
   

     

2014 ASHRAE/IBPSA-USA 
Building Simulation Conference 

Atlanta, GA 
September 10-12, 2014 

 
PARAMETRIC ANALYSIS TOOL TO STUDY THE EFFECTS OF ENERGY 

CONSERVATION MEASURES ON BUILDING ENERGY USE ACROSS CALIFORNIA 
 

Ingrid Chaires1, Alexej Goehring1, Mallory Taub1, and David Barker2 
1Arup, San Francisco, CA 

2 Arup, Melbourne, Australia 
 
 
 

 

ABSTRACT 

In response to California’s policy target for all new 
commercial construction to be zero-net energy (ZNE) 
by 2030, Pacific Gas and Electric Company (PG&E) 
commissioned a comprehensive study to gauge the 
technical feasibility for ZNE by looking at energy use 
intensity (EUI) of the California building stock. Nine 
building types in five California climate zones, 14 
energy conservation measures (ECMs), up to two 
HVAC systems per building type, and renewable energy 
strategies were considered in this study. A parametric 
study of this level of complexity would require over 2 
million building energy simulations to explore all 
possible combinations. Instead, a parametric analysis 
tool with an innovative methodology was developed, 
which drastically reduces the number of energy 
simulations needed to about 200 for a similar level of 
combinations, complexity, and accuracy. This tool 
provided PG&E with an interactive user interface, 
showing instantaneous feedback on energy conservation 
measures necessary to reach the ZNE goal in California. 
This paper presents the motivation, functionality, and 
methodology behind the parametric analysis tool. 

INTRODUCTION 
A precedent to this study is the study by the National 
Renewable Energy Laboratory (NREL) that used a 
computationally intensive, simulation based approach in 
assessing whether ZNE commercial buildings could be 
marketable by 2025. Through this approach, requiring 
thousands of simulations, NREL concluded that ZNE 
buildings are technically achievable for a significant 
portion of the commercial sector but did not specify 
building or climate specific energy conservation 
measures needed to achieve this goal (Griffith et. al, 
2006). 
 

In 2008, the California Public Utilities Commission 
declared the State’s policy goal of all new residential 
construction to be ZNE by 2020 and all new 
commercial construction to be ZNE by 2030 (California 
Long-Term Energy Efficiency Strategic Plan 2008). In 
light of California’s ZNE policy target, one of the 
state’s largest utility companies, Pacific Gas and 
Electric Company (PG&E), commissioned a parametric 
study to assess the ZNE technical feasibility of the 
California building stock. 
 
This study set out to develop a less computationally 
intensive, interpolation approach based on EnergyPlus 
results to create a standalone tool which could 
accurately estimate the EUI and potential for ZNE of 
typical commercial buildings in different climate zones. 
The goals of this approach included reducing 
computational resources and run time, maintaining 
accuracy, and presenting the results in a simple, visual 
format accessible to non-technical experts who will be 
stakeholders in future energy policy decision-making. 
 
Using prototype EnergyPlus models and California 
Climate Zone weather files from the United States 
Department of Energy (DOE), the PG&E study assessed 
the impact of a wide-ranging list of energy conservation 
measures (ECMs), HVAC systems, and renewable 
energy strategies for nine commercial building types. 
The DOE models used were Medium Office, Large 
Office, Secondary School, Large Hotel, Hospital, Strip 
Mall, Sit-Down Restaurant, Grocery, and Warehouse. 
The five climate zones were chosen to represent the 
spectrum of the California climate and included Climate 
Zone 3 (Oakland), Climate Zone 10 (Riverside), 
Climate Zone 12 (Sacramento), Climate Zone 15 (Palm 
Springs), and Climate Zone 16 (Blue Canyon). Using an 
interpolation methodology and output from EnergyPlus 
simulations, the project team developed a parametric 
analysis tool with an interactive graphical user interface 
allowing users to change up to fourteen ECMs, 
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including lighting power density, window u-values, 
external shading elements, thermal mass, and natural 
ventilation. The algorithms instantaneously calculate the 
resulting EUI for each California climate zone and 
building type and display the results by end use and 
energy source via a series of graphs. The results of this 
interpolation methodology were validated against actual 
EnergyPlus simulation results for the same inputs to 
ensure a level of accuracy within ±10%. 

