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ABSTRACT 
The validated tools in the building energy field are 
whole building energy simulation programs; their 
intensive workflow makes using these excellent tools 
challenging at an urban scale. Conceptual energy 
modeling building information modeling (BIM) is a 
strong contender, but its emphasis on single buildings 
makes it more difficult to automate for urban modeling. 
Based on geographical information system (GIS) data, 
urban scale energy modeling was accomplished through 
scripting, simplified massing of the buildings, 
customized templates, and returning the results to the 
GIS program. Coupled with the analytical capability of 
simulation tools, this offers the power of BIM on a 
district scale. Essentially the workflow is using the GIS 
as multiple simplified BIMs. 

INTRODUCTION 
Building energy performance encompasses issues of 
dwindling natural resources, climate change, and 
pragmatically, the cost of operational energy over the 
lifetime of a building. Many states have incorporated 
more stringent energy performance criteria in the 
building codes, and voluntary initiatives such as the 
Architecture 2030 Challenge are raising the bar with 
aggressive goals. One step towards achieving these 
ambitious goals is to assess energy use for existing 
buildings with a target of making informed retrofits. A 
goal of the Los Angeles 2030 District was to determine 
the approximate energy use in a specific area of 
downtown Los Angeles (LA 2030 District 2014). At an 
urban scale, this would require simulation of hundreds, 
if not thousands, of buildings. Several techniques were 
considered for collecting or simulating the existing 
energy consumption of these buildings (in order of 
presumed accuracy): real data (difficult to acquire from 
building owners), full energy simulation of each 
building individually (time consuming and difficult for 
a complex building), conceptual energy modeling in a 

BIM program, simplified geometry and inputs in a GIS 
database, and using the CBECS 2003 national averages 
based on building types.  
Previous research has shown that by modeling a small 
set of buildings that is representative of a particular 
district or city, hourly profiles of energy consumption 
by fuel type as well as other key building characteristics 
can be estimated. Yamaguchi modeled 612 prototypical 
buildings incorporating occupant behavior, various 
zoning configurations, HVAC systems, and building 
construction characteristics. These models were 
aggregated into representative districts and extrapolated 
to the city scale leading to the analysis of various 
energy efficiency and district energy reduction 
measures (Yamaguchi, Shimoda and Mizuno 2007).  
In another study using New York City as the context, 
the researchers collected measured annual electricity 
and total fuel consumption; applied regression analysis 
to create maps of the spatial distribution of the annual 
energy consumption by end use; and then compared the 
difference between the modeled and measured values 
(generally around +- 20%) (Howard et al. 2012).  
A study conducted for estimating heating demand in 
two residential districts Ludwigsburg and Karlsruhe, 
Germany used a GIS data base with simulation tool. 
The study found the mean deviation between simulated 
and real demand are 7% to 20% (Nouvel et al. 2013)  
Another study of a 28 acre urban neighborhood in 
Pittsburgh, PA, USA used GIS platform to conduct high 
fidelity energy analysis and provide a multidimensional 
visualization of energy use and land use (Ramesh et al.) 
Reinhart introduced a Rhino based integrated urban 
modeling environment (UMI). It provides day lighting, 
operational energy, and walkability analysis of 
neighborhoods (Reinhart et al. 2013). Other related 
examples exist. This study aims to model the district 
employing a bottom-up approach from the individual 
building level. 
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METHODOLOGY 
The methodology was to automate the energy intensity 
use (EUI) calculations through scripting, simplified 
massing of the buildings, tuning of parameters for the 
templates, and returning the results to the GIS program. 
The GIS holds the simplified geometry and a small set 
of energy parameters. Then one determines the error 
range for this workflow by comparing the EUI results 
of several of the buildings with that of validated 
building performance simulation methodology.  
There are many potential ways of arriving at energy use 
estimates on an urban scale. This study uses a GIS 
database as input for building simulation to estimate 
energy consumption. Five key issues were first 
confronted: GIS data, software for simulation, modeling 
the geometry of the building, building type, and the 
metrics to be used. 

