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Abstract
Building energy models are largely comparative in 
nature, from early design phase to final energy code 
compliance models. While there is merit in a 
comparative framework, with the advent of empirical 
compliance targets, improving the efficacy of building 
energy models is imperative to better align model results 
with future building energy consumption. To refine this 
alignment, even early design phase energy models 
should undergo proper quality checking to improve the 
reliability of comparative studies and yield design 
strategy results that will hold true in later design phases 
and in future building energy consumption. Subject to 
time or user expertise, many early design phase energy 
models forgo proper quality checking, which can lead to 
misaligned expectations when the intent for a building 
owner is to ultimately meet empirical compliance 
targets. This paper outlines an automated approach to 
help energy modelers efficiently quality check early 
design phase energy models and minimize discrepancies 
between comparative modeling and empirically based 
performance targets. The test cases presented in this 
paper demonstrate how quality checking improves the 
reliability of early comparative studies. 

Introduction
Building energy models have become a much more 
integrated aspect of the architectural design process. 
Early design phase energy modeling allows teams to 
quickly test design strategies and make impactful 
decisions. However, early design phase energy models 
often lack the degree of quality checking and review that 
final energy models for energy code compliance or 
certifications undergo. Whether this is from a lack of 
time or expertise, this research aims to provide an 
automated framework to equip energy modelers of 
various levels of expertise with the ability to quickly 
quality check early design phase energy models. 

It is important to distinguish the uses cases of building 
energy models to gauge which simulated parameters 
may have deviations from reality and to what degree 
these deviations are acceptable. A research study by the 
CSA Group aptly makes the distinction between 
comparative versus absolute simulations (Karpman & 
Rosenberg, 2020). A comparative simulation, which is 
the use case for early design phase energy models and 
even energy code compliance models, analyzes the 
relative impacts of design strategies against a project-
specific standard reference energy model. An absolute 
simulation aims to align with the future energy 
consumption of a building to best predict future energy 
and cost savings, thereby performing against an 
empirical target, not a comparative baseline. 
Simply, deviations in energy models from actual 
operations are more acceptable in comparative 
simulations than absolute simulations. A comparative 
simulation will likely still present savings from a design 
strategy against a standard reference energy model even 
if the absolute magnitude of operational inputs deviates 
from reality. More complexly, this presents a challenge 
to energy modelers, policy makers, and building owners, 
as addressed in a study developed by Architectural 
Energy Corporation and Southern California Edison, by 
distinguishing modeling versus empirical approaches for 
establishing energy performance targets (Eley, 2009). A 
modeling approach establishes targets using building 
energy models, while an empirical approach uses 
historical building energy data. This is related to the 
simulation types above, in that the modeling approach 
more closely aligns with comparative simulations and 
the empirical approach more closely aligns with absolute 
simulations. Energy modelers face the challenge of 
model results that do not align with empirical data. 
Policy makers therefore design energy code compliance 
according to comparative simulations to account for this 
deviation from empirical data. However, building 
owners are now faced with performance goals and polic
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ies that are absolute. Policies such as Local Law 97 in 
New York City, the Building Energy Performance 
Standards and Benchmarking in Washington, DC, and 
the Building Emissions Reduction and Disclosure 
Ordinance in Boston, MA, are enacting empirical 
building performance and emissions targets (Institute for 
Market Transformation, 2021). Since building owners 
will now be accountable for the absolute energy usage of 
their buildings, the confidence in building energy models 
needs to improve. 
Ideally, differences between comparative and absolute 
simulations should be minimized to reduce discrepancies 
between energy model results and actual building energy 
consumption. There will always be inherent unknown 
variables between modeled and actual energy usage, 
namely from weather and building occupancy variations. 
One study found that occupant behavior has significant 
influence on energy consumption, as lighting control, 
thermal comfort, and internal gains are governed from 
actual building occupancy, while energy modeling 
software relies on standard schedules (Delzendeh, Wu, 
Lee, & Zhou, 2017). With these inherent unpredictable 
parameters, it is even more crucial that known 
parameters in comparative energy models are reviewed 
and assessed against benchmarking data as early as 
possible in the design process. This will help to better 
align early design phase results with later design phase 
results and, ultimately, the actual building energy 
consumption that they will be compared to. 
The quality checking and quality assurance process for 
building energy models often falls to the discretion of the 
energy modeler. ASHRAE Standard 209 addresses 
quality assurance and provides a list of team members, 
along with inputs and outputs that should be reviewed 
(ASHRAE, 2018). While it is suggested to provide 
reviews at multiple modeling cycles, a full review with 
all team members is time consuming and can be 
overlooked. Current codes have measures that 
encompass quality checking, namely unmet load hour 
requirements, which allude to proper system operations 
in the model. And many software tools provide their own 
results viewers that allow users to investigate hourly 
results. However, without careful intervention or 
expertise from the energy modeler, results could be 
accepted and used for design decisions without noticing 
errors in the model. Software tools lack an automated 
feature to warn users of errors, including reasonable 
Energy Use Intensities (EUI), simultaneous heating and 
cooling, or incorrect operational profiles for lighting or 
ventilation. If these errors in building energy models are 
overlooked, even early in the design process, the relative 
impacts of strategies can be improperly assessed. This 
can have negative impacts further in the design process 