PARAMETRIC ANALYSIS TOOL 
The parametric analysis tool was designed for ease of 
usability so its graphical user interface could be 
understood by both non-technical and technical 
stakeholders. It is a robust graphical tool that 
quantitatively assesses the impacts on building energy 
use intensity (EUI) of various ECMs, HVAC systems, 
and passive measures on a user-selected building type 
and climate zone. Figure 1 shows the input interface of 
the tool where users can select a building type, climate 
zone, and adjust the values for different ECMs on 
slider. The default baseline value corresponds to the 
original value in the DOE EnergyPlus models of the 
typical buildings which are based on ASHRAE 
Standard 90.1 (ASHRAE 2010). The minimum values 
for the ECMs are based on present-day, technically 
feasible values. After the user has chosen values for 
these inputs, the user can click on a "GO" button which 
will run the interpolation calculations in the 
background. 
 
Figure 2 shows an example of the graphical results the 
user would get after the calculations are completed. The 
top graph shows how each ECM contributes to reducing 
EUI. The series of bar graphs compare the energy 
performance of the baseline building to the building 
with the user-chosen ECMs and the building with onsite 
renewable energy. These comparisons include the 
overall building EUI, consumption by end use, peak 
demand, and fuel type. 
 

 
 

Figure 1 Tool GUI where user can choose the input 
values for ECMs 
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Figure 2 Tool GUI showing energy results 
 

METHODOLOGY 

Reference Energy Models 
Most policies in the United States that dictate the 
energy performance of buildings are based on ASHRAE 
Standard 90.1 (ASHRAE 2010). The U.S. Department 
of Energy (DOE) has freely available prototype 
EnergyPlus models that encompass 16 typical building 
types in 17 climate zones that comply with ASHRAE 
Standard 90.1 (Commercial Prototype Building 
Models). The Pacific Northwest National Laboratory 
used these models to conclude that the changes 
implemented in ASHRAE Standard 90.1 in 2010 led to 
a 30% energy savings compared to the 2004 
requirements, validating that these models are a 
valuable research tool for assessing energy performance 
of typical buildings that are compliant with this 
Standard (Thorton et al, 2011). These benchmark 
EnergyPlus models were the foundation for the 
development of the parametric analysis tool, and were 
used to create the baseline and minimum energy models 
referenced in the methodology below. 
 

Strategy 
Before developing the simulation and calculation 
methodology, several requirements were established. A 
parametric study in which all thresholds were simulated 
for every possible combination of the 14 ECMs for the 
9 buildings types in the 5 climate zones was not 
possible as it would require about 2 million EnergyPlus 
simulations, which was far beyond the available 
computing resources and time. In addition, these 
parametric simulations would have resulted in an 
inordinate amount of data which would have been 
difficult to process and display in a simple, fast, and 
graphical way. To accurately calculate EUI and 
minimize the number of EnergyPlus simulations to 200, 
the tool calculates overall building EUI for any 
combination of ECM values using a two part approach:  
 

1) Hourly individual ECM gains are interpolated 
in a linear fashion and added across the 
building in order to get a reasonable hourly 
estimation of total heating and cooling 
demand. 

2) Hourly energy use is calculated from non-
linear mathematical equations which describe 
the relationship between total building demand 
and system fuel use for any given single 
HVAC system and outside air conditions. 

 
System efficiency maps were created to represent these 
mathematical relationships and EUI was calculated 
using these maps and the previously calculated total 
building demand. 
 
The following section explains the calculation of total 
heating and cooling demand. 
 

