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Foreword
People measure and analyze the energy performance of buildings for many reasons. Comparisons of
energy use may be made among nations, regions, individual buildings, or systems within a building.
Policy makers, owners, designers, operators, raters, and researchers use energy performance data. Many
tools (or approaches) have been developed to analyze energy performance in different ways, at different
levels of effort and precision, and at different stages in the life of a building. Each tool quantifies the
building energy performance to fit the users’ needs. However, methods and metrics are often inconsistent
with each other. In addition, performance numbers may be misrepresented or misused to predict energy
savings beyond the accuracy of the numbers.
The Performance Metrics Project is a U.S. Department of Energy commercial buildings research activity
whose goal is to standardize the measurement and characterization of building energy performance. Its
main products are clearly defined energy performance metrics and standard procedures for determining
the performance metrics; its intents are to define common language and to create standards that produce
consistent results independently of the user. Therefore, the terms and techniques are clearly defined with
little room for interpretation. The more opportunity there is for interpretation, the higher the probability
for disparity and “gaming” of the results. These procedures focus on reporting absolute numbers and not
on comparisons of energy performance. Benchmarks are included only where well-established values
apply. However, benchmarking of results by others can be improved be using the clearly defined absolute
metrics determined by these procedures.
Numerous other documents outline procedures for analyzing building and photovoltaic (PV) system
energy performance. (See references in Section 8.) Some procedures are general and tend to outline the
stages of project planning, management, and execution; they do not encompass the level of detail
necessary to standardize specific measurements among buildings. On the other hand, the procedures that
do encompass the necessary level of detail are not general enough to provide a standard basis of
comparison among buildings. Stewart et al. (1984), in reviewing numerous energy audit procedures,
commented:
Unfortunately, in the rush to account for energy usage, no cohesive pattern of auditing procedures
was developed. Instead, a plethora of forms and procedures was prepared, often just for specific
tasks. The result is the inability to compare the results of one audit to another with any sense of
confidence.
Also, Misuriello (1987) commented, “The diverse nature of monitoring projects realistically precludes a
universal protocol applicable to all monitoring efforts.”
The Performance Metrics Project attempts to build on this body of work and resolve differences among
the various approaches. The project has worked to address the following issues that have been problems
with performance monitoring in the past:
•

Standardization: Standard performance metrics provide a consistent basis for comparing energy
performance among buildings.

•

Versatility: The analysis is customized to the facility boundaries, energy configuration, analysis
goals, and analysis budget that apply to a given project.

•

Economy of Effort: The data collection is carefully matched to the goals of the analysis and the study
questions to avoid the common pitfalls of too few or too many data.

Each procedure in this series outlines a measurement protocol that helps to quantify standard performance
metrics. The primary users for whom these documents are intended are building energy analysts and
technicians who design, install, and operate data acquisition systems (DAS), and who analyze and report
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building energy performance data. In addition, the Metrics Definitions in Section 4 of each procedure
may be useful to others who interpret and apply such data.
Two levels of effort are outlined in these procedures to meet the needs of different users and to address
the goals of versatility and efficiency in performance monitoring. In Tier 1, utility bills and other rapid,
inexpensive means of data gathering are used to determine monthly and annual purchased energy, facility
energy production, and related metrics. In Tier 2, submetering and an automated DAS system are used to
determine subhourly time-series data. Tier 1 analysis is appropriate for the comparison of PV and
building energy performance on an annual basis. A Tier 2 analysis can require a substantial effort; the
benefits of this detailed study should be weighed against the associated costs.
Previous work has focused on rating the power output of PV systems and general performance
monitoring. Rating system such as PVUSA (PG&E 1995) apply a regression modeling technique
combined with measured system performance and environmental conditions by calculating PV system
power output at specific test conditions. A power equation method developed at NREL (Marion et.al.
1999) also rates PV power output at standard test conditions. An international standard (IEC 61724 1998)
provides guidance on photovoltaic system monitoring, including specific performance indices. These
existing PV rating methods and standards do not provide guidance on measuring and characterizing the
long-term energy production of PV systems in buildings and the resulting impacts on a building’s energy
use and energy cost.
This procedure expands on previous work in this area by providing a standard method for measuring and
characterizing the long-term energy performance of PV systems in buildings and the resulting
implications to the building’s energy use. The performance metrics determined here may be used for
measuring:
•
•
•
•
•

how much electricity the PV system produces,
the percentage of the building’s load that is met by PV production,
the PV system’s generation effectiveness,
the reduction of building electrical demand resulting from the PV system, and
the site energy expenditure savings accruing from the PV system.

This procedure does not offer guidance on diagnosing and detecting faults or provide direction for
determining satisfactory measured performance or predicting expected performance.
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Section 1 – Purpose
The purpose of this procedure is to establish a standard method for monitoring and reporting on the
performance of photovoltaic (PV) systems in buildings.

Section 2 – Scope
2.1 – Overview
This procedure provides a standard method for monitoring and reporting on the long-term performance of
PV systems in buildings. The performance metrics determined here may be compared against
benchmarks for evaluating system performance and verifying that performance targets have been
achieved. Uses may include comparison of performance with the design intent; comparison with other
PV systems in buildings; economic analysis of PV systems in buildings; and the establishment of longterm performance records that enable maintenance staff to monitor trends in energy performance. The
procedure is applicable to the following types of commonly installed PV systems:
•

Grid-tied PV systems with no battery storage (Type 1 system, Figure 4-1). These systems are
connected to a building’s utility grid through the building’s electrical system.

•

Grid-tied systems with battery storage, where the battery storage is part of either an
uninterruptible power supply (UPS) (Type 2 system, Appendix D, Figure D-1) or integrated into
the PV system and for other uses related to building energy use.

The procedure is divided into two tiers to differentiate the resolution of the results and the amount of
effort that is typically required to complete the procedure. Tier 1 gives monthly and annual results for the
system as a whole that are based primarily on utility meter readings or existing performance data. In
addition to monthly and annual results, Tier 2 yields time-series results (typically 15- or 30-min data,
corresponding to the electrical demand billing scheme) based on submetering and a data acquisition
system (DAS).
2.2 – What This Procedure Does
The procedure may be used to evaluate the power supplied to a building’s electrical system from a gridtied PV system and the implications to the building’s energy use. It addresses only the renewable energy
that the PV system converts to electrical power using the sunlight available to the PV system. The
procedure encompasses grid-tied PV systems connected to all building types, including commercial,
residential, and industrial buildings, and is intended for application after the PV system has been
commissioned. The procedure includes definitions of the performance metrics obtained, detailed steps for
quantifying performance, and a list of suggested monitoring equipment.
2.3 – What This Procedure Does Not Do
The procedure does not apply to PV systems where the power output is completely directed to any other
use than the building, such as PV systems that power individual parking lot lights or path lighting. It does
not address PV-hybrid systems, such as PV systems tied to a fossil fuel backup generator or wind
generator, although portions of the procedure can be adapted to this use. The procedure does not address
stand-alone (grid-independent) systems. It does not provide diagnostic support for identifying the reasons
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that systems are not performing as designed, nor does it give guidance on repair techniques or on
predicting or determining satisfactory performance.
Although this procedure does include an analysis of electrical demand savings and associated cost
savings, these results are not applicable to systems that include demand-limiting controls (see Section
4.1).

Section 3 – Definitions, Abbreviations, and Acronyms
3.1 – General
Terms, abbreviations, and acronyms defined in this section apply to this procedure. The names of
performance metrics are defined in Section 4 and printed in bold type throughout this document. Terms,
abbreviations, and acronyms not defined in either Section 3 or Section 4 are assumed to have their
ordinary definitions in the context in which they are used, based on Standard American English.
3.2 – Definitions
Apparent Power
The product of the root mean square (RMS) volts and RMS amperes of a single phase circuit. This
product divided by 1000 is designated in kilovolt-amperes (kVA), and comprises both real and
reactive power. Some utility rate structures include charges for peak demand based on apparent
power.
Annual
A period that consists of 12 consecutive months.
Array Area
The total area of all the PV modules wired together under consideration, including the frames of the
modules.
Balance of System (BOS) Components
All of the system components in a PV system, except the PV modules. The components include the
structures, wiring, disconnects, current breakers, charge controllers, batteries associated with an
uninterruptible power supply, isolation transformers, and inverters.
Data Acquisition System (DAS)
An automated data recording system that typically consists of a programmable data logger and
numerous sensors for measuring energy use, environmental conditions, and other measurements
needed to complete Tier 2 of this procedure. The recording interval should correspond to the
applicable electrical demand-billing scheme, if applicable (typically 15- or 60-min data), so that the
data enable demand-reduction strategies to be analyzed after the procedure is completed. (See also
the definition of time series.) The system should be operated and the data collected for at least 1 year
to allow seasonal trends and annual totals to be determined with this procedure.
Demand-Responsive Control
A building demand controller that limits electrical demand when the prices of electricity are high.
Noncritical loads, such as fans and lights, can be controlled to reduce monthly peak demands.
2

Facility
A set of one or more buildings or outdoor applications, or both, that use energy and share a common
utility meter. If there is a compelling reason to apply a different boundary to the analysis, that
boundary and the reasons for using it should be clearly described in the report.
Grid-Tied PV System
A PV system that is electrically linked to the electrical utility grid. The PV system may be integrated
with the building envelope, mounted on the building structure, or separated from the building, and
may or may not include battery storage.
Incident Solar Radiation
The flux of solar radiation (irradiance) in the plane of the array per unit area averaged over the timeseries interval (in watts per square meter [W/m2]).
Measure
To determine a quantity with a calibrated instrument. This includes using previously measured data
such as those shown on a utility bill or engineering log.
Metric
A standard definition of a measurable quantity. (See examples of performance metrics in Section
4.1.)
Month
A calendar month, or a utility billing period of similar duration.
Performance Metric
A standard definition of a measurable quantity that indicates some aspect of performance. Section 4
contains definitions of the specific performance metrics used in this procedure.
Photovoltaic Module
A complete, environmentally protected unit consisting of solar cells, optics, and other components,
exclusive of tracker, designed to generate DC power when exposed to sunlight (National Electric
Code [NEC] 2002).
Photovoltaic System
A photovoltaic system includes the photovoltaic modules wired together in series and parallel in an
array and the associated BOS components.
Power Factor
The ratio of real power (in kilowatts [kW]) to apparent power (in kVA) at any given point and time in
an electrical circuit. Generally, this is expressed as a percentage ratio.
Procedure
A standard technique for determining one or more performance metrics, or a document (such as this
one) that outlines such technique(s).
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Rated PV Capacity
The sum of the peak rated DC power output of all the PV modules in the PV system at standard test
conditions, expressed as peak rated watt (Wp) or kilowatt (kWp).
Rated PV Module Efficiency
The efficiency of the PV modules in a PV system to convert incident solar radiation to electricity at
standard test conditions. Generally determined by dividing the rated PV capacity by the product of
the array area and the incident solar radiation at standard test conditions (1000 W/m2). For example,
the rated PV module efficiency of a PV module rated at 85 W with an array area of 0.63 m2 can be
determined by: 85W / (0.63m2 ·1000W/m2) = 13.5%
Reactive Power
The portion of Apparent Power that does no work. It is commercially measured in kilovars (kVAR).
Reactive power must be supplied to most types of magnetic equipment, such as motors.
Real Power
The energy or work-producing part of Apparent Power. The rate of supply of energy, measured
commercially in kilowatts. The product of the real power (product of instantaneous voltage and
current in a single phase circuit) and length of time is energy, measured with watt-hour meters and
expressed in kilowatt-hours (kWh).
Standard Test Conditions
The fixed set of conditions for which PV module performance is rated. These conditions are 1000
W/m2 incident solar radiation, 25°C cell temperature, 0.0 wind speed, and Air Mass 1.5 spectrum
(ASTM 1996). While these standard test conditions are convenient for measuring module output in a
laboratory setting for ratting purposes, they do not represent actual operating conditions. The actual
cell temperature is much lower at standard test conditions in the laboratory than will typically be seen
in the field.
Standby Operation
The PV system operation mode during which there is no usable AC PV electricity production.
System inefficiencies, such as parasitic transformer losses, can result in substantial standby energy
use during this mode of operation.
Tier
A portion of a procedure that is categorized in terms of (1) the resolution of the results obtained and
(2) the level of effort typically required to obtain the results. (See Section 6.2, Step I.D, for further
explanation.) The particular performance metrics determined in each of the two tiers in this
procedure are diagrammed in Section 4 and tabulated in Section 6.
Tier 1
The most basic level of a procedure, which yields high level results. General characteristics of Tier 1
are that it (1) generally yields only monthly and annual results; (2) often requires only existing data,
including utility bills, building drawings, and a physical examination (walk-through) of the building;
and (3) is typically performed without installing additional metering equipment. A dedicated AC PV
production meter may be required in tier 1 if no other means to determine PV production are
available.
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Tier 2
The advanced level of a procedure, which yields more detailed results. Most analysts who are
interested in a detailed examination of a building's performance will perform a Tier 2 analysis.
General characteristics of Tier 2 are that it (1) yields seasonal, daily, hourly, or subhourly (if
appropriate) results; (2) yields results itemized by type of end use; and (3) requires new data to be
recorded in addition to existing building data. Submetering and a DAS are generally employed.
Time Series
The data-recording interval that corresponds to the applicable electrical demand-billing scheme
(typically 15- or 60-min data). If there is no applicable electrical demand-billing scheme, the
recording interval should be based on any interest in using the data to analyze demand-reduction
strategies.1
Uninterruptible Power Supply (UPS)
A backup power supply that is designed to provide power to a site in the event of interruptions in the
incoming (grid) electrical power.
Utility
An organization responsible for the installation, operation, and maintenance of the supply of a public
service (such as electricity, natural gas, or water) to a specific site.
3.3 – Abbreviations
BTU/day
BTU/month
BTU/yr
kVA
kVAR
kW
kWh
kWh/day
kWh/month
kWh/yr
W/m2

