used in the America Saves project [14] to analyze utility data from and provide energy effi-
ciency solutions to small commercial buildings in historic downtown areas across the United States. This tool serves 
small commercial buildings and businesses by using utility bills and high-level building operation information to gen-
erate disaggregated energy end-use data and fag potential causes of high energy use associated with the building. 
The project team used simulated utility bill data generated from whole-building energy modeling software to evaluate 
the accuracy of the tool [36]. The simulation results show that the tool was able to provide accurate estimates of 
energy end uses for some, but not all, of the building types tested. The tool was able to estimate electric and gas end 
uses with a bias within ±5% but the uncertainties range from 1%–2% for gas end uses to 2.5%–15% for electric end 
uses. As for its diagnostic performance, the tool was most accurate in diagnosing building operating issues such as 
high summer gas use in standalone retail buildings, unnecessary reheat in medium-sized offices, and high electricity 
baseloads in office and main street buildings. However, the false alarm rates were higher than desirable for many 
building types. This study also did not consider the effects of uncertainties that would occur with measured data. The 
tool’s performance could be better understood if monthly end use was investigated in addition to the annual energy 
end use. 

In a follow-on study [37], the same tool was evaluated using real utility bill and on-site data. This study explicitly 
investigated the behaviors of the monthly energy end uses with respect to outdoor temperature to understand the 
tool’s disaggregation accuracy. Four data sets were acquired for each of the 14 test sites used as the inputs to the 
tool: general information about the building, one year of monthly electricity and gas bills, HVAC inventory data with 
make and model numbers, and one year of energy management system data. The tool estimated cooling electricity 
consumption with greater accuracy than it estimated heating electricity consumption. In addition, the tool’s end-
use disaggregation accuracy was dependent on the pattern of the baseload electricity use; the tool performed better 
when the baseload energy was fairly constant and less well when the baseload energy was signifcantly dependent 
on outdoor temperature. The study recommended that future evaluation projects install submeters to capture actual 
baseload characteristics. 

4. Gaps and Barriers 

AFDD tools face signifcant technical and deployment barriers that are specifc to the small commercial mar-
ket. These barriers include lack of technical capability, misaligned capability, poorly aligned incentives for AFDD 
developers, lack of time and interest among small building owners, and high cost. 

The National Small Business Association conducted a survey of more than 200 members to document the energy 
efficiency concerns of small businesses [38]. The survey found that investment in energy-saving technology remained 
low, despite the statistic that 92% of participating small business owners were very or moderately concerned about 
energy costs. Small business owners and operators identifed the following barriers to energy efficiency improvements: 
• Cash fow (40% of respondents) 
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• Lack of time to research and implement energy efficiency solutions (20% of respondents) 
• Lack of resources (9% of respondents) 
• Lack of available technologies (8% of respondents) 
• Other (14% of respondents) and Don’t Know (9% of respondents). 
Katipamula et al. [20] corroborate these fndings, citing the two primary reasons for the lack of interest in retro-

commissioning building systems and controls as the perceptions that (1) retrocommissioning is expensive and (2) 
many retrocommissioning measures lack persistence. Granderson et al. [39] note that the responsibility for facility 
operations, maintenance, and bill payment may be split among multiple people—or multiple businesses, in the case 
of owner-tenant relationships. This level of fragmentation inhibits procurement and deployment of energy-saving 
technology. 

Considering these concerns, AFDD tools must be technically sound, readily accessible, easy to deploy and use, 
and low cost if they are to to effectively serve the energy efficiency needs of small businesses. They must require a 
minimal commitment of time and action on the part of the building owner or operator and must be fully supported by 
the vendor. In other words, they must be turnkey. 

4.1. Technical Barriers 

AFDD tool developers for small commercial buildings face two signifcant, related technical barriers: 

• Lack of Communication Infrastructure: All AFDD algorithms require reliable, accurate sources for building 
performance data, but infrastructure to collect these data is not generally present in small commercial buildings. 

• Lack of Adequate Performance Data: Without access to detailed performance data, conventional rule-based 
AFDD algorithms are very difficult to deploy. 

Conventional AFDD tools rely on BAS data, but nine out of 10 small commercial buildings in the U.S. lack a BAS 
[3, 10]. Interval data from smart meters can partially substitute for BAS data, but smart meters are not yet ubiquitous. 
Although the penetration of smart meters is increasing, as of 2014 nearly two-thirds of U.S. electricity customers did 
not have a smart meter installed [40]. Interval metering for natural gas consumption is extremely rare, even in large 
buildings. 

