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ABSTRACT 

Recent advances in residential building energy 
efficiency and codes have resulted in increased interest 
in developing detailed residential building energy 
models using the latest energy simulation software. One 
of the challenges of developing residential building 
models to characterize the new residential building 
stock is allowing for flexibility in addressing the 
variability in house features such as geometry, 
orierntation, envelope construction, and heating, 
ventilation and air-conditioning systems. Researchers at 
the Pacific Northwest National Laboratory (PNNL) 
solved this problem in a novel way by creating a 
simulation structure capable of creating fully functional 
EnergyPlus batch runs using a completely scalable 
residential EnergyPlus template system. This system 
was used to create a set of 32 residential prototype 
building models covering typical single- and 
multifamily buildings, four common foundation types, 
and four common heating system types found in the 
United States (US). A weighting scheme with detailed 
state-wise and national weighting factors was designed 
to supplement the residential prototype models. The 
complete set is designed to represent a majority of the 
new residential construction stock. The entire structure 
consists of a system of utility programs developed 
around the core EnergyPlus simulation engine to 
automate the creation and management of large-scale 
simulation studies with minimal effort. The simulation 
structure and the residential prototype building models 
have been used for numerous large-scale studies. One 
such study investigating the cost-effectiveness of the 
latest residential energy code at the state level is briefly 
discussed in this paper. 

INTRODUCTION 
The US Department of Energy (DOE) supports the 
development of energy-efficient and cost-effective 
residential and commercial building energy codes 
through its Building Energy Codes Program (BECP). 
As a part of this effort, researchers at the Pacific 

Northwest National Laboratory (PNNL) conduct energy 
simulation analyses to support the development of the 
residential provisions of the International Energy 
Conservation Code (IECC), a national model code 
made available for adoption by states and/or local 
building code jurisdictions. These simulation analyses 
are primarily conducted using DOE’s EnergyPlusTM 
software (DOE 2014). The EnergyPlus models 
developed during the process are periodically published 
to ensure transparency and reproducibility of results as 
well as for encouraging other researchers and 
organizations to leverage these models for their own 
work (BECP 2012). 

EnergyPlus is a powerful state-of-the-art energy 
simulation program capable of simulating complex 
building component interactions and producing detailed 
hourly and sub-hourly results. Because the IECC is 
developed in a national process, code development 
analyses often involve large-scale simulations of various 
code requirements in multiple locations across the 
country to adequately capture impact in terms of 
national energy savings. These analyses also need to 
capture the nuances of regional construction practices 
because building characteristics have a major influence 
on a building’s energy consumption. Finally, building 
energy models developed in the process need to be 
published in a usable format for a broader set of users. 
These challenges drove the need to develop a flexible 
energy modeling system that can be easily used to 
generate and manage large numbers of customized 
building energy models.  

Researchers at PNNL approached this challenge in a 
novel way by creating an entire simulation structure 
around a flexible template system. The simulation 
structure allowed for the creation of large sets of 
simulation input files with as many or as few parameters 
as needed by the analysis, distributed processing of the 
input files, and finally output summarization and 
management. The structure was entirely developed and 
implemented in-house. The flexibility built into the 
structure allows users to easily customize it to their 
requirements, thus making it a powerful research 
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platform. Since its inception, the structure has been at 
the core of various large-scale building simulation 
studies. 

This paper describes the elements of the simulation 
structure and the EnergyPlus template system that forms 
the core of current residential energy studies. The 32 
residential prototype building models developed for 
residential energy code development analyses are 
described. Finally, a recent application of the structure 
and the prototype building models in a large-scale state-
level energy-code cost-effectiveness analysis is 
discussed. 

SIMULATION STRUCTURE 
Energy performance simulation has been used in the 
development of building energy standards since the 
late-1970s (DOE 1979). However, the creation and 
management of large data sets is still the biggest 
challenge in large-scale simulation studies. To create 
large sets of input files, building energy modelers used 
various approaches in the past ranging from macro-
enabled spreadsheets to batch scripts designed to 
assemble snippets of simulation input files into 
complete input files (Crawley 2008). However, these 
systems were generally developed on an ad-hoc basis to 
suit the analysis at hand. The nature of the energy codes 
analyses requires the creation of fully-functional 
building energy models that can be independently 
simulated  by other users. This section describes the 
major elements of the analysis structure developed for 
residential energy code analyses—gparm, runeplus, and 
the EnergyPlus template system. 