British thermal units per day
British thermal units per month
British thermal units per year
kilovolt-amperes
kilovars
kilowatts
kilowatt-hours
kilowatt-hours per day
kilowatt-hours per month
kilowatt-hours per year
watts per square meter

3.4 – Acronyms
AC
ASHRAE
BAS
BOS
CT
DAS
DC
EIA
IC

Alternating current
American Society of Heating, Refrigerating, and Air-conditioning Engineers
Building automation system
Balance of system
Current transformer
Data acquisition system (see definition in Section 3.2)
Direct current
Energy Information Administration
Integrated circuit

1

Synchronizing the analysis to the time base used by the utility company can be difficult. Thus, values of peak
demand determined by monitoring may differ from those shown on the electric bill. Nonetheless, the data are useful
for analyzing load management opportunities as an adjunct to this procedure.
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IPMVP
NEC
NREL
O&M
PV
RMS
TC
UPS

International Performance Measurement and Verification Protocol
National Electric Code
National Renewable Energy Laboratory
Operations and maintenance
Photovoltaic
Root mean square
Thermocouple
Uninterruptible power supply
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Section 4 – Metrics Determined in This Procedure
The procedure is divided into two tiers to differentiate the resolution of the results and the amount of
effort required to complete the procedure. The Tier 1 metrics that can be measured, with existing data,
are shown in Appendix A, Figure A-2. Tier 2 metrics that can be measured and the required data are
shown in Appendix A, Figure A-3. The Tier 1 procedure provides monthly and annual results for the
system as a whole from utility bills or other forms of pre-existing PV system performance data. An
example of a Tier 1 analysis would be if an owner/operator were interested in verifying design predictions
of PV system production as compared to site energy use on a monthly or annual basis. Pre-existing data
and monthly utility bills would be used for this Tier 1 analysis.
If the appropriate monitoring equipment or performance data are not available, then Tier 1 metrics can
only be determined by following the Tier 2 procedures. The Tier 2 procedure provides results based on
time-series data, in addition to monthly and annual results. Tier 2 results are based on data from a data
acquisition system with submetering. Tier 2 metrics can also include and expand Tier 1 results from
utility bills. An example of a Tier 2 analysis would be to determine the hourly AC generation
effectiveness for calculating availability statistics. Tier 1 and Tier 2 procedures for determining the
metrics defined below are described in Section 6.
Figure 4-1 shows the location of the primary metric measurement locations for a typical PV system
connected to the utility grid through a building’s electrical system. Table 4-1 provides the names of the
primary metrics shown in Figure 4-1. Appendix D details a similar system that includes a UPS system
(Type 2).
PV System

3
Utility Grid

Site
Electrical
Bus

4

1
Inverter

2

5
PV Array
Site
Electrical
Loads

Figure 4-1

6

Metric measurement locations for grid-connected Type 1 PV system
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Table 4-1
Meter #
1
2
1 minus 2
3
4
4 minus 3
5
6

Metrics in Figure 4-1

Metric and Labels
Total PV System AC Production
PV System Standby Use
Net PV System Production
Total Electricity Delivered To the Utility
Total Electricity Consumed From the Utility
Net Facility Electricity Use
Total Facility Electricity Use
Incident Solar Radiation

In a net-metering configuration that includes a single bi-directional utility meter capable of metering
electricity use (meter 4 from Figure 4-1) and electricity sold back to the utility (meter 3 from Figure 4-1),
separate meters of electricity supplied by the utility and delivered to the utility are not necessary. Meter 3
and 4 in Figure 4-1 will be a single meter, but still measure the Net Facility Electricity Use.
4.1 – Metric Definitions

Figure 4-2

Energy flow diagram for PV systems in buildings

The energy flow diagram provided in Figure 4-2 shows the highest level metrics determined in this
procedure. Metrics determined in this procedure are organized based on how they relate to the PV system
(Net PV System Production), the facility (Total Facility Energy Use), or the affect of the PV system on
the facility (Net Facility Energy Use). The highest level metrics and related metrics are shown in
Table 4-2.
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Table 4-2
High-Level
Metrics

High-Level and Related Metrics
Related Metrics

Net PV
System
Production

Total PV System Production
PV System Standby Use
Equivalent Daily Hours of Peak Rated PV Production
Equivalent Annual Hours of Peak Rated PV Production
Total Incident Solar Radiation
PV System AC Electricity Generation Effectiveness
PV System Performance Ratio
Maximum Time-Series Net PV Production
Average Daily Time-Series PV Production Profiles

Total
Facility
Energy Use

Total Facility Electricity Use
Peak Demand of Total Facility Electricity Use without PV System
Facility Electricity Costs without PV System

Net Facility
Energy Use

Facility’s Electrical Load Offset by PV Production
Facility’s Total Load Met by PV Production
Total Electricity Delivered to Utility
Peak Demand of Net Facility Electricity Use
Reduction of Peak Demand Resulting from the PV system
Facility Electricity Costs
Energy Cost Savings Accruing from PV System

The performance metrics that can be determined through this procedure are defined as follows.

Total PV System Production
The total electricity produced by the PV system and directly used in facility loads, or exported to the
utility grid. If utility bills or pre-existing data are available that provides sufficient data for meter 1 from
Figure 4-1, this metric is measurable in Tier 1. If no pre-existing performance data are available, this
metric is determined through Tier 2 procedures.
Reported as: monthly totals, annual totals, and average daily totals per month
Units: kWh/month, kWh/yr, kWh/day

PV System Standby Use
Some electrical components integral to the PV system—including the inverter, the battery bank, and the
isolation transformer—have parasitic electrical use loads during system standby operation. These losses
do not include system inefficiencies during normal production. If the PV system does not include
components that have parasitic loads, or pre-existing data are available, then this metric can be
determined in Tier 1. The monthly and annual standby use of the PV system can be estimated or directly
measured as a Tier 2 metric. An estimate for meter 2 from Figure 4-1 can be based on a one-time
handheld measurement taken at night. The manufacturer’s nameplate standby energy use can be used
along with the expected time of standby operation, although accuracy is sacrificed with this approach. A
direct time-series measurement is recommended for better accuracy.
9

Reported as: monthly and annual totals
Units: kWh/month, kWh/yr

Net PV System Production
The net electricity produced by the PV system and delivered to facility loads or exported to the grid,
accounting for PV system parasitic losses during standby operation. This metric is represented by meter 1
minus meter 2 in Figure 4-1. If utility bills or pre-existing data is available at meter 1 and meter 2 from
Figure 4-1, this metric can be estimated in Tier 1. If PV System Standby Use and Total PV System
Production metrics are not determined as Tier 1 metrics, this metric is determined through Tier 2 metrics.
Reported as: monthly totals, annual totals, and average daily totals per month
Units: kWh/month, kWh/yr, kWh/day
Calculated by: Total PV System Production - PV System Stand By Use

Equivalent Daily Hours of Peak Rated PV Production
The daily PV production normalized by rated PV capacity for each month.
Reported as: monthly average hours per day per rated PV capacity
Units: hrs/day per kWp of rated capacity
Calculated by:

Net PV System Production (kWh/day)
Rated PV Capacity (kWp )

Equivalent Annual Hours of Peak Rated PV Production
The annual PV production normalized by rated PV capacity.
Reported as: annual thousands of hours per year per rated PV capacity
Units: 1000 hrs/yr per Wp of rated capacity
Calculated by:

Net PV System Production (kWh/yr)
Rated PV Capacity (Wp )

Total Facility Electricity Use
The monthly and annual total electricity consumed at the facility. As a Tier 1 metric, it can be measured
if pre-existing performance data or utility bills facilitate the calculation. For example, if the utility bill
includes the monthly net electricity purchased from the utility (meter 4 minus meter 3 in Figure 4-1), and
monthly Net PV System Production is available (meter 1 minus meter 2 in Figure 4-1), calculate the
Total Facility Electricity Use by adding the Net PV System Production to the net energy purchased
from the utility. This metric is represented by meter 5 in Figure 4-1.
Reported as: monthly totals, annual totals, and average daily totals per month
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Units: kWh/month, kWh/yr, kWh/day
Calculated by: Net PV System Production + net energy purchased from the utility

Total Facility Energy Use
The monthly and annual total energy consumed at the facility. This metric is used to compare the facility
energy use to PV production. A zero-energy (site) building produces more energy than is used, resulting
in 100% or greater total facility energy use met by the PV system. The total facility nonelectrical energy
use can generally be obtained from utility bills and fuel supplier invoices.
Reported as: monthly totals, annual totals, and average daily totals per month
Units: kWh/month, kWh/yr, kWh/day, and BTU/month, BTU/yr, BTU/day
Calculated by: Total Facility Electricity Use + Total Facility Nonelectrical Energy Use

Facility Electrical Load Offset by PV Production
The net electricity produced by the PV system compared to the Total Facility Electricity Use.
Reported as: percentage of annual and monthly electrical facility load met by PV system.
Units: nondimensional value expressed as a percentage

⎛ Net PV System Production (kWh/month, kWh/yr) ⎞
⎟ •100 %
⎝ Total Facility Electricity Use (kWh/month, kWh/yr) ⎠

Calculated by: ⎜

Facility Total Energy Load Met by PV Production
The net electricity produced by the PV system compared to the Total Facility Energy Use. A building
that produces more energy than it uses would result in 100% or greater total facility energy load met by
the PV system.
Reported as: percentage of annual and monthly total facility energy load met by PV system.
Units: nondimensional value expressed as a percentage

⎛ Net PV System Production (kWh/month, kWh/yr) ⎞
⎟ •100 %
⎝ Total Facility Energy Use (kWh/month, kWh/yr) ⎠

Calculated by: ⎜

Total Electricity Delivered to Utility
When the PV system produces more AC electricity than is used at the facility, the excess production
typically will be exported to the utility grid. This metric is represented by meter 3 in Figure 4-1. In a netmetering agreement, this metric is typically measured by the utility to determine the financial credit to the
building and PV system.
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Reported as: monthly and annual total electricity that is exported to the utility grid
Units: kWh/month, kWh/yr

Total Incident Solar Radiation
The solar radiation in the plane of the solar array. It is calculated by summing the time-series solar
radiation flux per unit area and multiplying by the PV array area. The location of this metric is
represented by meter 6 in Figure 4-1.
Reported as: annual and monthly total incident solar radiation
Units: kWh/yr, kWh/month
Calculated by:

Total Incident Solar Radiation (kWh/m 2 /month, kWh/m 2 /yr ) • PV Array Area (m 2 )
PV System AC Electricity Generation Effectiveness
The time-series, monthly, and annual effectiveness of the PV system in converting incident solar
resources to AC electricity used in the building or exported to the grid. The time-series effectiveness is
determined for each time step and then plotted in a scatter plot versus Total Incident Solar Radiation to
show performance on an interval basis. See Figure 7.3 for an example plot.
Reported as:

1. Monthly and annual average effectiveness
2. Plot of time-series generation effectiveness versus insolation

Units: nondimensional value expressed as percent effectiveness

⎛

Net PV System Production (kWh/month, kWh/yr) ⎞
⎟ •100%
⎝ Total Incident Solar Radiation (kWh/month, kWh/yr) ⎠

Calculated by: 1. ⎜

⎛

Time - series Net PV System Production (kW) ⎞
⎟ •100%
⎝ Time - series Total Incident Solar Radiation (kW) ⎠

2. ⎜

PV System Performance Ratio
The ratio of the daily, monthly, and annual PV System AC Electricity Generation Effectiveness to the
rated PV module efficiency. The Performance Ratio is a PV system metric that is normalized by both
PV system capacity and incident solar radiation. The Performance Ratio can indicate the overall effect
of losses on the rated PV capacity due to system inefficiencies such as cell temperature effects, BOS
faults, and system downtime. An idealized Performance Ratio of 1.0 would imply the PV system
operated at standard test conditions over the reported period, without any BOS losses.
Reported as:

1. Daily, monthly, and annual average performance ratio
2. Plot of daily performance ratio (see Figure 7.4 for example plot)

Units: nondimensional value expressed as a performance ratio
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⎛ PV System AC Electricity Generation Effectiveness ⎞
⎜
⎟
(daily %, monthly %, yearly %)
⎟
Calculated by: ⎜
⎜ rated PV module efficiency (% at standard test conditions) ⎟
⎜
⎟
⎝
⎠