Heating and Cooling Demand 
The underlying philosophy of the interpolation 
approach was to describe the thermal characteristics of 
a building using gradients from hourly EnergyPlus 
results that relate a change in each ECM value to a 
change in thermal load. The initial approach used a 
single gradient for each ECM to calculate both heating 
and cooling demand, requiring only two simulations – 
one at each endpoint of the ECM value ranges.  
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Figure 3 Lighting power density and its effect on 

cooling and heating demand 
 
Figure 3 illustrates the notion that the thermal effects of 
lighting power density can be described with a single 
gradient. Theoretically, holding all other ECMs 
constant, there is a point of thermal equilibrium in the 
building at which the lighting power density will result 
in no heating or cooling for a given hour. From this 
point, as the lighting power density is increased, the 
cooling demand increases. As the lighting power 
density is decreased, the heating demand increases. It 
was anticipated that these gradients could be applied 
across all ECMs to generate a heating or cooling 
demand value for a given hour. In that hour, if the total 
calculated thermal load was positive, then cooling was 
required in the building; if the total thermal load was 
negative, then heating was required. Thus, two 
EnergyPlus simulations were conducted - one at the 
maximum ECM value and one at the minimum ECM 
value - and hourly gradients were generated from the 
two sets of simulation results.  
 

 
Figure 4 Window U-value and its effect on cooling and 

heating demand 
 

Validation testing of this approach revealed that it 
would not work for certain ECMs. Figure 4 illustrates 
the theoretical gradients for envelope thermal 
resistance. Again, there is a theoretical point at which 
the window U-value results in no heating or cooling 
demand for a given hour. From this point, as the 
window U-value is increased, the cooling demand 
increases. However, this increase in U-value can also 
lead to an increase in heating demand. As such, it is 
necessary to describe this thermal system using two 
gradients for each hour; one for heating and one for 
cooling. This has resulted in a doubling from two to 
four EnergyPlus simulations for each combination of 
building type and climate zone, as follows: 
 

• Baseline cooling case - ECM values set to 
maximize cooling demand 

• Minimum cooling case - ECM values set to 
minimize cooling demand 

• Baseline heating case - ECM values set to 
maximize heating demand 

• Minimum heating case - ECM values set to 
minimize heating demand 
 

ECM values for each simulation are chosen in order to 
maximize or minimize the heating or cooling demand 
for the building, while not going beyond ASHRAE 
Standard 90.1 2010 values or achievable energy 
efficient minimum values. The baseline simulations 
have ECMs relating to internal gains, as well as SHGC, 
set to minimum code requirements (ASHRAE 90.1). 
The minimum case simulations have these same ECMs 
set to the most energy efficient values that are 
achievable to date, as seen on the tool’s user interface, 
Figure 1. Since validation showed that ECMs relating to 
the thermal resistance of the building can increase or 
decrease heating and cooling demand at the same time, 
the baseline simulations have these ECMs set to the 
minimum code requirements (ASHRAE 90.1) and the 
minimum case simulations have these ECM values set 
to provide more insulation than code requirements. For 
example, high lighting power density is used in the 
baseline cooling and minimum heating simulations, 
while high window U-value is used in the baseline 
cooling and baseline heating simulations. As the heating 
and cooling demand is calculated separately for each 
hour of the year, the revised approach has the added 
benefit of more accurately predicting heating and 
cooling demand when some building spaces are in 
heating and others are in cooling. 
 
Gradients between each baseline and minimum case 
simulation were calculated from hourly EnergyPlus 
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results of each combination of building type and climate 
zone. Equation 1 shows an example of the hourly 
calculation of the lighting gain gradient,∇Q, based on 
the baseline lighting gains, QBaseline Lighting, the minimum 
case lighting gains, QMinimum  Lighting , and LPD values, X. 
 

 
 
This method of calculating gradients was repeated for 
all the internal and external gains stored from the 
EnergyPlus results which included lighting heat gains, 
equipment heat gains, solar radiation, and conduction 
through the envelope. 
 
The hourly gradients for each gain were then used to 
calculate the new resulting ECM gains from the user-
selected ECM values. When a user changes the value of 
an ECM in the interface, the change from the default 
value is multiplied by the ECM’s corresponding 
gradient. Equation 2 shows an example of this 
calculation for the LPD ECM. A change in LPD would 
create a change in the lighting gains inside the building. 
Therefore, to calculate the new corresponding lighting 
gain, Q, the change in LPD value, X, would be 
multiplied by the stored hourly lighting gradient, ∇Q, as 
shown in Equation 2. 
 