GIS data 
A limiting factor in mapping building energy 
consumption is the availability and detail of geospatial 
data. GIS databases can include information that is 
crucial for energy use mapping as well as supplemental 
data that can help inform building simulation modeling. 
Building type, geometry, and floor space are necessary. 
However, although this is changing, often the building 
geometry is simplified, based on two-dimensional 
footprints that have been extruded to the height given in 
the database. This works well for some building 
masses, but is not accurate for others. In addition, the 
building footprints can be wrong. 
Other commonly available GIS information useful for 
building energy simulations, but not critical to 
geospatial mapping, are building materials, HVAC 
systems, building height, and fenestration percentage 
(Heiple and Sailor 2008). Depending on the region, 
much of the information necessary for geospatial 
mapping and building energy simulation is contained in 
parcel-scale GIS databases. The quality and reliability 
of the modeling results are crucially dependent on the 
quality of the input data in terms of spatial resolution, 
temporal resolution, accuracy, and reliability in addition 
to typical GIS meta-data parameters. The GIS data for 
the study area was collected from three different 
sources: USGS National Geospatial Program (NGP), 
City of Los Angeles Bureau of Engineering, and the 
USC Spatial Sciences Institute. The combined database 
was mined for specific information required to create 
the dataset for the study. 

Simulation 
The primary energy simulation tools used were eQuest 
and Green Building Studio (GBS). The gbXML file 
format was used as the link between the geometrical 

models and these tools. gbXML is a common format for 
the transfer of geometry and building data that is 
available in many BIM and energy simulation software 
programs, but less commonly in GIS. 
eQuest is an easy-to-use building energy analysis tool. 
Within eQuest, DOE-2.2 performs an hourly simulation 
of the building based on walls, windows, glass, people, 
plug loads, and ventilation and simulates the 
performance of fans, pumps, chillers, boilers, and other 
energy-consuming devices. eQuest has an extensive 
library of default values for building characteristics for 
several building types including one for office that was 
used. Default values supplied within eQuest were used 
for building features that had a minor impact on energy 
consumption (i.e., hot water tank insulation, interior 
finish, door types) (Crawley et al. 2008).  
Green Building Studio is a cloud based building energy 
simulation tool that uses the DOE 2.2 thermal whole 
building energy simulation engine to estimate building 
energy use. These are based on building form, 
materials, systems, usage, and climate. It has many 
templates for building types that can be customized. 

Geometry and GIS parameters added 
Autodesk Infraworks was used as the conceptual design 
and GIS platform and for creating the simplified 
massing of the buildings. The building footprints and 
height attributes were held in a spatially enabled SQLite 
database, and the building geometry was based on the 
footprint extruded to the height. Parameters were input: 
building location (latitude, longitude), building type, 
building height (roof height), floor elevation, wall 
window ratio, window height, occupancy schedule, 
number of floors, default electric cost in KwH (not 
used), and fuel cost in therms (not used). Inputs such as 
equipment schedule, lighting schedule, domestic hot 
water schedule, HVAC system, building envelope 
thermal attributes (U-values for roof, wall, floor), and 
glazing type while not part of the implementation today 
could be part of the inputs moving forward if they make 
a significant difference in EUI when factored in. This 
was converted to gbXML and linked to Green Building 
Studio using the GBS and InfraWorks API with 
Javascript. The aggregated energy use intensities (EUI) 
from the simulation runs were reported back to the GIS 
model. These were then used to create baseline energy 
maps of the urban district. Autodesk Revit was used to 
create more complex building geometry. Revit is a BIM 
program that also supports performance-based design 
through whole building energy modeling and analysis 
using Green Building Studio. The intent of using it also 
for creating building geometry was to compare the 
simple massing easily obtained via GIS databases with 
results with more accurate geometries. 
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Building Type 
Offices and other types of commercial buildings make 
up the bulk of the urban district. It is a typology 
uniform across the building stock, both in envelope and 
building services. The standard GBS office template 
was used for the purpose of modeling and energy use 
estimates. It includes default schedules of occupancy, 
equipment, lighting, and infiltration.  