Net Facility Electricity Use
The monthly electricity purchased from the utility. It is obtained from the monthly utility bills or from
the monthly sum of the time-series Net Facility Electricity Use. A single watt-hour meter can be used if
the meter is capable of monitoring bi-directional electricity flow. In a net-metering configuration that
includes a single bidirectional utility meter capable of metering electricity use (meter 4 from Figure 4-1)
and electricity sold back to the utility (meter 3 from Figure 4-1), separate meters of electricity supplied by
the utility and delivered to the utility are not necessary. Meter 3 and 4 in Figure 4-1 will be a single
meter, but still measure the Net Facility Electricity Use. If the utility rate schedule is based on peak real
power (in kilowatts), the time-series purchased energy meter should measure real power. If the utility rate
structure includes a charge for apparent power (in kVA) or power factor charges, then the time-series
purchased energy meter should measure both real and apparent power. This metric is represented by
meter 4 minus meter 3 in Figure 4-1.
Reported as: monthly and annual net Electricity Use
Units: kWh/month, kWh/yr

Peak Demand of Net Facility Electricity Use
The monthly peak use of the Net Facility Electricity Use. It is obtained from the monthly utility bills, as
defined in the applicable electric utility rate structure, or from the monthly peak of the time-series Net
Facility Electricity Use. If the utility rate charges based on peak real power (in kilowatts), the timeseries purchased energy meter should measure real power. If the utility rate schedules are based on
apparent power (in kVA) or if they consist of power factor charges, the time-series Net Facility
Electricity Use meter should measure both real and apparent power.
Reported as: monthly peak demand of Electricity Use, annual maximum of monthly values
Units: peak kW/month or peak kVA/month, corresponding to electric utility rate structure

Peak Demand of Total Facility Electricity Use without PV System
The monthly peak of the Total Facility Electricity Use. This metric represents what the peak facility
demand would be if the PV system were not integrated into the building’s electrical system. It is obtained
from the monthly peak of the time-series Total Facility Electricity Use. If the utility rate charges are
based on peak real power (in kilowatts), the time-series electricity use meter should measure real power.
If the utility rate schedules are based on apparent power (in kVA) or if they consist of power factor
charges, this time-series electricity use meter should measure both real and apparent power. This metric
is not directly measurable if the building electrical system features demand-responsive controls.
Reported as: monthly peak demand of electricity use without PV system, annual maximum of
monthly values
Units: peak kW/month or peak kVA/month, corresponding to electric utility rate structure
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If a building does feature demand-responsive controls, it is not possible to measure the demand savings
afforded by the controls. These savings cannot be measured because there is no way to measure what the
building load would have been without the controls. In addition, if the building also features a PV
system, the controls interact with the PV system in a way that makes it impossible to measure their effects
separately. To estimate the demand savings resulting from a PV system in a building with demandresponsive controls, a building energy simulation tool is needed. The model used must be capable of (1)
time-series simulation using the same time step that applies in the utility demand rate structure, and (2)
analysis of the building's electrical load with and without the controls and the PV system. Details of such
simulation analysis are not described in this procedure.

Reduction of Peak Demand Resulting from the PV system
The monthly peak demand reduction that resulted from the PV system supplying AC electricity to the
facility. If a building electrical system does not feature demand-responsive controls, it is possible and
straightforward to measure the demand reduction afforded by the PV system.
Reported as: monthly demand reduction resulting from PV system
Units: kW or kVA
Calculated by: Monthly values of:
Peak Demand of Total Facility Electricity Use without PV System (kW or kVA) ─
Peak Demand of Net Facility Electricity Use (kW or kVA)

Facility Electricity Costs
The electricity costs reported on the monthly electrical utility bills. Use this metric to calculate the PV
system cost savings metric.
Reported as: monthly and annual facility electricity costs
Units: $/month, $/yr

Facility Electricity Costs without PV System
The facility electricity costs if there was not a PV system integrated into the building’s electrical system.
Use this metric when calculating the Energy Cost Savings Resulting from PV System metric.
Calculate this metric by applying the utility rate structure to the time-series Total Facility Electricity
Use. Applicable demand (in kilowatts or kVA), use, block, distribution, ratchets, taxes, and time-of-use
charges are applied to the facility electricity use to calculate what the utility costs would have been
without the PV system.
Reported as: monthly and annual facility electricity costs without PV system
Units: $/month, $/yr
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Energy Cost Savings Resulting from PV System
The energy cost savings that are a result of the PV system supplying useful electricity to the building.
The energy cost savings is the difference between the calculated energy costs without the PV system and
the actual utility bills.
Reported as: monthly and annual facility electricity costs savings accruing from PV system
Units: $/month, $/yr
Calculated as: Facility Electricity Costs without PV System – Facility Electricity Costs

Maximum Time-Series Net PV Production
The time-series Net PV System Production peak for a particular month and annually. The maximum
production can provide an indication of the PV system performance at peak solar conditions. This
maximum is not the maximum instantaneous power; instead, it is the maximum power averaged over the
time-series interval.
Reported as: monthly and annual maximum PV production
Units: peak kW/month, peak kW/yr

Average Daily Time-Series PV Production Profiles
The time-series Net PV System Production monthly and annual average daily profiles. These profiles
indicate seasonal changes of the PV system performance over annual variations in solar conditions.
Reported as: twelve monthly average daily profile graphs and one annual average daily profile graph.
See Figure 7.2 for an example plot.
Units: kW vs. time of day

Section 5 – Required Additional Procedures
No other procedures are required to complete this procedure. However, the Procedure for Measuring and
Reporting Commercial Building Energy Performance (Barley, et al. 2005) contains similar site
performance metrics that are used to evaluate building performance.

Section 6 – Description of Procedure
6.1 – General
This section describes the recommended step-by-step procedure for planning and completing an analysis
of PV systems in buildings, yielding measured values of the metrics defined in Section 4. An overview of
the procedure is outlined in Table 6-1. Explanations of each step are provided in the sections indicated in
the outline. This procedure is specifically designed to address the following issues:
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•

Standardization. The performance metrics defined in Section 4 form a consistent basis for
comparing energy performance among systems.

•

Versatility. The analysis is customized to the site boundaries, system configuration, analysis
goals, and analysis budget that apply to the project.

•

Efficiency. The data collection is carefully matched to the goals of the analysis and the study
questions, avoiding the common pitfalls of too little or too much data.
Table 6-1

Procedure Flow Chart

I. Project Definition (Section 6.2)
A. Identify project goals.
B. List specific questions to be answered.
C. Determine boundaries of the site to be analyzed.
D. Select Tier 1 or Tier 2 analysis.
E. Specify desired accuracy of results.
F. Develop estimated budget for performance analysis.
G. Identify period of analysis.
H. Gather basic site and PV system data.
I. Obtain pre-existing performance data.

II. Measurement System Design (Section 6.3)
A. Select performance metrics to be measured.
B. Identify data required for each metric.
C. Specify physical location of each measurement.
D. Specify frequency of each measurement.
E. Specify measurement equipment.
F. Determine feasibility of measurements.
G. Estimate cost of DAS equipment and operation.
H. Calculate uncertainty of measurements.
I. Resolve cost, uncertainty, and practicality with expectations
(Steps I.E and I.F).

III. Data Collection and Analysis (Section 6.4)
A.
B.
C.
D.

Validate data for quality control.
Assemble data for the period of analysis.
Calculate monthly metrics.
Calculate annual metrics.

IV. Reporting Results
(See reporting formats in Section 7)
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6.2 – Project Definition
The form given in Appendix A (Table A-1) serves to guide and document the Project Definition stage of
the procedure. Steps I.A through I.I, as shown in Table 6-1, are identified in Table A-1. Explanations of
these steps follow.
Step I.A: Identify project goals. Summarize the purpose for conducting the performance analysis.
Some examples of project goals are to
•
•
•

Understand how energy is used and produced at the site
Compare the energy production in this building to that of other buildings
Determine energy cost savings accruing from the PV system.

Step I.B: List specific performance questions to be answered. Some examples of study questions are
•
•
•

How much energy is produced by the PV system?
What portion of the energy use is generated on site?
How well does the PV system reduce peak building demands?

Step I.C: Determine the boundaries of the site to be analyzed. See the definition of site in Section
3.2. It is most convenient if the site to be analyzed corresponds to the energy utility metering. However,
this may or may not satisfy the project goals and the questions to be answered.
Step I.D: Select Tier 1 or Tier 2 analysis. This procedure is divided into two tiers to differentiate the
resolution of the results and the amount of effort typically required to complete the procedure. Tier 1 (the
simpler level of analysis) provides monthly and annual results for the system as a whole. Tier 1 results
are based on utility meter readings, building and PV system drawings, a physical examination (walkthrough) of the building, and other forms of pre-existing data. Tier 2 (the more detailed level of analysis)
yields time-series results, in addition to monthly and annual results, based on a DAS with submetering.
Completion of either tier requires collecting at least 1 year of data while the building is in use. For a Tier
1 analysis of an existing building, such data have typically already been recorded on utility bills, so the
procedure may be completed in a matter of days (see exception discussed below). For a complete Tier 1
analysis of a new building, a 1-year waiting period will be necessary to collect the data. For a Tier 2
analysis, the data collection is part of the procedure, which will necessarily take at least 1 year to
complete.
The three primary metrics determined in a Tier 1 analysis are:
•
•
•
•

Net PV System Production
Net Facility Electricity Use
Total Facility Electricity Use.
Equivalent Hours of Peak Rated PV Production

Of these, monthly totals of Net Facility Electricity Use will generally be available from utility meter
readings. If there is no Net PV System Production, the Total Facility Electricity Use is the same as the
Net Facility Electricity Use. However, if the Net PV System Production is not zero, measured monthly
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values of this metric are also necessary.2 If such data are not already on hand (perhaps metered within the
on-site power system), such metering must be performed as part of this procedure, delaying the analysis
for 1 year. All the metrics that are determined in a Tier 1 analysis are listed in Table A-2, which is
discussed in Section 6.3.
Tier 2 metrics are itemized by end use and recorded as time-series data with a DAS for a period of 1 year.
From the time-series data, monthly and annual totals are also determined. All the metrics that are
determined in a Tier 2 analysis are listed in Table A-3, which is discussed in Section 6.3.
Step I.E: Specify desired accuracy of results. More precise measurements will require more
expensive monitoring equipment. Refer to the project goals (Step I.A) and questions (Step I.B) to help
put this into perspective.
Step I.F: Develop estimated budget for performance analysis. The budget may dictate the
appropriate level of effort or the necessary level of effort may dictate the budget. A trade-off between
the two may be considered. The budget should include:
•
•
•

The Project Definition effort
The DAS purchase, installation, and operation (data collection), if used
The analysis and reporting effort.

Step I.G: Identify period of analysis. For a Tier 1 analysis, this might correspond to the most recent
year of utility bill records. For a Tier 2 analysis, it might be based on the time required to design, install,
and commission a DAS, and then to operate it for 1 year. In either case, select the year that is
representative of the normal, occupied function of the facility. Multiple years of analysis may also be
possible to evaluate long-term trends and to verify energy savings.
Step I.H: Gather basic site and PV system data. Specific information about the building and PV
system, which should be gathered before the Measurement System Design phase begins, is detailed in
Table A-1 in Appendix A.
Step I.I: Obtain pre-existing performance data. Collect these data from utility bills or other sources
detailing PV production and net facility electricity use, or from previously measured PV AC power
production data. When suitable data are available, Tier 1 metrics are measurable, as explained in
Step I.D.