 
The total building demand per hour is then calculated 
by summing all of the new gains from that hour 
calculated from the user-selected ECM parameters. 

Interaction Between ECMs 

Given a certain setpoint temperature, the sum of 
individual heat fluxes (heat gains and losses) in a space 
will equal to zero within the time step, assuming there is 
no thermal mass. This means that the space temperature 
will be at  the setpoint temperature and that the HVAC 
system will not need to do work. 

When there is a change in an individual heat fllux, the 
sum of heat fluxes no longer equals to zero, and the 
HVAC system must activate to maintain the setpoint 
temperature inside the space. The relationship between 
the total heat flux in a space and the temperature 
difference it causes is linear. This realtionship is also 
linear for each individual heat flux (i.e. lighting heat 
gains, wall conduction losses, solar gains). Therefore, 

the individual heat fluxes (gains and losses) can be 
treated separately from the total heat flux in the space. 
When one ECM changes, it will cause a change in the 
corresponding heat gain. For example, a change in the 
lighting power density ECM will result in a change in 
the lighting heat gain. The gradients discussed in the 
previous section will then be used to calculate the new 
lighting heat gain which will then be added to the rest of 
the heat fluxes in the space to get the total heat flux in 
the space. For ECMs that affect multiple heat gains, 
such as wall-to-window ratio (WWR), all of the gains 
affected are taken into account. For example, if a user 
changes the WWR ECM, the gradients for the solar heat 
gains, the wall conduction heat gains, and the window 
conduction heat gains will be used to calculate the new 
total heat flux in the space. 

This approach assumes that all heat fluxes reach steady 
state within the time step of one hour. For cases with 
thermal mass, this assumption does not hold true and, 
therefore, thermal mass is treated as a special case 
which is described in the following section. 

Special Cases 
Several ECMs impact the thermal performance of a 
building in such a way that their effect could not be 
accounted for using the interpolation approach 
discussed above. These special cases include thermal 
mass, natural ventilation systems, and window shading. 
The approach to these systems was similar to that of the 
other ECMs in that they were not explicitly modeled, 
rather the intended effect of their inclusion in a 
building’s design was accounted for, with an 
assumption that the design team would deliver an 
effective design solution. 
  
Thermal mass is accounted for by allowing users to 
select whether or not thermal mass with a night flush 
system is part of the design strategy. When selected, the 
effect of thermal mass on building EUI is modeled 
using an hourly storage algorithm, with the following 
assumptions: 
 

• The thermal storage medium is concrete. 
• A fixed proportion of the gross floor area is 

available for thermal storage. 
• The design makes use of night flushing of 

thermal storage when beneficial. 
 
The effect of natural ventilation systems is accounted 
for as a reduction in fan energy. It is assumed that 
energy savings associated with free cooling are already 
achieved by the inclusion of economizers, and, as such, 

© 2014 ASHRAE (www.ashrae.org). For personal use only. Reproduction, distribution, or transmission 
in either print or digital form is not permitted without ASHRAE’s prior written permission.

469



   
 

the introduction of natural ventilation only improves the 
delivery of outside air to the building. The model 
assumes a fixed proportional reduction in fan energy 
when natural ventilation is selected, and when outdoor 
dry-bulb temperature conditions are beneficial for space 
conditioning. The tool therefore gives a conservative 
estimate of potential energy savings from natural 
ventilation as it does not take into account any widening 
of setpoint bands as part of an adaptive comfort 
strategy, which can lead to increased savings. 
 
Regarding window shading, users are able to select one 
of three settings; 'None', 'Typical' or 'Performance'. 
When no shading is selected, there is no change to 
energy outputs of the model, as all buildings were 
simulated with no shading devices. When 'typical' 
shading is selected, the model assumes a window 
overhang at a fixed depth-to-height ratio, and for each 
hour of the year calculates the proportion of glazing that 
is visible to the sun. This proportion of glazing is used 
as a multiplying factor on the hourly solar gain, 
neglecting the variation in direct and diffuse solar. 
When 'performance' shading is selected, it is assumed 
that the design team has developed a solution, whether 
through fixed shading devices or automated dynamic 
shading, which allows 20% of incident solar gain 
through the façade. 