Alternative AFDD approaches, including low-cost submetering products and embedded AFDD tools, are address-
ing these technical barriers using data collection pathways that do not rely on a BAS. However, these tools are less 
mature than conventional AFDD approaches and face market and cost barriers, as described below. 

4.2. Market Barriers 

Several structural barriers exist in the small commercial building market that impede deployment of AFDD solu-
tions. These include: 

1. Market Inertia: Historically, AFDD developers have focused on products tailored for large, complex build-
ings because the greatest fnancial returns were associated with this building class. Utility programs and EIS 
software vendors in general have also neglected small buildings [39]. This focus has led to a large suite of 
AFDD solutions applicable to large buildings, but very few products tailored to the needs of small buildings. 
Interestingly, this has allowed the organic development of an industry-held perception that the AFDD market is 
limited (mostly) to large buildings. 

2. Product Applicability: As referenced above, AFDD product development has mostly focused on large build-
ings. The types of systems that are present in large buildings—and therefore served by AFDD systems deployed 
to those buildings—are uncommon in small commercial buildings. For example, AFDD products are commonly 
available for air- or water-cooled chillers, variable-air-volume systems, and district heating/cooling loops, none 
of which are commonly found in small commercial buildings. Thus, the bulk of AFDD products on the market 
simply do not apply to small commercial buildings. Moreover, 12% of U.S. small commercial buildings are 
used primarily for food sales or food service. These buildings in particular have very high energy costs related to 
cooking and refrigeration, which are not equipment categories typically targeted by conventional AFDD tools. 
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3. Performance Uncertainty: Despite the recent proliferation of AFDD tools, there is no broadly accepted 
methodology for evaluating the performance of AFDD algorithms. AFDD tool performance data are also lim-
ited mainly to vendor-provided case studies. Tool providers rarely disclose performance metrics (false positive 
rate, missed detection rate, etc.) or provide detailed information on the quality assurance methods they use to 
ensure algorithm accuracy. Therefore, potential AFDD adopters often have little quantitative evidence that an 
AFDD tool will perform adequately for their buildings. 

4. Personnel: Most large commercial buildings are either managed by professional services companies or have 
dedicated facilities staff. In either case, there is a dedicated point of contact that AFDD vendors can work with 
to design, install, and monitor AFDD systems. On the other hand, only one-ffth of U.S. small commercial 
buildings are professionally managed [12]. Although 18% of small commercial buildings are owner-occupied, 
with another 44% owner-managed, small building owners are often labor resource-constrained. Therefore, 
implementation of building improvements is often driven largely by the convenience factor. Unless a project is 
turnkey, it is unlikely to be implemented. In the established large commercial buildings AFDD market, turnkey 
solutions are often the most expensive options. 

5. Timing: For small building owners, project timing is critical. Owners are most likely to implement efficiency 
improvements as part of another construction activity, such as new construction, a planned renovation, or un-
planned replacement of failed equipment. Small building owners are often unreceptive if the project cannot be 
bundled with an existing activity. 

4.3. Cost Barriers 

When small commercial building owners and operators consider energy-saving technology, saving money is over-
whelmingly their frst priority [12]. Therefore, establishing a clear and straightforward case for net cost savings is 
critical for the deployment of AFDD tools in small buildings. Few existing tools meet this standard. 

Although multiple case studies have shown that properly implemented rule-based AFDD can be highly effective 
at providing energy savings [41, 2]), conventional rule-based AFDD algorithms suffer several disadvantages that limit 
their ability to remain cost-effective when scaled down to small commercial buildings: 
• Development and tuning of effective rules is time-consuming and requires considerable engineering expertise 
• Rules created for control systems and equipment in one building are difficult to reuse in other buildings without 

signifcant modifcation 
• Sparse or low-quality instrumentation limits which rules are feasible to deploy. 
Small building size amplifes these effects by reducing the number of buildings and systems as well as the equip-

ment addressed per unit of engineering labor invested. Granderson et al. [39] also identify transaction costs as a 
critical barrier to the deployment of energy-saving technology in small buildings, but note that the delivery of services 
through existing mechanical contractors can signifcantly reduce these costs. 

Granderson and Lin [41] report a median 5-year EIS implementation cost of $1,800 USD per measured point and 
observe that EIS implementations with fewer points typically have larger per-point costs. For even a modest number 
of points, this cost is a signifcant fraction of the 5-year total energy cost of many small commercial buildings, let 
alone the potential fnancial savings from AFDD. In addition, the EIS implementation cost excludes costs associated 
with correcting faults, such as labor and materials for equipment repair or replacement. 