6.3 – Measurement System Design
The purpose of the measurement system design is to ensure that the set of data collected will correspond
to the desired analysis and results. This should help to eliminate two of the most common problems in
building analysis: (1) insufficient data to complete the desired analysis, and (2) extraneous data that are
collected but never used.
Forms are provided for use as checklists in completing the first five steps of the measurement system
design. Blank forms are provided in Tables A-2 and A-3, for Tier 1 and Tier 2 analyses, respectively.
Steps II.A through II.E correspond to columns in these forms.
2

Alternatively, monthly values of the Total Site Electricity Use would enable the analysis.
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Step II.A: Select performance metrics to be measured. Review the list of performance metrics
defined in this procedure, which are listed in the Performance Metric column in Table A-1 and Table A-2,
and ascertain which ones apply to the analysis at hand. Cross out any metrics corresponding to features
that do not exist at the site and any metrics for which results are not desired. If any additional
measurements, not defined in this document, are required by the goals of the analysis (Step I.A) and the
questions to be answered (Step I.B), include these metrics as additional items in the Performance Metrics
column, so that the Measurement System Design will include them.
Step II.B: Identify data required for each metric. For each item remaining in the checklist, note the
data that is required to compute the metric. Consult the metric definitions in Section 4 for details. In
addition, consider the concerns discussed in Section 6.4 (Energy Balances and Unmeasurable Metrics) at
this stage. In some cases, necessary data for calculated metrics may consist of other metrics in the
checklist.
Step II.C: Specify physical location of measurement. For each necessary data stream, note the
physical location at the site where these data will be measured. In addition to utility meter information,
building drawings and specifications, walk-through inspections, and interviews with the building engineer
and building occupants, data are typically collected using measurement equipment at strategic points
within the PV and the building electrical systems. Figure 4-1 and Table 4-1 in Section 4 provide typical
measurement locations of some of the metrics. Document the measurement locations in the PV system
interconnection wiring schematic, as shown in Figure 7-1 in Section 7.
Step II.D: Specify frequency of each measurement. For each required measurement, note the
measurement frequency. As described in Section 4, a Tier 1 analysis requires monthly data, while a Tier
2 analysis requires time-series data (see definition).
Step II.E: Specify measurement equipment. For each required measurement, list the measurement
device(s) to be used. (See Appendix B for guidance on equipment selection.)
Additional Steps in the Measurement System Design
Step II.F: Determine feasibility of measurements. Having outlined any measurement devices to be
used and the locations where they will be installed in the steps above, verify that this plan is practical.
Project goals, tier levels, accuracy requirements, or expected performance metrics may have to be
redefined based on the practicality of measurements. Two important tasks are to
•

Verify configurations. Inspect the building wiring and any other features identified as Points
of Measurement in the form, to verify that the physical configuration matches the drawings or
assumptions on which the plan is based and that it enables the planned measurements.
Examples of features to check include circuit breaker configuration, access to wiring for
measurement purposes, and clearances for installing measurement devices. To monitor
meters 3 and 4 in Figure 4.1, coordination with the electric utility may be required.

•

Verify code conformity. Review the measurement system design with the local building
department or another authority that has jurisdiction, to verify that the planned location of
measurement devices will not violate code restrictions. If necessary, obtain an exception to
the code before installing the measurement equipment.
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Step II.G: Estimate cost of DAS equipment and operation. If any new measurements are needed,
include the following items when estimating the cost of implementing the measurement plan:
•
•
•
•
•

The Measurement Equipment listed in Step II.E
A data logger or other means of recording all of the required measurements, with applicable
battery backup
Data logger communications
Installation and commissioning of the above equipment, including data logging programming
The data collection effort: In addition to designing and installing DAS hardware that is capable
of collecting the required data, it is also necessary to assign technical staff to operate the DAS.
Experience has shown that hardware failures do occur, and these can result in a significant loss of
data if problems are not promptly detected and remedied. At this stage, then, answer the
following questions:
-

•

Who will be responsible for data collection and quality control?
How many hours per week will the responsible party(s) spend on this task?
How will the data be collected and reviewed?
How often will the data be checked?

Data analysis and reporting

Weekly review is the recommended minimum frequency, but daily review is better, especially during the
DAS installation and commissioning. Software that checks the data continuously and sends fault alarms
to the technical staff is recommended, along with a telephone modem or network connection for remote
monitoring.
Step II.H: Calculate uncertainty of measurements. Document the precision of each measurement
device, and apply common statistical methods to calculate the uncertainty of metrics obtained through
adding, subtracting, multiplying, and dividing measured data. The accuracy requirements determined in
Step I must be balanced against measurement and analysis costs. See ASHRAE Guideline 14 (ASHRAE
2002) and the International Performance Measurement and Verification Protocol (IPMVP 2002) for
applicable methods. See Appendix C for details on general uncertainty theory.
Step II.I: Resolve cost and uncertainty with expectations. Before purchasing any DAS equipment,
compare the estimated cost (Step II.G) and measurement uncertainty (Step II.H) to the expectations that
were set in the Project Definition phase (Steps I.E and I.F). Resolve any disparity by modifying either the
estimated budget, the expected accuracy, or the design of the measurement system.

6.4 – Data Collection and Analysis
The task of data collection, if needed, consists of purchasing, installing, commissioning, and operating the
DAS specified in the Measurement System Design phase, and monitoring the data for quality control.
The quality control guidelines are described in Step II.G. Some analysis (for example, determining the
monthly values of all the applicable metrics) should be conducted concurrently with data collection, to
verify that the data set is complete and yields credible results.
The data analysis task consists of determining values of all applicable metrics based on the collected data.
Some recommended practices follow.
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•

Energy Balances. In cases where one metric is the sum of (or difference between) several other
metrics, the recommended practice is to measure each metric individually and use the summation as a
check on the consistency of the data. This is also a more accurate way to determine a total, rather
than summing the constituent metrics. Any inconsistencies should be reconciled (corrected, or at
least understood and reported).

•

Unmeasurable Metrics. If a metric cannot practically be measured directly, it may need to be
determined based on a sum of or difference between other metrics. However, this practice sacrifices
the benefit of energy balance checking, and is less accurate.

•

Missing Data. If intervals of data are missing because of a DAS malfunction, one of the following
approaches should be applied:
o

Extend the period of data collection so that a complete year of data is obtained, and modify
the period of analysis to use the complete year of data.

o

Report “Missing Data” in lieu of metrics for the periods affected.

o

Apply the best available method for estimating the missing data, and include the uncertainty
introduced by this method in the reported measurement uncertainty. (Large, continuous gaps
are more difficult than intermittent lapses to restore.)

In any case, maintain a log of all missing data and the method(s) used to reconcile the missing data.
6.4.1 – Monthly Analysis
The following procedures should be used to account for months that may vary in length, and for various
utility billing periods.
Identify Analysis Months
Standard months are January through December, corresponding to the Gregorian calendar.
Nonstandard months may be any 12 approximately equal divisions of a year. For example, nonstandard
months may correspond to a utility billing cycle, provided it consists of 12 consecutive, approximately
equal intervals that cover approximately 365 days. They may be named January, February, and so on,
according to the standard month in which most of the days occur. Alternatively, they may be named
Month 1, Month 2, etc., or another convenient designation.
For a Tier 1 analysis, in which the primary source of energy use data is utility bills, the analysis months
should be chosen to correspond to the utility billing cycle. If more than one utility is used, and they are
on different billing cycles, the one with the highest annual use should be favored. This approach
minimizes errors caused by estimating the portion of the utility use that occurs within the analysis month
(see Accommodate Nonsynchronous Utility Billing Periods, below).
Use Average Daily Values
Monthly metrics should be reported as monthly totals in tabular form and as average daily values in
graphical form. The use of average daily values prevents the weighting of metrics by the number of days
per month, which may vary slightly from one month to another.
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Identify the Analysis Year
Annual totals are determined by summing 12 consecutive monthly totals and adjusting for the number of
included days. An analysis year consists of 365 consecutive days, whether or not the data were collected
during a leap year.3 In the event that the 12 consecutive months amount to slightly more or fewer than
365 days, the total should be adjusted by adding or subtracting average daily values symmetrically at the
beginning and end of the analysis year.
Examples:
1. Standard months in a leap year.
A sum of energy totals for January through December includes 366 days. This sum is adjusted to 365
days by subtracting one half of the average daily value for January and one half of the average daily
value for December.
2. Utility billing periods that cover fewer than 365 days.
The utility bill analysis year runs from April 3 through March 29. The variations in the meter reading
dates cause these 12 consecutive months cover only 361 days. Thus, the annual total is adjusted to
365 days by adding 2 times the average daily value for “April” and 2 times the average daily value for
“March.”
Accommodate Nonsynchronous Utility Billing Periods
If one or more utilities (e.g., electricity and natural gas) are billed on schedule(s) that do not correspond to
the analysis months, the following procedure should be used to determine monthly metrics that involve
the utilities in a Tier 1 analysis.
For each day in the analysis month, for each utility, the average daily value of the utility use for the
billing period that includes the day in question applies. These values are totaled for each utility, for each
day in the analysis month, to determine the monthly total. Finally, the monthly totals are divided by the
numbers of days in the analysis months to determine the average daily values.
Example:
Standard months are used for January 1 to December 31, 2005 (not a leap year). Electricity is billed on
the 10th of each month. Natural gas is billed on the 20th of each month.
•

For January 1, 2005 through January 10, 2005, the daily electricity use is the average daily value for
the billing period December 10, 2004 to January 10, 2005. The gas use is the average daily value for
the billing period December 20, 2004 to January 20, 2005.

•

For January 11, 2005 through January 20, 2005, the daily electricity use is the average daily value for
the billing period January 10, 2005 to February 10, 2005. The gas use is the average daily value for
the billing period December 20, 2004 to January 20, 2005.

•

For January 21, 2005 through January 31, 2005, the daily electricity use is the average daily value for
the billing period January 10, 2005 to February 10, 2005. The gas use is the average daily value for
the billing period January 20, 2005 to February 20, 2005.

3

This is to avoid a slight bias in annual metrics measured in leap years versus nonleap years.
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The January totals are determined by summing the daily values from January 1, 2005 through January 31,
2005. Then the average daily values are determined by dividing the January totals by 31 days.

Section 7 – Reporting Format
To facilitate comparisons among various projects, this section gives a set of standard formats for reporting
on the results of this procedure in a consistent manner. The final report for this procedure should include
the items outlined in the sections that follow.
7.1 – Tier 1
•
•

Project Definition form (see Table A-1)
Table of Monthly Metrics, including all applicable metrics listed in the Measurement Plan (Table
A-2) and using the reporting format illustrated in Table 7-1.

7.2 – Tier 2
•
•
•

Project Definition form (see Table A-1)
Diagram of measurement scheme, showing locations of measurements, similar to the example in
Figure 7-1
Table of Monthly Metrics, including all applicable metrics listed in the Measurement Plan (Table
A-3), using the reporting format illustrated in Table 7-1. An example of a production profile, a
generation effectiveness versus insolation plot, and a daily performance ratio plot are shown in
Figures 7-2, 7-3, and 7-4.
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Table 7-1 Example PV Performance Summary, March 1, 2001, through February 28, 2002
Metric

Month
1

2

3

4

5

6

7

Annual
8

9

10

11

12

Net PV Production
Total Facility
Energy Use
Facility Electrical
Load Offset by PV
Production
PV System AC
Electricity
Generation
Effectiveness
Net Facility
Electricity use
Peak Demand of
Net Facility
Electricity Use
Peak Demand of
Total Facility
Electricity Use
without PV System
Reduction of Peak
Demand Resulting
from PV System
Energy Cost
Savings Resulting
from PV System

PV
SubArray A

INVERTER
A

PV
SubArray B

INVERTER
B

Transformer
A
PV AC
Disconnect
and
AC Circuit

Transformer
B

WM20

Building Loads
WM11

MAIN

Breakers

DISTRIBUTION
INVERTER
C

PV
SubArray C

Transformer
C

Sum of
WM4 to
WM21

PANEL

MDP
440 VDC 50A

Utility
Grid

208/120 VAC 3-Phase
WM AC Watt-Hour Meter

CM Calculated Meter

Figure 7-1

CM2

CM1

Example PV system interconnection wiring and metering schematic
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Figure 7-2

Total PV production shape profiles
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Generation Effectiveness
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Figure 7-3

AC generation efficiencies versus incident solar radiation
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7.3 – Reporting Cost Metrics
When energy costs are compared between two buildings that have been analyzed at different times or in
different places, several factors may bias the comparison:
•
•
•
•

Changes in energy prices over time
Differences in energy prices from place to place
General inflation that occurs during the time interval
Exchange rates between different currency units, which vary over time.

It is beyond the scope of this procedure to develop a system for normalizing all these effects. However,
the following procedures should be used to report cost metrics in a way that will facilitate their
interpretation.
The following metrics defined in this procedure include units of currency:
•

Facility Electricity Costs, CurrencyYear

•

Facility Electricity Costs without PV System, CurrencyYear

•

Energy Cost Savings Resulting from PV System, CurrencyYear/ft2 or CurrencyYear/m2
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In each case where currency units are used, the year during which the expenditures occurred should be
noted. If the analysis year extends over two calendar years, the calendar year during which most of the
expenditures occurred should be cited.
Example:
•

Facility Electricity Cost (Annual) = US$20016,500/yr

In addition, footnotes should be used to reference the building location and the applicable utility rate
schedule(s). These are documented in the Project Definition Form (Table A-1).
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Appendix A – Sample Measurement Plan
Table A-1

Project Definition Form

Project Name:
Building Address:
All Site/Procedure Related Contacts:
(Names, organization, title, contact info)
(I.A)

Goals of the Analysis:

(I.B)

Questions to be Answered:

(I.C)

Site Definition and Boundaries:

(I.D)

Analysis Tier (Tier 1 or Tier 2):

(I.E)

Desired Accuracy of Results:
±_______%, or other criteria

(I.F)

Estimated Budget for Performance Analysis:

(I.G)

Dates of:
Procedure execution:
Site visits:
Monitoring period:

(I.H)

Basic Building and PV System Data:
Building Description:
(Floor plan, gross area, floors, space uses, typical occupancy patterns)
PV System Description:
•
Rated PV module capacity
•

Array area

•

Array wiring schematic

•

BOS components and system wiring

•

PV interconnection wiring schematic showing the building and utility connection.