Metrics 
Three metrics were used: energy use intensity (EUI, in 
kWh/m2/year or kBtu/ft2/year), the CBECS 2003 
baseline EUI for buildings, and the reported energy data 
for some of the buildings where it was available (five of 
them). EUI is a common method of comparison for 
energy usage of buildings (generally for the same type 
of building). It was used for individual buildings, for 
aggregating buildings for total energy use in a district, 
and when district energy use was supplied, to work 
backwards and determine approximate individual 
building EUIs. It is reasonable to assume that a set of 
buildings located in the same area and having similar 
activities will consume roughly the same amount of 
energy per unit area (Martin 2013). The comparative 
EUI analysis is based on building use/type rather than 
its physical attributes, It is a reliable metric for office 
typology as energy use variation is primarily affected 
by activities and services in the building (Heiple and 
Sailor 2008). CBECS refers to the Commercial 
Building Energy Consumption Surveys. The CBECS 
data is a set of whole-building energy use 
measurements. They are obtained by survey by the 
DOE’s Energy Information Administration and are 
considered the largest and most exhaustive sources of 
building consumption estimates for the U.S. including 
for commercial buildings (DOE EIA 2014). But this has 
not been recently updated for office buildings. Also, 
only annual energy consumption information is 
collected for each fuel type. Therefore it falls short of 
providing reliable benchmarking at a district or city 
scale.  

 
Figure 1 The difference between the five case study 
buildings’ reported energy use and their respective 

CBECS estimated energy use 

In order to examine the differences between CBECS 
averages and real values, five case study buildings were 
chosen. In each case, CBECS 2003 always over 
estimated the amount of energy for that building type 
from about 56% to 115%  (Figure 1). 
The gold standard for validation is real energy data 
obtained from building owners. In five of the buildings 
used, this information was available. The Los Angeles 
electricity use map was used to validate a downtown 
block of buildings when individual data was not 
available.  

CASE STUDIES 
Table 1 Simulation input for each tool. ( * prescriptive 

based on CA Title 24) 
 
 GIS 

Default 
GIS 
Modified 

eQuest Revit 

Site 
context 

GIS 
database 

GIS 
database 

building 
drawings 

building 
drawings 

Weather TMY2 TMY2 TMY2 TMY2 

Geometry GIS 
database 

GIS 
database 

building 
drawings 

building 
drawings 

Thermal 
Zone 

ground, 
exposed, 
adiabatic, 
circulation, 
occupied 

ground, 
exposed, 
adiabatic, 
circula-
tion, 
occupied 

ground, 
exposed, 
adiabatic, 
circula-
tion, 
occupied, 
perimeter 

ground, 
exposed, 
adiabatic, 
circula-
tion, 
occupied, 
perimeter 

Light and 
Equipment 

LPD and  
EPD * 
 

LPD and  
EPD as 
per specs 

LPD and  
EPD with 
daylight 
controls 
from 
specs 

LPD and  
EPD 

Domestic 
Hot water 

 
* 

type, 
capacity, 
energy 
factor 

type, 
capacity, 
energy 
factor 

 
* 

Building 
Envelope 

building 
specs 

building 
specs 

building 
specs 

 
* 

Environ-
mental 
Controls 
(set points, 
ventilation) 

set  
points*  

building 
specs 

building 
specs 

set  
points * 

HVAC equipment 
sizing * and 
year built 

building 
specs 

building 
specs 

equipment 
sizing * 
and year 
built 

Occupancy 
based on 

condition-
ed area  

condition-
ed area 

building 
specs 

condition-
ed area 
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Case Study 1: five office buildings 
A set of five office buildings were chosen as case 
studies from the existing building stock of the district. 
Unfortunately, they cannot be shown as the owners 
requested anonymity. They are rectangular office 
buildings from 46 to 67 stories with uniform facades. 
The following models were created: 
1. GIS Default Model. The geometry is created by 

extruding simple building footprints using height 
attributes from the GIS database. A default office 
gbXML template (supplied with Green Building 
Studio; a discussion of the defaults is available at   
http://knowledge.autodesk.com/support/green-
building-studio/learn-
explore/caas/CloudHelp/cloudhelp/ENU/BPA-
GBSWebService/files/GUID-C24160C1-ADF1-
4585-ACEE-6EB76E1B6A1C-htm.html) was used 
with a limited set of building parameters that was 
augmented by the buildings’ parameters in the GIS. 

2. GIS Modified Model. The gbXML default template 
was modified to accept simulation inputs for 
domestic hot water, environmental controls, 
HVAC, light and equipments replacing the default 
prescriptive inputs. The adjustable parameters in 
the template were added using EUI comparative 
analysis to create a modified gbXML template until 
the simulated EUIs were within approximately 
15% of the reported EUIs. The goal was to 
minimize the number of of input parameters. The 
15% deviation was chosen from ASHRAE 
Guideline 14-2002 for whole building calibrated 
simulation path. It defines modeling uncertanity 
CV(RMSE) as 15% relative to monthly calibration 
data (Gillespie et al. 2002). These variations are 
acceptable from the perspective of a city-scale 
demand diagnostics when compared to the typical 
20% oversizing of the district energy systems. 