Development of gparm 

Energy code development analyses are generally 
parametric in nature. The text-based—human-
readable—format of the EnergyPlus input data files 
(IDFs), and those of its precursor DOE-2, led 
researchers to the idea of creating a scalable template 
that supports mass production of customized simulation 
input files given a few input parameters. This was the 
beginning of gparm—short for General PARaMetrics—
a custom program developed at PNNL that supports the 
creation of large numbers of input files for any program 
that reads its input from a text file. gparm,  essentially a 
mail-merge system in its simplest function, is a 
proprietary PNNL tool and not available publicly at this 
time. 

gparm uses a “template” and a “parameter” file to 
produce customized input files. The template file 
contains all the information and logic required to build 

a functional input file in the syntax of the target 
program (such as EnergyPlus). The parameter file is a 
simple rectangular table of attributes to be varied in the 
simulation experiment. The template and parameter file 
are combined by gparm to generate complete input 
files. Each row of the parameter file represents a set of 
building attributes for one building energy model. Thus, 
the number of rows in the parameter file equals the 
number of building models—or input files—created 
during each gparm run. The parameter file is a Comma 
Separated Value file (CSV) while the template file for 
EnergyPlus is a text file with the logic incorporated 
using the Perl programming language.1 

Apart from its simplicity and ease of use, gparm has a 
number of distinctive qualities that make it more 
flexible than the built-in parametric capabilities of 
energy simulation programs: 

• Compatibility with different simulation tool(s). 
Although current code development work is 
mostly done using EnergyPlus, the same 
parametric system can be used to develop input 
files for many software tools. 

• Complete flexibility in parametric analyses. 
Building energy modeling tools have various 
abilities for setting up and running parametric 
analyses. However, these abilities are often 
limited to all-combinations designs. gparm gives 
the user complete control and flexibility in 
designing parametric analyses. 

• Support for distributed computing on large-scale 
clusters. Because gparm is independent of the 
simulation tool used, any available queueing 
system or cluster management system can be 
used to run simulation instances. 

• Not limited to simple parameter replacements.  
A full-fledged programming language can be 
used in the template file if needed, to make 
complex input file changes from simple 
parametric inputs. 

gparm, thus, solved the problem of flexibly generating 
large numbers of input files. However, the question of 
simulating these input files still remained. To answer 
this need, PNNL researchers assembled a computing 
cluster for distributed simulation of these large batches. 
Several custom utilities were developed to facilitate the 
parallel simulation of input files on the cluster. The 
main utility that enables running EnergyPlus 
simulations on the cluster is called runeplus. 

1 http://www.perl.org/ 
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Development of runeplus 

Many state-of-the-art energy simulation programs are 
based on detailed analysis of individual buildings, while 
code development analyses typically involve large-scale 
paramteric considerations. Because EnergyPlus is the 
software of choice for current residential codes research 
and the “run script” distributed with EnergyPlus does 
not readily accommodate large parametric simulations, 
PNNL researchers created a custom run script to 
support such analyses without compromising the 
simplicity of the original script. A number of additional 
capabilities make the new script, called runeplus, a 
parametric tool.  The tool: 

• allows multiple simultaneous runs from the same 
directory/folder without risk of filename 
collisions or other interference between runs. 

• allows user determination of output filenames 
either directly or by automatic combination of 
input and weather filenames. 

• allows weather filenames to be specified in the 
input file instead of on the script's command line. 

• gives the user additional control over which 
EnergyPlus output files are retained in the final 
output directory. 

• explicitly supports efficient operation when used 
on a large, multi-node computing cluster by 
minimizing network transfers and disk storage 
requirements. 

• supports a debugging mode that automatically 
retains temporary output files in a run-specific 
temporary directory. 

gparm and runeplus thus met the challenge of enabling 
mass production of EnergyPlus input files and 
distributed processing of the files on a simulation 
cluster. The last piece of the puzzle was a flexible 
EnergyPlus template system. 