Utility Company(s) and Rate Schedule(s):
(Attach to this form)
Pre-existing Performance Data:
Principal Building Function:
The principal building type is classified according to the principal commercial activity, which is the primary
business, commerce, or function carried on within each building (EIA 2002). Choose One:
Education

Health Care

Food Sales

Lodging

Food
Service

Mercantile

Office
Public
Assembly
Public
Order
and Safety
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Religious
Worship

Other

Other Service

Vacant

Warehouse
and Storage

Table A-2 Tier 1 Metrics Measurement Plan
Tier 1 Metrics
Total PV System
Production
PV System Standby Use
Net PV System
Production
Equivalent Daily Hours of
Peak Rated PV
Production
Equivalent Annual Hours
of Peak Rated PV
Production
Total Facility Electricity
Use
Total Facility Energy Use
Facility’s Electrical Load
Offset by PV Production
Facility’s Total Energy
Load Met by PV
Production

Data Needed
(in bold if data represent another
metric)
Monthly utility bills or monthly preexisting performance data
Total PV System Production and
Standby Use
Net PV System Production and
Rated PV capacity
Net PV System Production and
Rated PV capacity
Monthly utility bills or monthly preexisting performance data
Monthly utility bills or monthly preexisting performance data
Net PV System Production and
Total Facility Electricity Use
Net PV System Production and
Total Facility Energy Use
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Measurement
Location or
Source of Data

Frequency of
Measurement

Table A-3 Tier 2 Metric Measurement Plan
Tier 2 Metrics
Total PV System
Production
PV System Standby Use
Net PV System
Production
Equivalent Daily Hours
of Peak Rated PV
Production
Equivalent Annual
Hours of Peak Rated PV
Production
Total Facility Electricity
Use
Total Facility Energy
Use
Facility’s Electrical
Load Offset by PV
Production
Facility’s Total Energy
Load Met by PV
Production
Total Electricity
Delivered to Utility
Total Incident Solar
Radiation
PV System AC
Electricity Generation
Effectiveness
PV System Performance
Ratio
Net Facility Electricity
Use
Peak Demand of Net
Facility Electricity Use
Peak Demand of Total
Facility Electricity Use
without PV System
Reduction of Peak
Demand Resulting from
the PV system
Facility Electricity Costs

Data Needed
(in bold if data represent another
metric)
Time-series measurement of AC PV
production
Time-series measurement of PV
system standby use
Total PV System Production and
PV System Standby Use
Net PV System Production and
Rated PV capacity
Net PV System Production and
Rated PV capacity
Monthly utility bills or monthly preexisting performance data
Monthly utility bills or monthly preexisting performance data
Net PV System Production and
Total Facility Electricity Use
Net PV System Production and
Total Facility Energy Use
Time-series measurement of energy
exported to utility
Time-series measurement of
insolation, array area
Total Incident Solar Radiation and
Net PV System Production
PV System AC Electricity
Generation Effectiveness and rated
PV module efficiency
Time-series measurement of Total
Electricity Delivered to Utility and
Time-series measurement of energy
consumed from utility
Time-series measurement of Net
Facility Electricity Use
Time-series measurement of Total
Facility Energy Use
Peak Demand of Net Facility
Electricity Use and Peak Demand
of Total Facility Electricity Use
without PV System
Utility bills
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Measurement
Location or
Source of Data

Frequency of
Measurement

Tier 2 Metrics
Facility Electricity Costs
without PV System
Energy Cost Savings
Resulting from PV
System
Maximum Time-Series
Net PV Production
Average Daily TimeSeries PV Production
Profiles

Data Needed
(in bold if data represent another
metric)
Time-series measurement of Total
Facility Electricity Use and Utility rate
structure
Facility Electricity Costs without
PV System and Facility Electricity
Costs
Time-series measurement of Net PV
System Production
Time-series measurement of Net PV
System Production
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Measurement
Location or
Source of Data

Frequency of
Measurement

Appendix B – Description of Monitoring Equipment
This appendix contains a brief introduction to measurement techniques and equipment—it is not meant to
be a definitive source of information. The reader is encouraged to conduct further research into these
techniques and equipment if there are additional questions after reading this section. For additional
information on building energy monitoring equipment and methods, see the ASHRAE Handbook of
Fundamentals (2005), ASHRAE Guideline 14 (2002), and International Performance Measurement and
Verification Protocol, Volume I (2002).
Maintain the calibration of all instruments according to the manufacturers’ recommendations. Some
instruments must be field calibrated after installation. Instruments may require recalibration or
replacement during long monitoring periods. Maintain a record of all instrument calibrations during the
monitoring period.
B.1 – Data Logger
The data logger is the most important piece of equipment in the data acquisition system (DAS). The
options are usually to use small, self-contained units that house the sensors and data logger, or to use one
or more central data loggers. Although the self-contained units are easy to install, they do not allow
remote access to the data, they must be synchronized with other units, and they generate multiple data
files. A central data logger can be expensive; however, it will usually pay for itself in saved time during
data collection and analysis. Some building automation systems (BAS) can log and store data, but their
use as data loggers should be analyzed carefully. Most BAS are not designed to be data loggers;
therefore, problems with precision, scan rate, storage, retrieval, or reliability may arise. The following
features are key in a central data logger:
•

•

•

•

•

Reliability: The data logger must be dependable and robust. If the data logger fails, all the
data will be lost for that period; the data collected up to the point of failure may be lost as
well. A reliable data logger usually pays for itself by reducing maintenance costs and
avoiding lost data.
Memory: The data logger must be able to store the collected data for long periods in case
there are times when the data cannot be retrieved. Recording time-series data can create large
data files. Ideally, a data logger should be able to store many months of data without running
out of memory.
Communications: Most data loggers have, at a minimum, an RS232 port for direct
connection to a computer. For long-term data monitoring, remote communication capabilities
that allow data retrieval, data logger programming, and data logger troubleshooting are
usually preferable. For building applications, remote access is usually through a telephone
modem, a cell phone modem, or an Internet connection.
Data Storage Format: The format of the data storage should be straightforward and easy to
work with. Some systems have storage formats that are difficult to process and may even
result in lost data. The easiest format is usually a comma-delimited text file with a date and
time stamp for each set of readings.
Versatility: A good data logger will be flexible enough to handle many types of sensors and
ranges of inputs. Sensor outputs may be voltage, current, or pulses. The data logger should
also be able to supply excitation outputs to power sensors. Its scan rate should be an order of
magnitude greater than the dynamics of the system being monitored. The data logger should
also be able to expand to handle many inputs.
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•

•

Programmability: Many data loggers include built-in functions for converting signals from
sensors into convenient engineering units. Examples include simple mathematical
expressions, complex thermocouple (TC) conversions, and combining flow and temperatures
to calculate energy flow (e.g. “Btu meter”). Programming the data logger to perform these
tasks reduces the amount of data postprocessing and facilitates quick data assessments.
Capability for Backup Power: The data logger should be able to operate for at least 2–4
weeks on backup power in case of a power outage or if it is inadvertently unplugged.

B.2 – Alternating Current Power Measurements
In alternating current (AC) systems, the voltage and current waveforms vary with time over a cycle.
Thus, the power is also cyclic, and the desired measurement is the average power over a cycle. The type
of equipment needed to measure AC power depends on the current waveform, i.e., whether it is a sine
wave and whether it is in phase with the voltage waveform. A power transducer is a device that can
accurately measure the average power in any situation, regardless of the type of current waveform.
However, in some cases a simpler method is recommended. Generally there are three cases to consider,
depending on the type of load.
1. Case 1: Resistive loads. In loads that behave as resistors (with E = I·R), such as incandescent
lights and electrical resistance heaters (water heater, duct heater, electric baseboard, etc.), the
current is a sinusoid in phase with the voltage. In this case, the recommended measurement
scheme is to monitor the RMS4 voltage and RMS current, and compute the power as
Power = (RMS voltage) × (RMS current).
2. Case 2: Sinusoid out of phase. If the current is a sinusoid that is out of phase with the voltage,
such as electric motors (blower, pump, compressor, etc.), the formula for the power is:5
Power = (RMS voltage) × (RMS current) × (power factor).
If the power factor were a constant, it would be sufficient to measure the power factor once,
monitor the RMS voltage and RMS current, and use this formula. However, any changes in
the loading of a motor, such as dirt buildup on an air filter, corrosion of pipes, or changes in
heat pump operating temperatures, can cause the power factor to vary. Therefore, the
recommended measurement scheme is to use a power transducer.
3. Case 3: Nonsinusoidal current. If the current is an irregular (nonsinusoidal) waveform, such as
fluorescent lights, dimmer controls, or other loads, a power transducer must be used.
AC current can be measured by a split core CT that fits around an existing wire without interrupting it
(the wire does not need to be cut to install the device). When a power transducer is used, a similar type of
CT is attached to the power transducer, along with a voltage connection. If electrical energy flows in both
directions in the same wire, two sets of unidirectional CTs and watt-hour transducers, or one bidirectional
device, may be required. The CTs should be sized for maximum expected load and not the breaker size.
Breakers usually have a higher rating than the maximum load on the circuit. Oversized CTs will lower
the accuracy of the measurements. Many CTs have a linear range of response between 10% and 130% of
their rated capacity.
AC voltage should be monitored continuously with an AC voltage transducer if it is required for power
calculations. Even though the grid voltage has a fixed nominal value, the actual voltage varies
4

RMS is the square root of the average value of the square of the quantity. This is a special type of average that
applies in power calculations. Devices are available that measure RMS voltage and RMS current.
5
The power factor is the cosine of the phase angle between the voltage and current waveforms, when both
waveforms are sinusoids.
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significantly with changing load conditions. A typical bus voltage variation is ±5%. The electric utility
company may quote a more specific tolerance.
Three-Phase Power Systems
If three-phase electrical power needs to me measured, it will require three-phase power transducers. The
power transducer should be selected based on the wiring configuration (three-phase/three-wire or threephase/four-wire). Various three-phase power transducer models feature watt, volt-ampere, power factor,
and watt-hour outputs; various response times; and the ability to accommodate chopped or distorted
voltage and current waveforms within the accuracy specifications.
B.3 – Direct Current Power Measurements
CTs, and thus the type of power transducer that is recommended for AC power measurements (Section
B.2), do not work with direct current (DC). Two general classes of alternative methods are available:
•

Electrically coupled. The DAS shares a common electrical ground with the system being
monitored. Measurement apparatus is relatively inexpensive.
• Electrically isolated. The DAS is electrically isolated from the system being monitored.
Measurement apparatus is more expensive. This requirement may occur, for example, in a gridconnected photovoltaic (PV) system, where the design of the inverter requires that the DC power
circuitry be isolated from ground.
When DC voltage and current are measured separately, the instantaneous DC power is the product of the
current times the voltage. Often, the DC power will have some periodic components or other fluctuations
in it because of the pulsating nature of current or voltage waveforms in DC systems introduced by
rectifiers, inverters, and so on. In such cases, the sampling rate must be high enough to capture and
analyze the fluctuations, and the average DC power can be calculated for any desired averaging period.
Electrically Coupled Systems
A voltage divider is recommended to measure DC voltage in electrically coupled systems. This consists
of a simple network of two precision resistors in series, which reduces the range of voltages in the system
to the range of voltages accepted by the DAS. The corresponding conversion factor is used to interpret
the measurements for data analysis.
A shunt resistor is recommended to measure DC current in electrically coupled systems. A precision lowresistance resistor is placed in series with the circuit to be monitored. The resistance value is chosen to
convert the range of currents in the system to the range of voltages accepted by the DAS. The power
rating of resistor must also be chosen to accommodate the amount of power consumed (and thus heat
generated) in the shunt resistor.
Electrically Isolated Systems
One type of DC watt transducer employs an external Hall-effect6 current sensor to measure the DC
power. In some cases, for low current systems (up to 20 A) there is no need for an external current sensor
because the watt transducer comes with its own internal current sensors. Hall-effect current sensors are
more complex and expensive than simple current shunts. However, the Hall-effect technology is a noncontact method of current measurement that provides electrical isolation. For the same reason, electrically
isolated voltage transducers are much safer to use than inexpensive voltage dividers. The lack of electrical
isolation may damage the DAS in case of overvoltage events, lightning strikes, and other mishaps.
Among other benefits, the Hall-effect current sensors come in a split-core configuration. This allows the
power measurement equipment to be installed in just a few minutes without breaking the existing power
6

Hall-effect current measurement is a noncontact technique that measures the magnetizing effects of current flowing
in a conductor.
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lines. In field applications, problems have been experienced with maintaining the calibration of Halleffect sensors. One problem is the temperature sensitivity of the calibration.
Another option is to use DC voltage and current transducers that achieve electrical isolation without the
use of the Hall effect. Some are unidirectional and some are bidirectional. Typical accuracies are
±0.25%–1% of full scale plus 0.25% of reading. As of this writing, prices are about $200–$400 per
sensor.
B.4 – Solar Radiation
The simplest method for measuring the solar radiation is with a pyranometer, which measures the total
solar radiation on a surface. Two types of pyranometers are in common use:
•

Thermopile. This instrument consists of a series of TCs that detects a temperature difference
caused by the solar radiation. The thermopile is the more accurate and more expensive of the two
types.