3. Revit Simple Model. A simplified geometrical 
model was created in Autodesk Revit to evaluate 
the geometry inputs of the proposed GIS method. 
The energy simulation in Revit was performed in 
Green Building Studio. EUIs from these models 
were compared with the reported energy data from 
the case study building. 

4. eQuest Model. A detailed comprehensive energy 
model with a full set of parameters was created for 
each of the case study buildings. This represents a 
typical building energy model.  

5. Reported Data. Reported annual energy 
consumption for each of the case study buildings 
was obtained. This data was used as the baseline to 
evaluate each of the simulation models accuracy in 
predicting energy use. 

 Case Study 2: 27 office buildings 
The proposed GIS-GBS energy simulation 
methodology was evaluated on a block level of an 
urban zone with 27 office buildings. The following 
models were created: 
1. GIS Default Model. This was based on the extruded 

GIS model with the limited number of parameters 
as described in the first case study.  

2. GIS Modified Model. Also similar to the first case 
study, a new office template was developed that 
more closely matched the results to the reported 
values. 

3. Block Level Reported Data. Reported electric 
energy consumption for a block was obtained 
through the Los Angeles Department of Water and 
Power. This was used to evaluate the approximate 
accuracy of the predictions of the individual 
building simulations. 
 

RESULTS 
Case Study A: five office buildings 
The EUIs (kBtu/sf/yr) were calculated for the five 
situations (Figure 2). The percent difference from 
reported values ranged from 4% (eQuest model) to 35% 
(Revit model), the modified GIS model had a range of 
12-14% variation from the reported energy use (as the 
new office template was tuned for this).  
The graphs show the segregated EUIs for heating, 
cooling, hot water, equipments and lighting for each of 
the case study buildings (Figures 3-7). The percent 
differences from the reported values ranged for heating 
load (12% to 32%), cooling load (6% to 27%), hot 
water (8% to 74% - this number is deceptive – see the 
graph), equipments (4% to 32%), and lighting (5% to 
36%). Although the CBECS data is always decidedly 
high by 56% to 115%, it does follow the same trends 
for the segregated energy information that the other 
categories do. From lowest to highest energy usage, the 
categories are hot water, heating load, equipments, 
lighting, and cooling load. 
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Figure 2 Total EUI comparison 
 

 
 

Figure 3 Case study 1-A 
 

 
 

Figure 4 Case study 1-B 
 

 
 

Figure 5 Case study 1-C 
 

 
 

Figure 6 Case study 1-D 

    

 
 

Figure 7 Case study 1-E 
 

Case Study 2: 27 office buildings 
The EUIs (kBtu/sf/yr) were calculated monthly for the 
27 buildings as one aggregated block. The percent 
differences from the reported values ranged from 13% 
to 24% (Figure 8). 
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Figure 8 Electric energy use of the block  
 

 
 

Figure 9 Electric energy use map of the block 
 
Once the calculated EUIs are validated against the 
existing reported energy use for the block, these 
calculated energy use values were projected through the 
GIS platform to create maps depicting EUIs for 
individual buildings. This provided a higher resolution 
to the district scale energy use at individual build scale. 
Figure 9 depicts the calculated building scale electric 
energy use EUIs for the case study block.  
 

 

DISCUSSION 
As mentioned previously, the CBECS data does not 
correspond to the real time energy use. This is 
reasonable to expect as CBECS is an average, but it 
also emphasizes that realization that anything based on 
the CBECS averages (for example, using it as target for 
reducing energy consumption) is suspect.  
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Case Study 1: five office buildings 
There are major differences in the reported and 
calculated cooling loads across the data set (Figure 10). 

 
Figure 10 Calculated percentage EUI variation from 

reported EUI 
1. GIS Default Model. The calculated use varies from 

12% to 26% from the reported EUI for the 
building. At the high end, this falls short of 
acceptable prediction of energy use trends that can 
be used at a district of city scale.  