Mapping of System Efficiencies 
Electricity and gas demand was calculated by taking the 
predicted heating and cooling demand and multiplying 
by the corresponding system efficiencies. The systems 
responsible for space conditioning were comprised of a 
variety of components such as chillers, boilers, fans, 
pumps, and heat rejection equipment. Due to the fact 
that the efficiency of each of these components varies 
with both the thermal load and environmental 
conditions, it was necessary to develop a simplified 
approach to calculating system efficiency. Efficiency 
maps were developed for each system component in 
each building type and climate zone. These efficiency 
maps related thermal demand to the resulting electricity 
or gas usage for each HVAC system in a similar way to 
common COP curves. Unlike COP curves, the 
efficiency maps were applied at the building level, 
rather than for each piece of HVAC equipment. For 
refrigerant-based heating and cooling equipment, whose 
performance varies widely with outdoor environmental 
conditions, the efficiency maps were developed in such 
a way that allowed the calculation of fuel use as a 
function of thermal load and outdoor dry-bulb 
temperature. For other heating and cooling equipment 
and for auxiliary components such as pumps and fans, 

the variation of efficiency with environmental 
conditions is far less significant; as such, the efficiency 
maps associated with these components describe fuel 
use as a function of thermal load only. The outputs from 
the EnergyPlus simulations were used to generate the 
efficiency maps for each system. For each hour of the 
simulated year, the whole building thermal load was 
plotted against fuel use before a curve was fitted 
through the points. For refrigerant-based heating and 
cooling equipment, the points were grouped into 
outdoor dry-bulb temperature bins before fitting a curve 
to each group. Figure 5 illustrates an efficiency map 
generated for a building using DX cooling coils to 
condition the building. Each line represents an 
efficiency curve generated for a particular outdoor dry-
bulb temperature (Tdb) band. 
  

 
Figure 5 Example of map of system efficiencies 

 
The methodology also takes into consideration the 
sizing of HVAC equipment during the EnergyPlus 
simulations. All HVAC equipment was autosized during 
simulation, to ensure that variations in intrinsic loads 
(internal and external gains) would result in correctly 
sized equipment. It is assumed that as thermal loads 
increase in a building, the size of HVAC equipment and 
associated efficiency maps increase proportionally. The 
system efficiency maps are subsequently referenced 
against a particular equipment capacity for each system, 
building type and climate zone. 

Calculation of EUI 

The total building energy consumption associated with 
the user’s selected ECM values is calculated by adding 
the energy use of the HVAC system, the energy use of 
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the lighting and equipment, and subtracting the energy 
savings of any passive measures (natural ventilation, 
thermal mass, shading devices), and the total energy 
saved through renewables. 

RESULTS 
Throughout the development of this new approach, 
outputs were validated against EnergyPlus simulations 
configured with specific combinations of ECMs to 
ensure an appropriate level of accuracy for the purposes 
of this tool. The targeted overall accuracy of predicted 
building EUI was within ±10% of a corresponding 
annual simulation. This level of accuracy was deemed 
enough to provide PG&E with an understanding of how 
each ECM affects EUI for different building 
configurations. The target accuracy drove the 
development of demand interpolation and efficiency 
map algorithms to ensure the fundamental interactions 
and interdependencies of building systems were 
accounted for, without the need to explicitly model 
details. The goal of the tool is not to replace an energy 
model but to provide a sensitivity analysis of the effect 
certain ECMs have on achieving ZNE. 
 
The validation methodology not only assessed the 
accuracy of the overall EUI, but also the constituent 
outputs. Predictions of energy end use were scrutinized 
with various accuracy targets ranging from ±2% to 
±30%, according to their contribution to the overall 
EUI. For example, a large office building’s pumping 
energy demand contributes to less than 5% of total 
energy in most climate zones. In these cases, it is 
possible to relax the pumping energy accuracy target to 
±30% while maintaining overall accuracy of the tool. 
 