•

Photovoltaic. This instrument includes a PV cell, and the measurement is based on the electrical
response of the cell to the solar radiation. The most common type of sensor uses a photodiode to
measure the incident solar radiation. The output of the photodiode is not uniform across the solar
spectrum, but the error is small. Because of this nonuniform response, these instruments are not
recommended for use under artificial light, under plant canopies, or where there is significant
reflected light. However, this less expensive type of instrument is adequate for completing this
procedure.

The global horizontal solar radiation is the most useful measurement. Most simulation programs are
written to use this value of solar radiation along with direct normal and horizontal diffuse, both of which
can be estimated from the global horizontal value. If the measurement plan includes a PV system,
measuring the solar radiation in the plane of the PV panels may be useful. If two pyranometers are
available, both the global horizontal solar radiation and the PV plane solar radiation should be measured.
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Appendix C – Uncertainty Analysis
C.1 – Background
Estimating uncertainty is an important step in data reduction and expression of results. This section
introduces uncertainty analysis and provides an uncertainty analysis method for this procedure. The
approach outlined here contains many simplifications from a rigorous uncertainty analysis. Our intent is
to provide a practical approach without losing the essential uncertainty effects. This procedure is
compatible with standard International and U.S. practices from the International Organization for
Standardization (ISO 1995), National Institute of Standards and Technology (NIST 1994), American
Society of Mechanical Engineers (ASME 1998), and the Instrument Society of America (Dieck 1997).
Uncertainty analysis in building monitoring projects is often neglected either because the practitioner
knows that the uncertainty will be small, or because the practitioner does not know how to complete the
uncertainty analysis and is overwhelmed by the complexities of rigorous uncertainty analysis. If the
correct size instruments are used and they are installed and operated properly, the uncertainty is usually
small and within the desired accuracy for building monitoring projects. Nevertheless, this does not
relieve the practitioner from having to understanding error and uncertainty.
There is often confusion between uncertainty and error. Error is the difference between the true value,
which we do not know, and the measured value; therefore, the error is unknowable. Uncertainty is an
estimate of the limits of the error. The terms have different meanings and should not be confused. Every
step in the process of making a measurement and reducing the data can introduce an error. The
practitioner must be careful to recognize and minimize the sources of error to develop a reasonable
estimate of the measurements’ uncertainty.
Error is often described as having random and systematic components. The effects of random errors arise
from unpredictable temporal or spatial variations in repeated observations of the measurand. All other
errors are classified as systematic errors (also called bias errors). All errors should be minimized or
adjusted for as practical by careful experimental design, sensor selection, sensor placement, calibration,
data acquisition, and data reduction.
The ISO guideline divides uncertainty by the method used to determine it and not by the source. Type A
evaluation of uncertainty is from statistical analysis of a series of observations, and Type B evaluation of
uncertainty includes all other analysis that is not Type A. ASME (1998) and Dieck (1997) use a slightly
different approach by dividing the uncertainties by the effect. Effects that cause scatter in the results are
classified as random uncertainties; all others are systematic uncertainties. This procedure follows the ISO
approach for classifying uncertainties, but applies the terms random and systematic to the Type A and
Type B uncertainties.
Uncertainties are generally combined as the square root of the sum of the squares. The random and
systematic uncertainties are treated separately, then combined to arrive at the final uncertainty. A
coverage factor k is sometimes used to provide the desired confidence interval. For example, the
following uncertainties have coverage factors of 1.7 for 90% confidence and 2 for 95% confidence, and
assume adequate degrees of freedom.

[
= 2.0[U

U 90 = 1.7 U 2B + U 2A
U 95

2
B

+ U 2A

]
]

1

2

1

(C.1)

2

(C.2)

These equations assume that (1) the uncertainties UA and UB have symmetric and normal distributions; (2)
the uncertainties are at the standard deviation confidence level (68% coverage); and (3) the uncertainties
have a large degrees of freedom (≥ 30). In this procedure, we make these assumptions unless we have
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specific information to the contrary. The value of the coverage factor (k = 1.7) comes from the tdistribution for 90% confidence with a degree of freedom greater than 30, as shown in Table C-10. The
90% confidence interval (sometimes stated as 90% coverage) means that 9 of 10 observations should
satisfy x = x ± U 90 . This procedure requires that uncertainties be reported at the 90% confidence level
unless project requirements dictate otherwise. If the confidence levels of uncertainties from outside this
procedure are not known, a knowledgeable estimate will have to be made.

Uncertainty analysis should be completed before (pretest) and after (posttest) a monitoring project. The
purpose of the pretest uncertainty analysis is to determine whether the designed approach will fit within
the accuracy and cost constraints of the monitoring project. The research plan may have to be altered to
find the best balance between accuracy, cost, and effort. The uncertainty analysis should be repeated
following the monitoring exercise with the actual sensor and measurement data to determine the
uncertainty of the final result and whether the uncertainty is within the accuracy requirements. In
addition, the pretest and posttest uncertainty analyses should be compared with each other and any major
discrepancies corrected.
C.2 – Uncertainty Analysis Procedure

As every building energy-monitoring project is different, so is every uncertainty analysis. However,
general steps should be followed, and Table C-1 provides an outline of an uncertainty analysis procedure.
The procedure represents a balance between rigorous and practical approaches.
Table C-1 Uncertainty Analysis Procedure
Step

Reference

1. Define Measurement Problem
•

List measurements, instruments, accuracies, and
equations used in analysis
2. Identify Error Sources
•

List potential sources of error and estimated
uncertainties
3. List Uncertainties

Table C-2
Section C.5
Sections C.3, C.4, and C.5

•

List uncertainties in a table format by type (random or
systematic)
4. Determine Sensitivity Coefficients
•

Determine the sensitivity coefficients from functions
used in the analysis and enter in the table
5. Determine the Degrees of Freedom and Coverage Factor
• List degrees of freedom in the table
• Determine the effective degrees of freedom
• Determine the desired coverage factor
6. Combine the Uncertainties
•

Combine random and systematic uncertainties
separately then combine and apply the appropriate
coverage factor
7. Report the Uncertainties
•

Report the final result with the uncertainty and
confidence interval
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Section C.6
Equations C.6 and C.7
Section C.7
Equations C.10 and C.11
Table C-10
Section C.6
Equations C.8 and C.9

C.3 – Random Uncertainty

Unpredictable variation or scatter that is apparent in repeated observations of an event under the same
conditions is called random error. Measurements in buildings are rarely repeated under constant
conditions; however, random error may result from regression analysis or be assigned to sensor
calibrations.
The uncertainty approximation of the random error in a sample of n observations is estimated from the
sample standard deviation as in Equation C.3. Usually we are interested in the mean value of a sample of
measurements, and the random uncertainty of the mean value is estimated as the standard deviation of the
mean as given by Equation C.4. The sample standard deviation is the random uncertainty of each
measurement; the standard deviation of the mean is the random uncertainty of the mean of all the
measurements. The degree of freedom ν is equal to n – 1.

⎡n
⎤
S x = ⎢∑ (x i − x )2 (n − 1)⎥
⎣ i =1
⎦
Sx = Sx

1

2

n

(C.3)
(C.4)

Uncertainties from instrument calibration, data acquisition, and round off errors can also contribute to the
random uncertainty. If the instrument calibration does not provide enough information to estimate the
division between random and systematic uncertainty, this procedure assumes all uncertainty to be
systematic.
Regression models are sometimes used to correlate measured energy variables with a driving force like
outdoor dry-bulb temperature. The resulting function can be used to estimate energy data for periods
when it was not measured. For example, the functional expression can be used to fill missing data or
estimate data for periods outside the measurement period. However, the function should be used
judiciously and not beyond the range of data used to determine the function.
The residual standard deviation SY/X is a measure of how well the function fits the measured data and is
calculated as shown in Equation C.5 and Example C.9.4. However, it is not an absolute test of “fit” and
can be misleading. Higher order relationships can sometimes provide a good fit to the data but contain
oscillations between data points. A visual inspection of the function and the measured data can help
determine how well the function fits the data.

SY X

⎡ n
2⎤
⎢ ∑ (y i − ŷ i ) ⎥
⎥
= ⎢ i=1
⎢ (n − p ) ⎥
⎢
⎥
⎣⎢
⎦⎥

1

2

(C.5)

The measured dependent variables are yi and the function values are ŷi. The degrees of freedom is ν = (n
– p), where n is the number of observations used to determine the functional relationship and p is the
number of parameters in the function. Section C.7 provides more discussion on degrees of freedom.
C.4 – Systematic Uncertainty

Systematic uncertainties are from all error sources that are not classified as random. Estimated values of
the systematic uncertainties come from experience, engineering judgment, and careful analysis of the
results. Instrument drift can increase the systematic uncertainty, which can be a problem for long-term
monitoring projects. All instruments should be calibrated or replaced according to the manufacturers’
recommendations, or sooner if problems are suspected.
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Most systematic uncertainties are assumed to have equal positive and negative magnitude and probability.
Furthermore, unless more information is known, the systematic uncertainties are assumed to have a
normal distribution and a 95% confidence interval (ASME 1998). If more details are known, they should
be used to handle the systematic uncertainties. If the calibration history is not well known, a more
conservative approach is to assume 68% coverage (UB = s). If the physical characteristics of the
measurement dictate that the systematic uncertainties are not symmetric about the expected value, the
positive and negative uncertainties should be calculated separately.
C.5 – Uncertainty Sources

The first goal of uncertainty analysis is to reduce the possible sources of uncertainty as much as practical.
Grouping the sources of potential uncertainties is a helpful, but not necessary, step in uncertainty analysis.
Grouping helps identify and track uncertainty sources. Table C-2 summarizes the sources of uncertainties
and how to deal with them in this procedure. All standard uncertainties, either random UA or systematic
UB, are estimated at the level of confidence of the standard deviation. For a normal distribution, the
standard deviation provides an uncertainty with a confidence interval of approximately 68% (i.e., 68% of
the observations are expected to lie within X ± S x ).
Table C-2 Summary of Uncertainty Sources
Source

Type

Uncertainty

Degrees of
Freedom

Comments

Repeated
Observations

Random

U A = Sx

ν=n–1

Equations C.3 and C.4

Regression
Analysis

Random

U A = SY X

ν=n–p

Equation C.5

ν > 30

If there is confidence in the sensor and
the calibration, assume (1) symmetric
and normal distribution, (2) 95%
coverage, and (3) large degree of
freedom (>30).

ν > 30

If there is limited confidence in and
information about the sensor calibration,
assume (1) symmetric and normal
distribution, (2) 68% coverage, and (3)
large degree of freedom (>30).

Sensor
Calibration
Accuracy, s

Systematic

UB = S/2

Sensor
Calibration
Accuracy, s

Systematic

UB = S

Sensor
Calibration
Accuracy, s

Systematic
and
Random

Estimate
UA & UB
from S

Resolution
and Round
Off Error

Systematic

UB = a/√3

ν→∞

Assume (1) rectangular distribution with
equal probability and (2) half width of
distribution a = (a- + a+)/2.

Estimated

Equation
C.10

Uncertainty is based on best engineering
judgment and degrees of freedom is
based on an assumed reliability of the
estimated uncertainty.

Measurement
& Analysis
Methods

Systematic

If detailed information is known about the
sensor accuracy, it can be used to
estimate UA, UB, and ν.

Use best engineering judgment along
with other references where appropriate.

Other
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ASME (1998) and Dieck (1997) provide the following general uncertainty groups:
•

Calibration uncertainties are from the limited precision of instruments. Instruments are calibrated
to achieve a small combination of systematic uncertainty of the standard instrument and the random
uncertainty of the comparison. The magnitude of this uncertainty can be obtained from the
manufacturers’ specifications or field calibrations. If there is not enough information to estimate
the division between random and systematic uncertainty, this procedure assumes that all uncertainty
is systematic. Most calibration uncertainties will be assumed to have symmetric and normal
distributions and to have 95% coverage (UB = s/2). If the calibration history is not well known, a
more conservative approach is to assume 68% coverage (UB = s).

•

Data acquisition uncertainties include limitations in sensing and recording signals, signal
conditioning, and the sensors. These uncertainties can be reduced by overall measurement system
field calibrations. The data logger error may be stated as a percent of the measurement at the data
logger (usually a current or voltage). There may also be a resolution error when the analog signal is
rounded off because only a limited number of digits can be stored and transmitted. These
uncertainties also include those introduced by manual reading and recording data. Manually read
meters sometimes have low resolution and can be misread.

•

Data reduction uncertainties come from processing raw data. Computational round off errors are
usually very small and are neglected. However, errors from curve fits to measured data can be
significant. Regression models are often used to relate a dependent variable to independent
variables, such as energy consumption to outdoor temperature. Regression models can be used to
fill in missing data or extrapolate beyond the measurement period. The simplest estimate of the
modeling uncertainty is given by the residual standard deviation as shown in Equation C.5.
Uncertainty should also be estimated for all data from sources that are not directly measured.