if early investments are improperly allocated across 
sustainable design strategies. 
This paper will address how early design phase energy 
models should be quality checked against benchmark 
data and user inputs. By addressing the quality assurance 
of early design phase energy models, the efficacy of 
comparative studies will ultimately better align with 
actual building energy consumption, minimizing the 
difference between comparative modeling and 
empirically based performance targets.  

Methodology
Framework
The framework of this quality checking tool adresses 
four main component sections to alert the energy 
modeler of errors in an energy model. These component 
sections are comprised of high level input parameters, 
results, and benchmarking data as outlined below:

 Building Characteristic Inputs – building type, 
floor area, location, envelope, mechanical, 
electrical, and plumbing parameters.

 Hourly Energy Model Results – heating, 
cooling, lighting, ventilation, domestic hot 
water, receptacle, and miscellaneous energy 
consumption.

 Benchmarking Data – annual EUI, annual end 
use consumption, and hourly usage profiles 
classified by building type and climate. 

 Quality Assurance Checks – comparison 
feedback between Hourly Energy Model 
Results with Benchmarking Data and Building 
Characteristic Inputs, on an annual, monthy, 
and hourly basis. 

A flow diagram showing the connections among the 
components in these sections is presented in Figure 1. 
The building characteristic inputs, benchmarking data, 
and hourly results all feed into the quality assurance 
checks, calculating reasonable comparisons and intuitive 
checks on possible errors in an energy model. 
The Building Characteristic Inputs include high level 
information that should be available or reasonably 
assumed in early design phases. This includes the 
building area, building type, climate zone, heating and 
cooling degree days, HVAC total airflow and fan power, 
heating and cooling capacities and efficiencies, total 
equipment power density, and total lighting power 
density. These are the key parameters currently used in 
the tool to test the energy model results against 
benchmarking data. 
Parameters such as envelope and plumbing inputs are 
currently excluded due to a lack of available 
benchmarking data for comparison. 
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Figure 1 Quality Checking Framework 

The Hourly Energy Model Results should be readily 
available from any energy modeling software that is 
used. This framework is agnostic of any particular 
energy modeling software, so energy modelers can use 
hourly results from their software of choice and assess 
using this framework. The hourly energy result end uses 
are simplified to better compare with benchmarking end 
use consumption data. For example, if an energy 
modeling software provides central, local, and exhaust 
fan energy separately, those should be collected and 
simplified as ventilation energy. 
The Benchmarking Data has been collected and 
reviewed from mutliple sources to appropriately provide 
a basis of comparison for a wide range of building types 
and climates. The benchmarking data includes annual 
EUIs, end use consumption data, hourly end use 
schedules, and approximate energy code baseline EUIs. 
Deviations from these benchmarks are acceptable and 
expected, but general agreement helps ensure an energy 
model accounts for all expected end uses at reasonable 
magnitudes. 
Annual EUI data, separated by building type, is provided 
by ENERGY STAR Portfolio Manager, which is based 
on the Commercial Buildings Energy Consumption 
Survey (CBECS). The median EUIs, provided by the 
ENERGY STAR technical reference guide, have been 