EnergyPlus Template System 

The text-based nature of EnergyPlus IDFs lends it three 
main advantages. First, the IDFs are human-readable, 
which allows for efficient debugging. Second, it gives 
the user flexibility to assemble an EnergyPlus IDF in 
building block fashion where different “blocks” of 
EnergyPlus objects may come from different sources. 
Lastly, the simple ASCII text files can be read, 
modified and written by a plethora of readily available 
tools, which significantly extends the possible input file 

manipulations. These strengths of EnergyPlus were 
leveraged in creating the template system. 

From a building science point of view, a typical house 
can be considered a system comprising a building shell, 
internal loads, and the heating, ventilation and air-
conditioning (HVAC) system. Along the same lines, the 
EnergyPlus template developed by PNNL researchers 
involves four component templates: 

• Geometry Template. The coordinates-based input 
system used by EnergyPlus to define surface 
geometry is leveraged to make the geometry 
template completely scalable. Single-family or 
multifamily buildings of any size and 
configuration with any window area, roof and 
ceiling style, foundation type, and orientation can 
be generated by entering a few input parameters. 

• Materials Library and the Building Shell 
Template. The materials library is programmed 
as a static library with material objects listed in 
the EnergyPlus IDF format. The building shell 
template contains the information required to 
create envelope assemblies to meet the 
requirements of various vintages of the 
residential building energy code. These two 
pieces work together to populate the EnergyPlus 
IDF with desired wall, roof, floor, and window 
assemblies and the relevant material objects 
required by each assembly. 

• Internal Gains Template. The internal gains 
template first calculates internal gains based on 
the specifications of the IECC standard reference 
design using the home’s size and the number of 
bedrooms (ICC 2012). It then populates the 
EnergyPlus IDF with lighting, electrical, and gas 
equipment objects, such that the sum of the heat 
gain from these objects matches the daily 
allowable limit set by the code. It also populates 
the IDF with operation schedules required by 
each internal load component. 

• HVAC Template. The HVAC template populates 
the IDF with the EnergyPlus objects required to 
configure the mechanical system of the house to 
be a heat pump or an electrical air-conditioner 
with a natural gas, electric, or oil furnace. It also 
handles water heaters, combined space and water 
heaters, and heat- or energy-recovery ventilation 
systems.   

The templates are programmed with default values for 
all parameters such that a completely functional 
EnergyPlus IDF can be created with a parameter file 
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with minimum of parameter definitions. Values 
specified in the parameter file override template 
defaults and customize the EnergyPlus IDF to the user’s 
requirements. The template system is thus sufficiently 
capable of single-handedly generating the multitude of 
house configurations required for code development 
analyses. At the same time, it is flexible enough to lend 
itself to other types of analyses with minor 
modifications. For example, an analysis to compare 
energy-efficiency measures for an existing building may 
need to use actual building geometry while conducting 
comparative analyses for different HVAC or building 
shell configurations. This analysis can be easily 
conducted using the template structure by simply 
replacing the geometry template with a file containing 
EnergyPlus objects that define the geometry of the 
existing building. Figure 1 is a schematic illustration of 
the parametric simulation structure. 

 
Figure 1. Schematic Representation of the Parametric 
Simulation Structure 

RESIDENTIAL PROTOTYPE BUILDING 
MODELS 
Energy code analyses typically investigate the impact of 
individual code changes or an entire new code on 
energy and cost savings. In each case, the impact on 
savings is compared to a pre-defined baseline, which 
may be, for instance, an older vintage of the same code. 
Because the size and shape of a building are a major 
influence on a building’s energy consumption, it is 
important to use a common baseline building 
configuration for consistency in comparative code 
analyses. The building configuration should be 

representative of typical building construction in the 
region of interest. For national-level analyses, multiple 
baseline building configurations may be necessary to 
adequately represent the variation in building 
characteristics across the country. In addition, the 
residential building energy code applies to single-family 
as well as low-rise multifamily buildings. Multifamily 
buildings have very different surface-to-volume ratios 
compared to single-family homes and thus, must be 
considered separately in energy code analyses. These 
considerations led to the development of a suite of 
residential prototype building models that could form 
the basis of national-level residential codes analyses and 
ensure consistency and reproducibility.  

A single-family prototype and a low-rise multifamily 
prototype building model (depicted in Figures 2 and 3) 
were first developed to represent the typical 
characteristics of new single- and low-rise multifamily 
buildings based on construction data available from the 
US Census bureau. Apart from the obvious distinction 
between single-family and multifamily construction, 
two other characteristics are important from an energy 
standpoint: foundation type and heating system type.  