Low-cost submetering tools, embedded AFDD projects, and low-touch or no-touch audit tools offer alternatives 
to the expense of conventional, rule-based AFDD. Unfortunately, very little quantitative cost data are available for 
these alternative approaches. This in itself is a barrier, because small building owners and operators cannot perform 
adequate cost-beneft analysis without access to cost data. 

4.4. Developing Cost Targets 

Cost targets for AFDD tools must be aggressive to adequately meet the needs of the small commercial market. 
Small commercial building owners are often resource (time and capital)-constrained. Therefore, unless an AFDD tool 
can be shown to be highly cost-effective, there is little chance of implementation. Given the diversity within the small 
commercial space, it is difficult to develop fxed, broadly-applicable cost targets for small commercial AFDD tools: 
there are too many variables, such as building size, energy intensity, cost of energy, and anticipated tool performance. 
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Instead, this section presents a method for estimating case-specifc cost targets given knowledge of key building 
characteristics. 

Perhaps the most commonly used metric for determining if a project is cost-effective is the simple payback period 
(SPP) test. If the total up-front cost of the system divided by the average annual savings is less than a certain number 
of years (often three, but this is defned by the investor), then the project is deemed a good investment and given the 
go-ahead to proceed. However, there are many shortcomings with the SPP method [42], including: 

1. All cash fows are treated equally, even though they occur at different times 

2. Cash fows beyond the cutoff period are ignored. 

A better approach is to use the net present value (NPV) method to calculate the total value of implementing 
the project. This methodology accounts for all expected cash fows (positive and negative) and weights those cash 
fows using the time value of money principle. NPV therefore provides a simple method for comparing the value of 
alternative investment decisions, which allows the investor (in this case, a building owner or operator) to ascertain 
whether an investment is worthwhile. A positive NPV represents a worthwhile investment. 

The following equation estimates the NPV of an AFDD project: 

TX (P × A × C) × K − (S + N × L)
NPV = −FC + (1) 

t=1 
(1 + r)t 

where 
• FC represents the capital cost of implementation (frst cost) for the AFDD tool. 
• The (P × A × C) × K term represents the expected periodic savings attributable to the AFDD tool: 

– P is the expected percentage energy savings that can be achieved by detecting and correcting faults 
– A is the building’s total foor area 
– C is the energy cost per unit foor area for one time period (assumed constant over time) 
– K is a correction factor that reduces the value of energy savings to account for the cost of fxing discovered 

faults. 
• The (S + N × L) term represents the periodic costs associated with using the AFDD tool: 

– S is the subscription cost of the AFDD tool for one time period 
– N is the expected number of labor hours required to use the AFDD tool during one time period 
– L is the hourly labor cost of the AFDD tool end user. 

• The calculation is run using a discount rate, r, over the expected operational life, T , of the AFDD tool, given in 
a uniform unit of time. 

Typically, the time interval selected is one year, such that the periodic quantities (C, S , and N) are all annual quantities 
and T is specifed in years. (This assumption is used throughout the remainder of the paper.) However, in principle 
the calculation may be run using any time interval (monthly, weekly, etc.), so long as r and the periodic quantities are 
adjusted appropriately. 

The discount rate, r, represents the opportunity cost of capital; that is, the rate of return that would be expected 
by an investor for another generic project with the same amount of risk. By setting NPV to exactly zero, (1) can be 
solved for the implementation cost, FC, for a particular value of r, which is the absolute maximum cost of an AFDD 
system for which that system is still deemed cost-effective. Alternatively, if NPV is set equal to zero and (1) is solved 
for r given a particular FC, the resulting percentage rate will be equal to the internal rate of return (IRR) for the project 
as a whole. IRR is another metric that is useful for comparing multiple projects in budget-constrained environments; 
the IRR “rule” is that any project in which the IRR is greater than the opportunity cost of capital should be accepted 
[42]. 

4.4.1. Key Considerations 
There are several considerations for using (1) to explore AFDD cost targets for small commercial buildings. 

First, because small commercial building owners and operators strongly prefer turnkey solutions, tools with any labor 
requirement on the part of the user (N > 0) are likely to be rejected without further consideration. Instead, any labor 
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costs on the part of the AFDD provider associated with using the tool should be assumed to be included in the annual 
subscription fee S . 

Second, small business owners, many of whom own or operate small buildings, are often hesitant to make decisions 
that rely on long-term forecasts due to business uncertainties. Therefore, the AFDD tool operational life, T , should 
be assumed to be 10 years or less. In practice, small building owners heavily favor very short time horizons when 
evaluating payback [39]. 