used instead of mean EUIs (ENERGY STAR, 2021). As 
evidenced by an analysis done by the U.S Department of 
Energy, the median EUI is a better representation of 
typical energy usage for each building type, as the 
standard deviations are generally high with outliers that 
increase the mean EUI (McDonald & Earni, 2016).
Annual end use consumption data is provided by the 
CBECS 2012 survey (U.S. Energy Information 
Administration, 2012). This data includes cumulative 
annual end use consumption based on building type and 
climate. A trend analysis has been used to extrapolate the 
end use data across various building types and climates 
onto the median annual EUIs by building type. This 
allows users to benchmark against accepted EUIs, as 
well as an energy end use breakdown specific to a 
project’s building type and climate. 
As the CBECS data presents historical energy usage 
based on a mixture of old and new buildings, a study 
from Pacific Northwest National Laboratory (PNNL) 
calculating present day EUIs using ASHRAE 90.1-2016, 
has been used as a basis of comparison for how well a 
building designed today should perform compared to the 
CBECS data (Zhang, et al., 2021). The average energy 
code EUI in the PNNL study is calculated using protoype 
energy models across various building types. 
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The ASHRAE Standard 90.1 User’s Manual has been 
used to determine standard hourly profiles for 
occupancy, ventilation, lighting, and receptacle loads by 
buidling type (ASHRAE, 2017). These are converted to 
Equivalent Full Load Hours (EFLH), which is the 
assumed number of hours an end use would operate at 
peak load to consume its annual energy usage, or the 
annual energy usage divided by the peak load. The EFLH 
of each end use is a key metric used in this quality 
checking framework to validate the operational 
performance of energy models.
Heating degree days and cooling degree days are used to 
help determine the EFLH of heating and cooling based 
on a building’s climate. One study assessed the 
assumptions regarding the use of full-load cooling hours 
to assess cooling energy savings (Korn & Walczyk, 
2016). Equations from this study have been adapted in 
this framework to calculate heating and cooling EFLHs 
based on the total heating and cooling degree hours 
divided by the difference between design day and 
setpoint temperatures, and then accounting for the 
system operating schedule. 
The Quality Assurance checks compare data and results 
across these first three sections to determine if there are 
potential errors in an energy model. Sharing the 
sentiment of ASHRAE Standard 140 Annex B9, 
regarding diagnosing energy model results, determining 
when results agree or disagree with these benchmarks 
should ultimately be left to the user (ASHRAE, 2020). 
However, the framework in this paper aims to alert the 
user of model results that require more consideration to 
check and possibly resolve. 
These checks follow a hierarchy of annual, monthly, and 
hourly data to test for errors in an energy model. 
Throughout this paper, any result prefaced with 
“design”, whether annual, monthly, or hourly, refers to 
the simulated energy model and any result prefaced with 
“benchmark” is based on benchmark data.
The annual EUI is the first check, which compares the 
CBECS benchmark EUI, the approximate energy code 
baseline EUI, and design EUI. Intuitively, a building 
designed to today’s minimum energy code requirements 
should be in good agreement with the approximate 
energy code baseline EUI, which will be an 
improvement from the benchmark EUI. While this is 
used as a check, the energy modeler should use their best 
judgement to determine if any unique conditions or 
strategies in the building warrant a higher or lower EUI. 
The annual end use breakdown between the benchmark 
data and design results is then compared. The benchmark 
end use data has been adjusted for building type and 
climate, so general shares of heating and cooling, 
lighting, ventilation, domestic hot water, and receptacle 

loads should be in good agreement. In general, rules of 
thumb such as whether the building is heating or cooling 
dominated, plug load intensive, or domestic hot water 
usage intensive will prevail in this comparison to ensure 
all end uses are appropriately accounted for. 
The design monthly end use breakdown is checked for 
intuitive truths over the year. In general, heating and 
cooling energy should appropriately match heating and 
cooling months, and all other end uses should remain 
relatively consistent across all months. 
The hourly checks are the final and most crucial checks 
that will reveal any operational errors that need to be 
addressed in the energy model. Each design end use 
EFLH is compared to its benchmark EFLH as a first pass 
to ensure the peak load and operational profiles are 
simulated as expected. 
For space conditioning, any hours of simultaneous 
heating and cooling are flagged to help reveal any 
setpoint or system temperature errors. 
The design hourly profiles for lighting, receptacle, and 
ventilation are compared to the ASHRAE Standard 90.1 
User’s Manual profiles to reveal any unexpected 
operational results. 
While this framework can be applied to numerous data 
management platforms, this particular study has been 
produced using Microsoft Excel for user inputs and 
hourly results, and using Power BI for the quality 
assurance checks and dashboard output (Microsoft, 
2020). 