•

Uncertainties due to methods are from the techniques in the measurement process. Examples of
these uncertainties include those embedded in calculations such as constants or material properties;
obtrusive disturbance of a medium by the sensors; spatial averaging of discrete points;
environmental effects such as convection, conduction, and radiation; and instability and hysteresis
in the sensor. Installation effects should be minimized with careful planning and field calibration of
the measurement systems. Even with careful placement, they represent the largest potential
uncertainties for measurement of physical phenomena such as temperatures and fluid flows. For
example, consider the temperature measurement of a fluid in a pipe by inserting a thermocouple
(TC) probe in a thermal well in the pipe. Probe errors will result from thermal resistance between
the fluid and the TC and from conduction along the thermal well and thermal couple to the
surrounding environment. Spatial errors will result from measuring the fluid temperature in one
spot in the pipe and assigning this value to be the average of all the fluid in the cross section of
pipe. Another spatial error that may be significant is that the sensor may be at a different location
along the length of the pipe relative to the desired point of measurement.

C.6 – Combining Uncertainties

In general, uncertainties are combined as the square root of the sum of the squares. To combine
uncertainties, they must be at the same level of confidence. Combining uncertainties is usually done at
the standard deviation level of confidence, which is 68%. Random (Type A) and systematic (Type B)
uncertainties should be summed separately until the end of the analysis.
The final result we are interested in is often derived from a function of measured and constant values such
as R = f(X1, X2, X3, . . . Xm). The effects of the uncertainty in each term (measured and constant) on the
result are not the same. The most common approach to determine the relative effects of uncertainties on a
result is by the use of a Taylor series expansion of the function. The first-order terms from the Taylor
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series expansion are the sensitivity coefficients. If the uncertainties are independent, the absolute θ i and
relative θ′i sensitivity coefficients can be calculated analytically or approximated numerically as shown in
Equations C.6 and C.7.

θi =

∂R
∆R
≈
∂X i ∆X i

(C.6)

θ′i =

X i ∂R
X ∆R
≈ i
R ∂X i
R ∆X i

(C.7)

The uncertainties (treating random and systematic separate) of the result R can then be combined as
⎡n
U = ⎢∑ θ i U X i
⎣ i =1

(

2⎤

)⎥

12

(C.8)

⎦

Finally, the combined uncertainty is the combination of the random and systematic uncertainties

[

U C = k U 2B + U 2A

]

1

2

(C.9)

Where k is the coverage factor that provides appropriate confidence interval C in the final expression of
uncertainty. Section C.7 and Table C-10 provide more information about the coverage factor and degrees
of freedom.
Equation C.8 assumes that the systematic uncertainties are independent. If the uncertainties are
correlated, the covariance term from the Taylor series expansion should be included in the uncertainty
calculations. The covariance term contains the cross products of the uncertainties and the sensitivity
coefficients. ASME (1998) and ISO (1995) contain more information on correlated uncertainties.
C.7 – Coverage Factor and Degrees of Freedom

Dieck (1997) defines the degrees of freedom ν as the freedom left in a data set for error or variability.
For example, in the calculation of the sample standard deviation Sx, the sample mean x is calculated, and
one degree of freedom is lost, therefore ν = (n – 1). In the calculation of the residual standard deviation
from a regression curve fit, ν = (n – p), where n is the number of measured observations used to establish
the correlation and p is the number of constants determined in the correlation.
For building monitoring projects, some systematic uncertainties and the degrees of freedom must be
estimated. The degrees of freedom can be thought of as a measure of how good the estimated uncertainty
is (or more precisely, the estimated variance). The degrees of freedom can be estimated from the
following equation (ISO 1995).

ν≈

1 ⎡ ∆u ( x ) ⎤
⎢
⎥
2 ⎣ u(x) ⎦

−2

(C.10)

The term in the brackets is the relative uncertainty of the estimated uncertainty u(x). It can be thought of
as the reliability of the estimated uncertainty u(x). For example, if an estimated uncertainty u(x) of an
instrument is believed to be reliable to within ±25% (or the relative uncertainty is ±25%), then ν ≈ ½
(0.25)-2 = 8.
The degrees of freedom is used to determine the coverage factor k, which is used to determine the
uncertainty band for different confidence levels. For example, if the degrees of freedom are greater than
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30 and the data follow a normal distribution, the t-distribution for 95% confidence is approximately 2 and
1.7 for 90% confidence. Therefore, the data should lie within the bounds of x ±2U 95% of the time. The
t-distribution is shown in Table C-10 for different confidence levels (ASHRAE 2002 and ISO 1993).
Uncertainties calculated in this procedure should be estimated at a 90% confidence level unless
requirements of the analysis call for a different level. The use of 90% confidence intervals for building
energy measurements follows requirements in ASHRAE (2002) and IPMVP (2002) guidelines.
When two or more uncertainties are combined, the distribution can be approximated by the t-distribution
with the effective degrees of freedom calculated by the Welch-Satterthwaite formula:

ν eff

⎛ n 2⎞
⎜ ∑ Si ⎟
⎜
⎟
i =1
⎠
=⎝
4
n
S
∑ νi
i =1 i

2

(C.11)

Table C-3 t-Distribution
Degrees of
Freedom

68%
Confidence

80%
Confidence

90%
Confidence

95%
Confidence

1

1.84

3.08

6.31

12.71

2

1.32

1.89

2.92

4.30

3

1.20

1.64

2.35

3.18

4

1.14

1.53

2.13

2.78

5

1.11

1.48

2.02

2.57

10

1

1.37

1.81

2.23

15

1

1.34

1.75

2.13

20

1

1.33

1.73

2.09

25

1

1.32

1.71

2.06

≥ 30

1

1.3

1.7

2.0

∞

1

1.28

1.65

1.96

C.8 – Definition of Terms
Combined Uncertainty – (Uc) Combination of all uncertainties, usually by the positive square root of the
sum of the squares at confidence interval c.
Covariance – A measure of the dependence of two random variables.
Coverage Factor – (k) multiplier used with the standard uncertainty to expand the uncertainty for the
desired confidence. For example, the standard deviation is multiplied by a coverage factor of 2 for 95%
confidence (or coverage), assuming that the degree of freedom is ≥ 30. The coverage factor is typically
based on the t-distribution (Table C−10).
Error – The difference between the true value, which is not known, and the measured value.
Measurand – The quantity being measured.
Random Error – Error from unpredictable sources that are apparent in repeated observations.
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Random (Type A) Uncertainty – (UA) Uncertainty obtained from a statistical evaluation of a series of
observations that form an observed probability density function.
Residual Standard Deviation – ( S Y

X

) = An estimate of the scatter of data about a curve fit through the

data. It is analogous to the standard deviation for the scatter of data about a mean.
Standard Deviation – (Sx) A measure of the scatter of data about the mean equal to the positive square
root of the variance. For a normal probability distribution and an infinite number of observations,
approximately 68% of the observations will be contained in the interval x ± S x . It is taken as the sample
standard deviation (n-1 denominator) and not the population standard deviation (n denominator).
Standard Uncertainty (U) – Uncertainty at the standard deviation level of confidence, which is 68%.
Systematic Error – Error effects that are not attributed to random error. Systematic errors should be
minimized through proper calibration and experimental design.
Systematic (Type B) Uncertainty – (UB) Uncertainty estimated by means other than statistical. This
uncertainty is based on an assumed probability density function (e.g., normal, rectangular, or triangular).
Uncertainty – An estimation of the bounds of the error.
Variance – (Sx2) A measure of dispersion equal to the sum of the square of the difference between the
measurements and the mean divided by one less than the number of measurements.
C.9 – Example Uncertainty Calculations
C.9.1 – Outdoor air dry-bulb temperature uncertainty
Estimate the uncertainty in the measurement of the outdoor air dry-bulb temperature by a type-T shielded
TC. The TC is connected to a data logger that contains a built-in thermistor reference temperature and
calculates the temperature from the measured voltages. The temperature sensors are scanned every 15 s
and the average value is recorded every 15 min.

The significant error sources are sensor error, reference junction temperature sensor error, data acquisition
error, and environmental errors. Uncertainties are assumed to be systematic with normal distributions,
have 95% coverage (i.e., UB = U95/2), and have a large degree of freedom (≥ 30), unless otherwise noted.
•

TC sensor uncertainty: Assume that the reference temperature junction is maintained at 20°C and the
minimum Tdb is –20°C for a maximum temperature differential of –40°C. The maximum error limits
established by ANSI for Type-T TCs are ±1.0°C from –100°C to 100°C or 1.5%, whichever is larger.
However, practical experience has shown that this is extremely conservative for the midrange. A
more reasonable estimation is to use 1.5% x 40°C = ±0.6°C. Therefore, UB,I = ±0.6°C/2 = ±0.3°C.

•

Reference junction temperature uncertainty = ±0.2°C (from data logger manufacturer). Therefore, UB
= ±0.2°C/2 = ±0.1°C.

•

TC polynomial voltage temperature conversion uncertainty = ±0.001°C (data logger manufacturer).
Therefore, UB = ±0.001°C/2 = ±0.0005°C.

•

Reference junction temperature to voltage conversion uncertainty = ±0.001°C (data logger
manufacturer). Therefore, UB = ±0.001°C/2 = ±0.0005°C.

•

Data acquisition voltage measurement uncertainty = ± 0.1% full scale reading (FSR) = ±0.0025 mV
for ±2.5 mV range, which is ±0.06°C at 45°C (from data logger manufacturer)

•

Data acquisition resolution uncertainty = 0.00033 mV for the ±2.5 mV range. This is much smaller
than the other uncertainties and is neglected.
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•

Environmental uncertainty is estimated from experience to be ±0.5°C at 95% confidence with an
estimated reliability of 25%. The degrees of freedom from Equation C.10 is ν = 8; therefore, the tstatistic for 95% is 2.3 and UB = ± 0.5°C/2.3 = 0.22. The uncertainty is mainly due to radiation to the
surroundings and convective thermal resistance around the TC.

Assuming that the uncertainties are uncorrelated, the maximum expected uncertainty in taking a single
measurement is calculated in Table C-4. The effective degrees of freedom is calculated from Equation
C.11 to be 39 and the coverage factor for 90% confidence is 1.7.
Table C-4 Uncertainty Analysis for a TC
Uncertainty
Source

Units

Standard
Systematic
Uncertainty
UB

Standard
Random
Uncertainty
UA

Degrees of
Freedom

Sensitivity
Coefficient

TC Limits of Error

°C

0.3

0.0

30

1

Ref. Junction

°C

0.1

0.0

30

1

TC Voltage Conversion

°C

0.0005

0.0

30

1

Ref. Junction conversion

°C

0.0005

0.0

30

1

TC Voltage Measurement

°C

0.03

0.0

30

1

Environmental

°C

0.22

0.0

8

1

Effective degrees of freedom =
Uncertainty

Units

Standard
Systematic
Uncertainty

∑(

)

θU B i2

Thermocouple

°C

0.39

Standard
Random
Uncertainty

∑(

)

θU A i2

0.0

39
Combined Uncertainty
U90

k

∑ (U B )2 + ∑ (U A )2

0.66

The uncertainty is therefore U90 = ±0.7°C with 41 degrees of freedom. Over the course of a long-term
monitoring project, most of the temperature measurements would be within 20°C of the reference
junction temperature, which would reduce the TC uncertainty to U95 ±0.3°C and the overall uncertainty,
U90 = ±0.5°C.
C.9.2 – Electrical energy measurement uncertainty
Calculate the uncertainty in electrical energy measurements made on a 480 VAC (phase-to-phase) threephase circuit with 100-amp current transformers (CTs) on each phase and a watt-hour meter (WHM).
The CTs have a stated accuracy of ±1% of the reading between 10% and 130% of rating, and the accuracy
of the WHM is ±0.45% of the reading ±0.05% of full scale. The WHM output pulses with a full-scale
frequency of 4 Hz and is connected to a pulse counter with a sampling frequency of 500 Hz. A data
logger scans the pulse counter every 15 s. The WHM calculates the energy by the following equation

E=

nCTs × VAC × CTamps × Pulses
FSHz × 3,600

where E is the energy in watt-hours, nCTs is the number of CTs, VAC is the phase to ground voltage
(nominally 277 V), CTamps is the average of the current passing through the nCTs, pulses is the number
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of pulses output, and FSHz is the full scale pulse frequency (4 Hz). The energy per pulse at full scale
with three 100 amp CTs is 5.771 Wh/pulse.
The significant uncertainties are accuracies of the CTs and WHM. Errors associated with counting the
pulses are small and are neglected. Errors in sensing the line voltage are assumed to be embedded in the
accuracy of the WHM. The WHM uncertainty at full scale per pulse is calculated as the energy per pulse
at full scale times the accuracy at full scale.