 

 
Figure 2. Rendering of the Residential Single-family 
Prototype Building Model 

 

Geographical location significantly influences the 
foundation type found in homes. For example, slab-on-
grade foundation is more typical in the hot and humid 
south, whereas basements are more common in the cold 
northern regions of the country. In some other parts of 
the country, crawlspaces are more common than slabs 
or basements. Because the residential building energy 
code has specific provisions related to insulation 
requirements based on foundation type, it is necessary 
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to capture the differences in the energy performance of 
different foundation types. 

 

  
Figure 3. Rendering of the Residential Multifamily 
Prototype Building Model 

 

The relative improvement in residential building energy 
codes is determined using energy cost as a metric. This 
metric is heavily influenced by the heating fuel used in 
the home and regional fuel prices. The choice of heating 
fuel is also influenced by climatic or geographical 
considerations. For instance, electric furnaces are more 
common in the south because of low heating 
requirements. In parts of the northeast, oil-fired 
furnaces are common, while gas-fired furnaces and heat 
pumps are more popular in the rest of the country. Thus, 
heating fuel is the other important consideration that 
needs to be factored into the national analysis. 

To account for the variation in foundation and heating 
system types, the single-family and the multifamily 
building prototypes were duplicated and configured to 
represent four common foundation types (slab-on-grade, 
vented crawlspace, heated basement and unheated 
basement) and  four common heating systems (electric 
furnace, gas-fired furnace, oil-fired furnace and heat 
pump) typically found in new residential construction. 
This expanded set of 32 residential prototype building 
models is designed to represent the majority of new 
residential construction stock, which is the prime area 
of focus for residential building energy codes. 
Additional details about the baseline building 
characteristics of the residential prototype buildings are 
documented by Taylor et al. (2012). 

The residential building energy code addresses only the 
energy-affecting components of the house currently 
regulated by the code. A functional building energy 
model requires more detailed inputs, including 
operation schedules and internal gains. While the 
performance compliance path of the IECC provides 
some guidance about thermostat setpoints and internal 
gains to be used in energy simulation, it does not 

include many other detailed inputs needed by detailed 
energy modeling programs such as EnergyPlus. Many 
of these parameters were estimated based on available 
research from Building America (Hendron and 
Engebrecht, 2010). Other details required by 
EnergyPlus, which were not covered in available 
research, were estimated based on best available 
knowledge. Detailed modeling assumptions involved in 
developing the residential prototype building models 
are documented by Mendon et al. (2013).  

For estimating national or regional energy and cost 
savings impact of the code change or an entire new 
code, the prototype models have to be used in 
conjunction with an aggregation scheme. The weighting 
factors used in the aggregation scheme must reflect 
recent regional building practices. PNNL developed 
these weighting factors using a number of nationally 
recognized residential construction data sources such as 
the US Census data and data collected by the National 
Association of Home Builders (NAHB). Weighting 
factors were developed for the aggregation of energy 
savings across foundation types, heating system types, 
and single- and multifamily construction for each 
climate zone within each state. Detailed weighting 
factors for each state along with the methodology used 
for developing these are detailed by Mendon et al. 
(2013). Table 1 summarizes the configurations of each 
of the 32 residential prototype building models. The 
post-processing of the results and their aggregation to 
state and national level is conducted using a series of 
functions and scripts programmed in R.2 

The characteristics of building construction vary from 
region to region. However, the 32 residential prototype 
building models offer sufficient diversity to represent 
every major construction style. These prototype 
building models can be downloaded from the DOE 
building energy-codes website (BECP 2012). Combined 
with customized weighting factors, they can be used to 
yield reasonable estimates of the impact of code 
changes at the state, climate-zone, or national level on 
energy use and savings.  

EXAMPLE OF A LARGE-SCALE 
ANALYSIS USING THE SIMULATION 
STRUCTURE AND TEMPLATE SYSTEM 
Since its inception, the simulation structure and the 
template system have been used for numerous large-
scale studies, including the recently completed state-
level cost-effectiveness analyses of the residential 

2 http://www.r-project.org/  
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provisions of the 2009 and 2012 IECC compared to the 
2006 version (DOE 2012). This particular analysis 
involved simulation of the 32 prototype building models 
in 119 climate locations—one location for each climate 
zone within each state—customized to the requirements 
of each of the 2006, 2009, and 2012 editions of the 
IECC. 