Development Test Cases
This tool offers a concise snapshot of the key annual, 
monthly, and hourly results that have been discussed. 
Figure 2 shows a sample of the resulting quality 
checking dashboard from this framework. The green 
boxes in each section summarize the quality assurance 
checks. When benchmark and design results have too 
much variation, these boxes turn red. 
To showcase the tool in use, three development test case 
energy models have been used with specific errors that 
trigger appropriate warnings in the quality checking 
dashboard. The three test cases showcase various 
building types, climates,  and errors as follows:

 Primary School – Climate Zone 4A, ASHRAE 
90.1-2016 baseline assumptions, outdoor 
airflow is incorrect. 

 Office Building – Climate Zone 2A, ASHRAE 
90.1-2016 baseline assumptions, interior 
lighting profile is incorrect. 

 Multifamily Building – Climate Zone 5A, 
ASHRAE 90.1-2016 baseline assumptions, 
heating coil supply air temperature is incorrect.
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Figure 2 Example of Quality Checking Dashboard 

The specific errors for each test case are reasonable 
errors that can occur in an energy model. The root cause 
could be user or software error, but can often be resolved 
by double checking the assignment of assumptions in 
various zones throughout an energy model. 
Each test case energy model was produced using IES VE 
2021 (IES Virtual Environment, 2021). Each is modeled 
using simplified core and perimeter zoning with building 
area method thermal template assignments. All 
construction assemblies and HVAC systems are 
modeled to ASHRAE 90.1-2016 baseline requirements 
(ASHRAE, 2016). 
These development test cases are meant to showcase the 
use of this tool in the context of an energy modeling 
study for a project. Many times, an energy study will 
create one base case energy model that design strategies 
are then tested with and compared to. By using this tool, 
this base case should be quality checked and once it 
passes all checks and with good confidence in the model, 
the energy modeler can carry on with the additional 
simulations to test design strategies. Ultimately, this 
provides better confidence that the insights from a 
comparative study will better align with results in later 
design phases and the future building energy 
consumption.

Results and Discussion
The three test cases serve as opportunities to validate the 
use of this quality checking approach across a wide range 
of building types and climates. The purpose of this 

exercise is to showcase how energy model errors that 
may be initially overlooked can be caught early in the 
design process to improve the efficacy of early design 
phase models and their agreement with later design 
phase updates. 
Energy modelers often experience extensive 
troubleshooting of model errors towards the end of a 
project when completing final documentation. Every 
modeler has their own methodology or key comparisons 
and checks they may examine on a whole-building or 
individual zone level. By using an automated approach 
early in the design process, troubleshooting can be 
reduced later in the design process. This section will 
outline the checks for each test case and how they would 
lead the user to finding the root cause of model errors. 
For the Primary School test case, the error is an incorrect 
assignment of outdoor airflow that is much higher than 
the code required amount. This can be caused by an 
unreasonable user assumption if this information is not 
yet available or incorrect autosizing in the energy 
modeling software. Figure 3 shows the dashboard 
outputs that trigger a warning from these incorrect 
energy model results. Within the quality checking 
dashboard, the first notification is that the design EUI is 
higher than the benchmark and approximate code 
baseline EUIs. Depending on unique characteristics in 
the building, the user can decide if this is reasonable or 
if further warnings warrant resolving something in the 
model. The next notification is with the monthly end use 
breakdown. Looking at the bar graph, it is clear there is 

Building 
Characteristic 
Inputs

Annual 
Benchmark 
Comparison
s

Monthly End Use Breakdown 
Checks

Hourly 
Benchmark 
Comparisons

Green boxes 
indicate 
passing 
checks

Red boxes 
indicate 
potential 
errors
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some heating energy in the summer months. In the 
hourly heating and cooling checks section, the design 
cooling EFLH is high and there is simulataneous heating 
and cooling in the cooling months. Finally, looking at the 
hourly ventilation checks, it is clear the fan energy is 
much higher than the designed peak demand and typical 
usage profiles. From here, the user can deduce there is 
an issue with the ventilation controls, and ultimately 
recheck related parameters in their model to see that the 
outdoor airflow is too high. Upon resolving this issue, 
rerunning the model, and updating the results, all checks 
will turn green. 