The energy end use categories included the following: 
 

• Lighting energy 
• Plug load energy 
• Coil loads (heating and cooling) 
• Heating and cooling fuel use 
• Fan energy 
• Pump energy 
• Heat rejection energy 

 
The outputs were also plotted on an hourly basis, so that 
a visual inspection of the annual variation could be 
conducted. Figure 6 and Figure 7 illustrate a particular 
scenario’s heating and cooling demand as predicted by 
the parametric analysis tool and as simulated in 
EnergyPlus. 

 
Figure 6 Example of validation results for heating 

 

 
Figure 7 Example of validation results for cooling 

 
The validation methodology also tested the tool at 
various levels of energy demand, with comparison 
simulations at low-EUI scenarios, midrange-EUI 
scenarios, and high-EUI scenarios, with a mix of ECM 
selections governing the performance of the test 
buildings. 
 
Finally, a summary chart was created for each 
validation test.  The results of the tool prediction were 
compared with an EnergyPlus simulation of a model 
with all of the user selected inputs.  A simple 
percentage error was calculated based on the difference 
between these two results. Figure 8 illustrates a 
summary chart for a medium office building validation 
simulation, where gas heating demand is slightly 
overestimated but the overall building demand is less 
than 10% error. 
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Figure 8 Validation of Energy Consumption 

 

DISCUSSION 
The parametric analysis tool was developed to 
maximize efficacy and to be easy to use. The tool was 
designed to be a standalone, visual way to determine the 
impact on EUI of several ECMs for different building 
types in different climate zones. Because it is not a 
front-end for a database of stored building energy 
simulation results, it has the flexibility of expanding to 
other building types, whether new or existing, and new 
climate zones. This project used the nine commercial 
building types and five California climate zones to 
focus on California’s commercial building stock, but the 
calculation methodology developed for the parametric 
analysis tool is independent of building type and climate 
zone and is based on a high-level approach to building 
energy consumption. 
 
As more buildings are starting to be required by policy 
to drasctically reduce their energy consumption or even 
reach zero-net energy, there is a need for a diverse 
group of stakeholders to assess early-stage design 
decisions relating to energy performance. This tool, 
with its interactive and visual interface, is a good 
example of how early-stage design decisions can be 
interrogated quickly without the need for full, detailed 
energy models. This tool need also not be limited to 
new construction. It can also be a powerful indication of 
what measures to implement in exsiting buildings which 
need energy retrofits. 
 

LIMITATIONS 

The requirements of this tool have driven the 
development of its features to maximize efficacy and 
ease of use in the hands of the target users. It is 
acknowledged that the tool is not optimized for use in 
every strategic energy reduction study, as there are 
features such as those below that limit the tool’s 
applicability. 
 

• ECMs are applied across the entire building. It 
is not possible to treat certain zones 
differently. 

• Building infiltration is not an ECM that users 
can change. It stays at the values specified in 
ASHRAE Standard 90.1. 

• Building massing and orientation are not 
adjustable. 

• The tool is limited to pre-determined HVAC 
systems.  

• Daylight controls cannot be changed in the 
tool.  

• The tool does not calculate or communicate 
how changes in ECMs affect indoor 
environmental quality, such as thermal and 
visual comfort. 
 

Despite its limitations, the tool is a powerful resource to 
convey early-stage design decisions and their respective 
impacts on the overall building energy use. 
 

CONCLUSION 
The parametric analysis tool is an alternative to existing 
time- and computationally-intensive approaches to 
parametric energy modeling. The custom interpolation 
methodology employs notions of intrinsic building 
demands, system efficiencies and distilled models of 
complex systems to quickly assess the impact of various 
energy conservation measures in typical buildings 
across California. 
 
The intuitive interface provides architects, engineers, 
and industry stakeholders with the opportunity to 
quickly evaluate the potential impact of various energy 
efficiency measures by giving quick feedback on 
estimated energy savings, which can save time and 
money before the project reaches a stage of highly 
detailed building specific analysis. In a field in which 
highly detailed energy models of specific buildings are 
perfected by specialists, this paper shows the power of 
an intuitive, non-technical interface to provide 
indicative results to bring decision makers to the table 
to effectively address reductions in building energy 
consumption. 
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