The analysis required a two-stage approach. First, it 
required the assessment of the 2009 and 2012 IECC 
compared with the 2006 IECC at the national level. 
Second, the cost-effectiveness of the 2009 and/or the 
2012 IECC was calculated relative to the each state’s 
existing energy code. While many states adopt one of 
the building energy codes published by the International 
Code Council without making any changes, some states 
make amendments that impact energy-efficiency. Such 
amendments were an important consideration in this 
cost-effectiveness analysis and were handled using 
customized baseline energy models for these states. For 
other states the baseline was set to meet the 2006 or 
2009 IECC, as applicable. The resulting set of 11,424 
residential energy models was created, simulated, and 
managed using the simulation structure. The process 
was managed using the make program.3  

For the cost-effectiveness calculations, the first cost was 
calculated using the dimensions of the single- and 
multifamily prototype building models. Construction 
cost estimates were developed from a number of 
established sources, including estimates from 
professional cost estimators (Faithful+Gould, 2012a). 
These first-cost estimates were adjusted using 
construction cost indices for each state to capture the 
differences in construction costs across the country 
(Faithful+Gould, 2012b). Data collected from the 
EnergyPlus simulation runs were aggregated to the 
climate-zone level within each state. The average 
energy savings were then passed through various 
economic functions programmed in R to calculate the 
life-cycle cost, simple payback, and annual cash-flow 
for each case. State-specifc cost-effectiveness reports 
and building energy models are available on DOE’s 
energy-codes website (BECP 2012) 

CONCLUSION 
This paper describes the elements of the parametric 
simulation structure and residential templates developed 
for residential code analyses. The structure is 
extensively used in large-scale residential building 
efficiency analyses. The development of residential 
prototype building models and weighting factors for 

3 https://www.gnu.org/software/make/ 

analyzing energy performance and providing a baseline 
for measuring the impact of residential building energy 
codes at a national-level is described. Finally, a recent 
application of the residential prototype building models 
and the simulation structure in a large-scale state-level 
cost-effectiveness analysis is summarized. 
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Table 1. Configurations of the Residential Prototype Building Models  
NO. TYPE FOUNDATION HEATING SYSTEM 

1 Single-family Crawlspace Gas-fired Furnace 

2 Single-family Crawlspace Electric Furnace 

3 Single-family Crawlspace Oil-fired Furnace 

4 Single-family Crawlspace Heatpump 

5 Single-family Slab-on-grade Gas-fired Furnace 

6 Single-family Slab-on-grade Electric Furnace 

7 Single-family Slab-on-grade Oil-fired Furnace 

8 Single-family Slab-on-grade Heatpump 

9 Single-family Heated Basement Gas-fired Furnace 

10 Single-family Heated Basement Electric Furnace 

11 Single-family Heated Basement Oil-fired Furnace 

12 Single-family Heated Basement Heatpump 

13 Single-family Unheated Basement Gas-fired Furnace 

14 Single-family Unheated Basement Electric Furnace 

15 Single-family Unheated Basement Oil-fired Furnace 

16 Single-family Unheated Basement Heatpump 

17 Multifamily Crawlspace Gas-fired Furnace 

18 Multifamily Crawlspace Electric Furnace 

19 Multifamily Crawlspace Oil-fired Furnace 

20 Multifamily Crawlspace Heatpump 

21 Multifamily Slab-on-grade Gas-fired Furnace 

22 Multifamily Slab-on-grade Electric Furnace 

23 Multifamily Slab-on-grade Oil-fired Furnace 

24 Multifamily Slab-on-grade Heatpump 

25 Multifamily Heated Basement Gas-fired Furnace 

26 Multifamily Heated Basement Electric Furnace 

27 Multifamily Heated Basement Oil-fired Furnace 

28 Multifamily Heated Basement Heatpump 

29 Multifamily Unheated Basement Gas-fired Furnace 

30 Multifamily Unheated Basement Electric Furnace 

31 Multifamily Unheated Basement Oil-fired Furnace 

32 Multifamily Unheated Basement Heatpump 
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