2. GIS Modified Model. The GIS results are within 12 
- 14% variation from reported data. This provides 
an effective tool/methedology for supporting policy 
making and sustainable urban planning. 
Renovation measures for the building stock can be 
prioritized according to predicted energy use 
trends. Decisions about incentives for renovation of 
buildings may be consequently provided according 
to this prioritization. Additional real data from 
owners is needed to validate that the modified 
office template predicts EUI better than the default 
template for this climate zone.  

3. Revit Simple Model. The over simplification of the 
thermal model leads to a variation of 20% to 35% 
from the reported energy use. This variation could 
also be attributed to the default values in GBS 
which have not been fine-tuned. 

4. eQuest Model. As expected, the detailed energy 
models show the least variation of within 4-6% 
from the reported data. To achieve this accuracy in 
prediction time intensive method is required, 
therefore it has limited use creating energy models 
on a district or city scale unless better methods of 
automation are developed.  

For the segregated EUIs, the graphs show the percent 
differences from the reported values ranged for heating 
load (12% to 32%), cooling load (6% to 27%), hot 
water (8% to 74%), equipments (4% to 32%), and 
lighting (5% to 36%). 

• Heating and cooling. These are the most 
critical components in predicting energy use, 
and the calculated use depends on the ability of 
each tool to accurately model thermal zone. 
Therefore a large variation is seen across the 

simulation tools. As expected, the detailed 
model in eQuest is able to predict cooling load 
most accurately. 

• Hot water. The hot water results are all 
basically the same as the energy demand is 
primarily based on the occupancy in the 
modeled space. In an office building, it shows 
a negligible variation on an annual scale. 
Therefore all the calculated models are able to 
predict hot water energy use accurately with 
only small variations.  

• Equipment and lighting. The results show 
small variation across the calculated models 
due to using the standard schedules for a 
typical office building. Also in comparison to 
reported data, lightning energy use shows that 
it is impacted more by the occupant behavior 
and schedule than equipment energy use. 
 

Case Study 2: 27 office buildings 
The electric use estimates shows a variation 11% to 
23% for the Modified GIS model in comparison to the 
reported data from LADWP for the group of 27 
buildings (block) (Figure 11). 
 

 
 

Figure 11 Calculated percentage EUI variation from 
reported EUI  

 

CONCLUSION AND FUTURE DIRECTIONS 
The next outcome of this study will be a local energy 
map that would show a 8,760 hourly time-of-use energy 
profile for individual buildings and for aggregate 
demand and a corresponding 8,760 profile of local 
energy supply (Figure 12). Future development of the 
study will include error mitigation, sensitivity analysis, 
and different building types. Although CBECS data are 
commonly used, the proposed GIS to energy 
methodology is more accurate especially if custom 
templates are developed.  It is also intended to test more 
thoroughly the sensitivity of many more parameters to 
the EUI to determine what subset of values should be 
included in the GIS versus in the building template file. 
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Figure 12 Energy use map of the district based on 

CBECS values 
This methodology, once fully developed for downtown 
Los Angeles, can be used for other U.S. cities. The GIS 
map projection provides a useful way of visualizing the 
data to evaluate energy indicators and building energy 
characteristics for an urban area. A major advantage of 
using such methodology is the ability of predicting 
energy consumption at a large scale with a simplified, 
fast, and reasonably accurate tool using existing GIS 
data. Key information sources (GIS database and 
building geometry) are available for most large U.S. 
cities. The method can be adapted to other contexts and 
different types of building functions. It provides 
flexibility in introducing several types of information 
available for the building type considered, the results 
are easy to interpret, and it can be updated and extended 
as soon as new data about the buildings and occupants 
become available. Results can also be easily used for 
the calibration of other simulation models for improved 
energy savings potential calculation. This approach 
could be used for other building types (for example, 
commercial or residential), but this has not been tested. 
The only limitation currently is that the GIS data is 
based on simplified building models including those 
that do not have sloped roofs. 
The information given by the model can support 
decision on energy supply and networks across the city. 
For example, the Los Angeles 2030 District organizers 
could use this tool to predict energy consumption in the 
District for the setting of performance goals as an initial 
step in determining realistic measures for lowering 
energy consumption for existing buildings (Los 
Angeles 2030 District 2014). Until owners are required 
to provide real energy data, this is one way current 
energy consumption can be estimated.  
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