U WHM ,95 = ±

3 × 277 × 100 ×1
× 0.50% = ±0.029Wh / pulse
4 × 3,600

The CT uncertainty is stated as a percentage of the current, and the sensitivity coefficient is calculated
from Equation C.8.
U CT ,95 = 100 × 0.01 = 1 A

θ CT =

∂E
3 × 277 × 1
=
= 0.0577Wh / pulse / A
∂CTamps 4 × 3,600

Both uncertainties are assumed to be systematic with normal distributions at 95% confidence and large
degrees of freedom. Therefore, the standard uncertainty UB is found by dividing the uncertainties by a
coverage factor of 2. The coverage factor to have 90% confidence in the final result with ν ≥ 30 is 1.7.
The absolute and relative uncertainties are calculated in Table C-5.
Table C-5 Uncertainties for Electrical Energy Measurements
Uncertainty
Source

Units

Standard
Systematic
Uncertainty
UB

Standard
Random
Uncertainty
UA

Degrees of
Freedom

Sensitivity
Coefficient

WHM (full scale 100 A)

Wh/pulse

0.014

0.0

30

1

CT (full scale 100 A)

A

0.5

0.0

30

0.0577

WHM (half scale 50 A)

Wh/pulse

0.008

0.0

30

1

CT (half scale 50 A)

A

0.25

0.0

30

0.0577

WHM (25 A)

Wh/pulse

0.0005

0.0

30

1

CT (25 A)

A

0.125

0.0

30

0.0577

Uncertainty

Units

Standard
Systematic
Uncertainty

∑(

)

θU B i2

Standard
Random
Uncertainty

∑(

)

θU A i2

Combined Uncertainty
U90

1.7

∑ (U B )2 + ∑ (U A )2

0.0323

0.0

0.055

0.0165

0.0

0.028

Quarter scale 125 A

Wh/pulse
Wh/pulse
Wh/pulse

0.0086

0.0

0.015

Full scale 100 A

%

0.56%

0.0

0.95%

Half scale 50 A

%

0.57%

0.0

0.97%

Quarter scale 125 A

%

0.60%

0.0

1.01%

Full scale 100 A
Half scale 50 A
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The full-scale uncertainty is U90 = ±1% with 30 degrees of freedom, and the half-scale uncertainty is U90
= ±1% with 30 degrees of freedom. The relative uncertainties apply to circuits using different sized CTs
assuming the same WHM, number of CTs, and relative sensor accuracies.
This type of electrical meter would most likely be used to record 15-min or hourly total energy use, which
then may also be condensed to daily, monthly, or yearly energy use. The uncertainty for the total energy
measurement could be estimated in two ways: first by applying the relative uncertainties calculated
above to the total energy, and second by combining the uncertainty per pulse for all the pulses in the total
energy. For example, assume the energy total with an average of 50% power over 1 h is 24 kWh, which
is 4,159 pulses. If we assume the uncertainty in the total energy is 1%, U90 = ±240 Wh. By comparison,
assuming the uncertainty per pulse is U90 = ±0.034 Wh, the uncertainty in the total is U90 =
±[4,159(0.028)2]1/2 = ±1.8 Wh. The first method is more conservative and is recommended in this
procedure.
C.9.3 – Building energy use intensity uncertainty
Estimate the uncertainty in the calculation of the annual site Building Energy Use Intensity (BEUI) of a
building. The building electricity use is determined from a monitoring system similar to that used in
Example C.9.2 and the gas use is from the utility bill. It is a two-story building with the gross interior
floor area of 28,800 ft2 as determined from the building drawings. The annual electricity use is 745.8x106
Btu and the annual gas use is 497.2x106 Btu.

We assume that the building dimensions are measured with an accuracy of ±1 ft, and that this is a
systematic uncertainty with a symmetric and normal probability distribution and 95% coverage. The
uncertainty in the electricity total is assumed to be U68 = ±0.5% as determined in Example C.9.2 assuming
an average of 50% power. The uncertainty in the gas measurements is based on at least three factors.
The gas is billed on an energy content basis, which is determined by measuring the gas volume and
multiplying by an energy multiplier. The energy multiplier is calculated monthly and depends on the
energy content of the gas and the average outdoor air temperature. The accuracy of the gas meter is
specified to be ±2%, which is typical for utility gas metering. This value is assumed to be a systematic
uncertainty with a normal probability distribution and 95% coverage and 30 degrees of freedom. The
uncertainty in the energy multiplier is assumed to be ±2% with 95% coverage, 30 degrees of freedom, and
all systematic uncertainties. Finally, an uncertainty is associated with the difference in the energy
multiplier and the actual energy content of the delivered gas. This uncertainty is estimated from the
variation in the monthly values of the energy multiplier with temperature compensation term removed
over a 3-yr period (n = 36). The uncertainty is estimated from the relative standard deviation of the
monthly energy multiplier, which is s = 0.8%. The total uncertainty for the gas meter is UB = ((2/2)2 +
(2/2)2)1/2 = 1.41% and UA = 0.8%.
Building Area Uncertainty
The building dimensions for each floor are length = 160 ±1 ft and width = 90 ±1 ft. The area is calculated
as A = 2 x L x W (see Table C-6).
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Table C-6 Absolute Uncertainty for Building Area
Uncertainty
Source

Units

Standard
Systematic
Uncertainty
UB

Standard
Random
Uncertainty
UA

Absolute
Sensitivity
θi

Length

ft

0.5

0

2 x W = 180

Width

ft

0.5

0

2 x L = 320

2

ft

Total

Combined Uncertainty
U90

1.7

∑ (θ i U Bi )2 + ∑ (θ i U Ai )2

312 ≈ 1%

Building Energy Use Intensity Uncertainty
The BEUI is calculated from BUEI = (Eelec + Egas)/A (see Table C-7).
Table C-7 Absolute Uncertainty for BEUI
Uncertainty
Source

Unit

Nom.
Value

Standard
Standard
Systematic
Random
Uncertainty Uncertainty
UB
UA

Absolute
Sensitivity
θi

273

0

-E/A2 = 1.499E-03

Area

ft2

Electric
Energy

kBtu 745,800 3,729

0

1/A =
3.4722E-05

Gas
Energy

kBtu 497,200 7,011

3,978

1/A =
3.4722E-05

BEUI

kBtu/ 43
ft2

28,800

Combined Uncertainty
U90

1.7

∑ (θ i U Bi )2 + ∑ (θ i U Ai )2

0.9

Therefore, the BEUI = 43 ±0.9 kBtu/ft2 (90% coverage). More than half of this uncertainty comes from
the area measurement.
C.9.4 – Uncertainty of estimated data
In an all-electric office building, the major end uses (heating, ventilating, and air-conditioning [HVAC],
lights, and plug loads) are submetered every 15 min for 1 month with the same type of electrical meter
system as that used in Example C.9.2. The on-site weather conditions (dry-bulb temperature, RH, and
global horizontal solar radiation) are also measured on the same time interval. The electrical monitoring
system was down for 9 days in the middle of a month; however, the weather data were recorded for the
entire month. The building operating schedule is consistent for weekdays and weekends according to the
light and plug load energy use. The HVAC controls did not change during this period. The weekday and
weekend control settings for the HVAC systems are very different, so they should be treated separately.
The measured dry-bulb temperature and HVAC energy is shown in Table C-10. The missing measured
data (shown shaded) are filled with the linear regression formula.

Estimate the weekday HVAC energy consumption for the month by filling in the missing data.
The missing data can be estimated by multiplying the average of the measured daily energy use by the
number of missing days, or from a linear regression between the daily HVAC energy use and the daily
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outdoor dry-bulb temperature. Both methods will be completed here for comparison. There are 23
weekdays during the month and 16 weekdays of good data; therefore, there are 7 days of missing energy
data. The total energy for the 16 days of measured data is 6,598 kWh.
Method #1 – Average daily energy use
From the weekday measured energy data, the average daily HVAC energy is Eavg = 412.4 kWh with a
standard deviation of 35.0 kWh (Equation C.3). The average value was used to fill in the days of missing
data to give a 7 day total of 2,887 kWh and a monthly weekday (23 day) total of 9,485 kWh. The random
uncertainty for the sum of the 7 days is UA-68 = [7 x (35)2]1/2 = 92.6 kWh. The systematic uncertainty is
taken from Example C.9.2 to be UB-68 = ±0.5% assuming an average of 50% power for the whole 23 days.
Assuming the degrees of freedom is 30 for the systematic uncertainty and 15 for the random uncertainty,
the effective degrees of freedom from Equation C.11 is 23. The coverage factor for 90% confidence is
1.71.
Table C-8 Uncertainty for Filling Data with Averaging
Uncertainty
Source

Units

Standard
Systematic
Uncertainty
UB

Standard
Random
Uncertainty
UA

Degrees of
Freedom

Sensitivity
Coefficient

Regression Analysis

kWh

0

92.6

15

1

WHM

kWh

46.3

0.0

30

1

Effective degrees of freedom =
Uncertainty

Units

Standard
Systematic
Uncertainty

∑(

)

θU B i2

Monthly Total

kWh

46.3

Standard
Random
Uncertainty

∑(

)

θU A i2

92.6

23
Combined Uncertainty
U90

1.71

∑ (U B )2 + ∑ (U A )2

177

The total weekday HVAC energy use for the month is estimated by the averaging method to be
E = 9,485 ±177 kWh at 90% confidence
Method #2 – Linear regression of daily HVAC energy and outdoor temperature
The linear regression of the daily HVAC energy use with daily average outdoor temperature produces the
function E = 5.357Tdb + 27.23 as shown in Figure C-1, which gives an estimated total for the 7 missing
days of E = 2,790 kWh. The residual standard deviation for estimating 1 day of energy use is calculated
from Equation C.5 to be 24.2 kWh. The random uncertainty for the sum of the 7 days is UA-68 = [7 x
(24.2)2]1/2 = 64.1 kWh. The systematic uncertainty is taken from Example C.9.2 to be UB-68 = ±0.5%
assuming an average of 50% power for all 23 days. There are 14 degrees of freedom (16 days of data
minus 2 parameters in the linear regression formula) for the random uncertainty and 30 for the systematic
uncertainty. Before applying the linear regression formula, the average daily temperature for the days of
missing energy data is verified to be within the range of average daily temperatures for the days with
measured energy data. One day is 1.5°F cooler than the lowest daily temperature in the measured data
set, and one day is 1.2°F warmer than the highest daily temperature in the measured data set. These two
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days are only slightly outside the range of data used in the regression, and the building systems should
have the same operating characteristics at these temperatures. Therefore, the error should be within the
uncertainty bounds.
Table C-9 Uncertainty for Filling Data with Regression Analysis
Uncertainty
Source

Units

Standard
Systematic
Uncertainty
UB

Standard
Random
Uncertainty
UA

Degrees of
Freedom

Sensitivity
Coefficient

Regression Analysis

kWh

0

64.0

14

1

WHM

kWh

46.9

0.0

30

1

Effective degrees of freedom =
Uncertainty

Units

Standard
Systematic
Uncertainty

∑(

)

θU B i2

Monthly Total

kWh

46.9

Standard
Random
Uncertainty

∑(

)

θU A i2

64.0

29
Combined Uncertainty
U90

1.7

∑ (U B )2 + ∑ (U A )2

135

Ereg = 9,405 ±135 kWh at 90% confidence
The uncertainty from the regression method is smaller than from the averaging method, which is expected
because the averaging method does not account for weather variations. The difference in total energy
between the two methods is 80 kWh, which is within the uncertainty bounds of the both methods.
Table C-10 Dry-Bulb Temperature and HVAC Energy (Filled Data Are Shaded)
T (°F)

E (kWh)

T (°F)

E (kWh)

75.2

462.5

76.1

422.5

75.4

430.3

75.2

411.0

77.0

438.5

73.3

451.8

77.9

433.3

69.7

416.5

72.0

465.0

71.0

373.5

63.7

369.7

75.1

401.5

60.5

352.0

70.9

397.0

62.8

364.8

67.6

403.3

68.2

393.5

69.9

388.8

73.9

424.0

62.0

356.3

75.7

433.9

62.0

346.5

79.2

452.6
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Daily HVAC Energy (kWh)

480
460
440
420
400
y = 5.3572x + 27.23
R2 = 0.5506

380
360
340
320
300
60

62

64

66

68

70

72

74

76

78

80

Average Daily Outdoor Temperature (°F)
Figure C-1

Linear regression of daily HVAC energy and average daily outdoor
temperature
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Appendix D – Type 2 Grid-Tied System with Battery Backup
The only difference between a Type 2 system and a Type 1 system is the battery component to the PV
system. Batteries may be integrated into the DC side of the PV system for UPS applications or for other
related building energy use applications (such as peak demand shaving).

Site
Electrical
Bus

3
Utility Grid
4

1
Inverter
2

5
6

Site
Electrical
Loads
Figure D-1

Metric measurement locations for Type 2 system

Table D-1
Type 2
System
Meter #
1
2
1 minus 2
3
4
4 minus 3
5
6

PV Array/
Batteries

Metrics in Type 2 Grid-Tied System

Metric and Labels
Total PV System Production and Back Up
Emergency Supply
PV System Stand By and UPS Use
Net PV System Production
Total Electricity Delivered To the Utility
Total Electricity Consumed From the Utility
Net Facility Electricity Purchased from Utility
Total Facility Electricity Use
Incident Solar Radiation
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