Figure 3 Primary School Dashboard Warnings

For the Office Building test case, the assigned error is an 
incorrect interior lighting profile that runs for too many 
hours throughout the day. This can be the result of 
improper lighting control assumptions or an incorrect 
usage profile. Figure 4 shows the warnings that trigger 
on the dashboard. This error may initially go unnoticed 
with an EUI comparison as the benchmark, approximate 
code baseline, and design EUIs are in good agreement. 
However, the dashboard signals a discrepancy with the 
annual end use breakdown. Upon review, a user would 
see the share of lighting and cooling seems high. 

Looking at the hourly end use checks, it is clear the 
interior lighting EFLH is much higher than the 
benchmark interior lighting EFLH and the hourly design 
profile is operating much more than the benchmark 
profile. The dashboard even alerts that the design heating 
EFLH is too low and the design cooling EFLH is too 
high, which is a direct effect of the increased lighting. 
The user can then edit the interior lighting profile in their 
model to resolve these checks. 

Figure 4 Office Building Dashboard Warnings

For the Multifamily Building test case, the assigned error 
is a heating coil supply air temperature that is set too 
high. This error is possible either from incorrect user 
assignment or incorrect default settings in an energy 
modeling software. Figure 5 shows the warnings that 
trigger on the dashboard. The annual design EUI is 
higher than the approximate code baseline, which causes 
an alert, but is not necessarily indicative of an error. But 
upon further review of the annual and monthly end use 
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breakdowns, it is clear the heating share seems high and 
there is heating in the summer months. Finally, looking 
at the hourly heating and cooling checks, the design 
heating EFLH is too high and there is substantial 
simultaneous heating and cooling in the summer months. 
From here the user can deduce there is an error with the 
heating operation to ultimately check the heating coil 
supply air temperature and resolve the error. 

Figure 5 Multifamily Building Dashboard Warnings

The detection of these errors helps validate the use of 
quality checking in early design phase energy models. 
Many errors may initially go unnoticed with a cursory 
look at the annual EUI or end use breakdown. Observing 

an overview of the annual, monthly, and hourly results 
allows users to find errors that may not present 
themselves until later in the design process. 
Each of these test cases, for instance, could have 
informed inflated or deflated impacts of particular 
strategies. The primary school’s increased outdoor 
airflow could have inflated the impact of testing 
increased fan power efficiencies or an energy recovery 
system. The office building’s increased lighting schedule 
could have inflated overall savings when testing lighting 
savings options. For the multifamily building’s incorrect 
heating coil temperature, the impacts of better insulation 
would have been inflated because of the increased share 
of heating energy. 
As mentioned previously, when simulating design 
strategies using comparative models, the relative impact 
of tested strategies will not necessarily significantly 
change results as stated above. However, discovering 
these errors early in the design process helps to ensure 
that later energy model results will be in good agreement 
with design decisions that are made. When trying to meet 
energy code compliance or certification savings targets, 
this can have implications on meeting client goals based 
on decisions made using these early design phase energy 
models. Carefully quality checking these comparative 
studies should ultimately improve alignment with 
absolute performance targets. 
Currently, there are limitations to this automated 
framework. Where benchmarking data is limited, users 
need to use prior experience and judgement. Unique 
conditions, such as highly energy efficient designs, less 
common building types, or non-standard operating 
profiles are a few key scenarios that can be investigated 
for future work with this framework. 

Conclusion
The process of quality checking energy models has 
traditionally been a time consuming effort that requires 
expertise and thorough coordination. Energy modelers, 
architects, engineers, policy makers, and building 
owners need to have an understanding of energy model 
uses cases and how these align with comparative and 
absolute performance targets. Quality checking energy 
models starting in early design phases will help improve 
the alignment of energy model results with future 
building energy consumption to help all stakeholders 
meet their specific targets. 
An automated approach, as presented throughout this 
paper helps ensure quality checking is completed in early 
design phase energy models. As shown with the 
development test cases, proper quality checking will 
allow energy modelers to assess errors early, thereby 
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reducing those errors’ impacts on design strategy 
studies. 
Ultimately, this will reduce the financial risk of design 
decisions and help ensure the assessed savings from 
strategies in early design phases for energy code 
compliance or certifications are also achieved in the 
future building energy consumption for empirical 
performance targets. 
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