Finally, the correction factor, K, is, in practice, fault-dependent and highly uncertain. The relationship of the cost 
of fxing a fault to the value of the energy savings obtained varies widely. Control faults, for instance, require minimal 
labor to fx but can yield substantial savings, while fxing malfunctioning hardware requires much larger up-front 
costs. The following section provides some guidance for estimating K. 

4.4.2. Estimating the Energy Savings Correction Factor 
The energy savings correction factor, K, is required because achieving energy savings via AFDD is a two-step 

process: 

1. The AFDD tool identifes a fault. 

2. The building owner or operator corrects the fault, resulting in energy savings. 

Fixing faults incurs a cost, and therefore step 2 in this process happens only if the identifed fault is cost-effective to 
fx. Thus, the decision to fx any particular fault is itself an investment that must yield a positive NPV. 

In (1), the term (P × A × C) estimates the gross value of the energy savings from correcting faults in each year of 
the analysis. To correct to a net value, it is necessary to subtract the annual cost associated with fxing faults. However, 
the annual cost of fxing faults is very difficult to estimate directly: the existing literature provides minimal guidance. 
Instead, (1) multiplies by K, which can be thought of as the ratio of the NPV of fxing a typical fault to the present 
value of the cumulative energy savings (PVES) associated with fxing that fault, referenced to the year in which the 
fault is fxed. Multiplying by K therefore provides an indirect method for accounting for the cost of fxing faults. 

In general, considering an arbitrary fault, 

NPV PVES − Cost to Fix 
K = = (2)

PVES PVES 

in which PVES represents the lifetime energy savings from the fault, discounted to the year that the fault is fxed (i.e., 
the present value of those savings). The upper bound for K is 1 (in the event that fxing the fault is free) and the lower 
bound is 0 (because a fault will not be fxed if the NPV of fxing it is negative). 

In the existing literature, the value of fxing faults is most often described in terms of the SPP and the persistence 
in time of energy savings. Although imperfect, these values may be used to estimate K: 

τX PFault × A × C
PVES = 

t=1 
(1 + r)t ! 

1 1 
= (PFault × A × C) × − (3)

r r(1 + r)τ 

Cost to Fix = SPP × (A × C × PFault) (4) 
(PVES) − (Cost to Fix) 

K = 
PVES � � 

1 1(PFault × A × C) × r − r(1+r)τ − (SPP × (PFault × A × C)) 
= � � (5)

(PFault × A × C) × 1 − 1 
r r(1+r)τ 

in which PFault is the percent energy savings achieved by fxing the fault (assumed constant over time) and τ represents 
the persistence (duration) of energy savings from fxing the fault. Canceling the energy savings terms and simplifying 
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Equation (5) yields 

SPP
K = 1 − � � (6)

1 1− r r(1+r)τ 

For example, if for a typical fault the SPP is 2 years, savings persist for τ = 5 years, and r = 10%, then K = 0.47. 
Equation (6) is imperfect and requires signifcant simplifying assumptions, but nevertheless provides a reasonable 
baseline method for estimating K. 

Some limited guidance exists in the literature for the SPP and τ of correcting faults, but estimates vary widely with 
fault type and cost assumptions. Estimates for SPP range from 0.5 years for some RTU faults to upwards of 10 years 
for faults such as duct leakage, while estimates of energy savings persistence across several studies vary from 1–2 
years to indefnite depending on the type of fault corrected [1]. More comprehensive research characterizing typical 
values for τ and K would increase the utility of (1) in predicting the return on investment for AFDD tools. 

4.4.3. An Illustrative Example 
Equation (1) may be used to gauge the range of AFDD tool costs that the market might support. The results of 

the NPV calculation described above under various scenarios are presented below. Figure 8 presents scenarios for 
realized annual energy savings, P, of 10%, 15%, and 20% using an annual cost of capital, r, of 10% and 15%, under 
the following assumptions: 

• The building area, A, is 929 m2 (10,000 ft2). Using the largest building size in the “small buildings” category 
caps the expected annual energy savings, helping to defne the range for maximum implementation cost for the 
sector. 

• The annual energy cost, C, is $19.4/m2 ($1.80/ft2) in USD, which is the average annual energy cost for small 
commercial buildings reported in the CBECS 2012 data [3]. 

• Correction factor K is 0.47 when r = 10% and 0.40 when r = 15%. These values correspond to an SPP of 2 
years and energy savings that persist for 5 years. Recall that K is highly uncertain; using other values of K will 
scale the net savings assumed from correcting identifed faults. The values used here are illustrative. 

• The solution is turnkey, requiring no labor on the part of the building owner or operator. Therefore, N = 0 and 
L is irrelevant. 

• The annual subscription cost S is set to 15% of the initial implementation cost, FC. This subscription pricing 
model is common among AFDD and other software vendors. 

• The maximum system lifetime is T = 10 years. 

Two main themes are evident by examining (1) and Figure 8. The frst is that, using these assumptions, the absolute 
maximum AFDD system implementation cost that a small building (929 m2 [10,000 ft2]) is likely to support is on the 
order of $5,000–$6,000 USD. However, at these break-even values, the building owner has assumed some risk for no 
return (NPV = $0). In addition, K is uncertain and depends strongly on the types of faults detected and corrected. 
Therefore, the actual maximum AFDD implementation cost supportable by the small buildings market under these 
assumptions is likely closer to $2,000–$3,000 USD. The exact value is customer-dependent, and is likely to depend on 
how favorable the AFDD project IRR is when compared to the other cost-saving or business investment opportunities 
(marketing, inventory, staff, etc.) that the customer is considering; i.e., it will depend on the value of r. 

Second, the maximum cost-effective implementation cost scales linearly with both the building’s annual cost of 
energy and the percentage of realized energy savings. For example, saving twice as much energy doubles the NPV of 
the AFDD system regardless of the time horizon. (Note that an increasing cost of energy might also have a secondary 
effect on the assumed value of K by decreasing the assumed SPP of fxing faults, which would augment rather than 
dampen this scaling effect.) Therefore, AFDD implementation efforts are most likely to be successful for buildings 
with some combination of a high-priced electricity market, large building energy consumption per unit area, and a 
large opportunity for energy savings from correcting faults. 
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Figure 8: Impact of realized energy savings on acceptable AFDD implementation cost with annual cost of capital r of 10% (left) and 15% (right) 

5. Conclusion 

Small commercial buildings (less than approximately 1,000 m2 or approximately 10,000 ft2) present a challenging 
market for AFDD tool developers and vendors. Although small commercial buildings represent more than 72% of 
total commercial buildings in the United States, the energy consumption of any single building is small. To provide 
net savings to the end user, AFDD algorithms for small commercial buildings must have very low frst costs and 
minimal ongoing labor costs on the part of the customer. AFDD developers also face multiple technical and market 
barriers, which have inhibited the development of a robust AFDD market for small commercial buildings. These 
barriers include: 

• AFDD technology developed for large buildings does not transfer well to small buildings because small build-
ings typically have different HVAC systems and lack the required BAS infrastructure. 

• Rule-based AFDD, the most common AFDD approach for large buildings, requires signifcant engineering 
labor to implement. The energy savings available in small buildings are insufficient to offset these labor costs. 

• Small commercial buildings have sparse data collection infrastructure, limiting the types of AFDD algorithms 
that may be deployed. 

• Small building owners and operators lack effective resources to evaluate the true cost of available AFDD tools 
and perform cost-beneft analyses, which inhibits uptake of AFDD products. 

• Small building owners and operators have little time to invest in learning or using AFDD tools. Owners and 
operators need turnkey solutions for AFDD, which historically have been too expensive to be cost-effective for 
small buildings. 

Because of these barriers, progress in providing effective AFDD tools to the small commercial market has been 
slow. Although new approaches leveraging low-cost submetering, embedded AFDD for RTUs, and low-touch or no-
touch audit tools have flled AFDD niches, comprehensive AFDD products for small commercial buildings remain 
largely unavailable. To specifcally address the needs of the small buildings sector, AFDD developers and vendors 
should: 

• Develop AFDD tools that have low input data requirements (e.g., whole-building electricity and natural gas 
consumption) or that acquire data via seamless integration with existing customer equipment 

• Develop AFDD tools that minimize expensive engineering labor required for initial setup and deployment 
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• Offer turnkey, fully-managed AFDD products that require no ongoing labor on the part of the building owner 
or operator 

• Provide clear and comprehensive pricing information for their AFDD products 

• Provide clear and rigorous performance and accuracy data for AFDD tools 

• Develop tailored AFDD tools for building types and equipment categories with high energy consumption, such 
as cooking and refrigeration equipment in food sales and food service buildings 

• Consider business models that reduce the risk to the building owner, such as pay-for-performance service plans 

• Consider deployment pathways that reduce customer acquisition and transaction costs, such as partnership with 
HVAC contractors. 

In addition, the research community and the public sector can provide support by quantifying the prevalence, 
energy impact, cost to fx, and energy savings persistence of typical small building faults. These data will aid building 
owners and operators in making informed decisions about the costs and benefts of AFDD. If AFDD tools can be 
successfully developed and deployed widely in small commercial buildings, it will enable up to 106 TWh (0.36 
quads) of energy savings in the United States. 
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