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ABSTRACT 

An accurate picture of how energy is used in the nation’s stock of com- 
mercial buildings can serve a variety of program planning and policy needs 
within the Department of Energy, by utilities, and other groups seeking to 
improve the efficiency o f  energy use in the building sector. 
describes an estimation of energy consumption by end use based upon data from 
the 1989 Commercial Building Energy Consumption Survey (CBECS). The method- 
ology used in the study combines elements of engineering simulations and 
statistical analysis to estimate end-use intensities for heating, cooling, 
ventilation, 1 ighting, refrigeration, hot water, cooking, and miscellaneous 
equipment . 
into weather and nonweather dependent loads. Subsequently, Statistical 
Adjusted Engineering (SAE) models were estimated by building type with annual 
data. The SAE models used variables such as building size, vintage, climate 
region, weekly operating hours, and employee density to adjust the engineering 
model predicted loads to the observed consumption. End-use consumption by 
fuel was estimated for each of the 5,876 buildings in the 1989 CBECS. The 
report displays the summary results for eleven separate building types as well 
as for the total U.S. commercial building stock. 

This report 

Bi 1 1  ing data for electricity and natural gas were first decomposed 
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SUMMARY 

An accurate picture of how energy is used in the nation’s stock of com- 
mercial buildings can serve a variety of program planning and policy needs 
within the U.S. Department of Energy, by utilities, and other groups seeking 
to improve the efficiency of energy use in the building sector. This report 
presents estimations of energy consumption by end use (heating , cool i ng , 
lighting, hot water, etc.) based on data from the 1989 Commercial Building 
Energy Consumption Survey (CBECS) . 
Northwest Laboratory for the Energy End Use and Integrated Statistics Division 
(EEUISD) within the Energy Information Administration (EIA). 

This work was conducted by Paci fi c 

Commercial end-use intensity (EUI), defined as energy consumption per 
square foot, will be used to 1) support the EIA commercial sector energy 
modeling and forecasting efforts as part of the National Energy Modeling Sys- 
tem (NEMS) and 2) augment the statistical summary information from the survey 
as published by the EIA. 

GENERAL APPROACHES 

Development o f  EUIs for buildings can follow three general approaches: 
1) direct metering, 2) statistical analysis known as Conditional Demand Ana- 
lysis, and 3) engineering simulation. The approach used in this study was a 
combination of elements of engineering simulation and Conditional Demand 
Analysis. This approach, the Statistically Adjusted Engineering (SAE) model, 
begins by estimating end-use components with an engineering-oriented building 
simulation model. 
sample building is dependent on some or all of the following factors: 
1) building physical characteristics, 2) operating characteristics, and 
3) weather. 

Predicted energy consumption for each end use in each CBECS 

The second stage of the SAE procedure uses the predicted end-use compo- 
nents as regressors to explain actual total building energy consumption based 
on billing data. 
adjustment coefficients for each of the engineering-based end-use estimates. 

The regression model coefficients are interpreted as 
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The adjustment coefficients are then used to generate the final end-use esti- 
mates for all buildings, including those that may not have been included in 
the SAE model. 

The overall methodology can be divided into seven major steps: 

by 

1. Map 1989 CBECS data (and weather) into engineering model. 

2. Run initial engineering model. 

3. Estimate SAE models for buildings with monthly billing data 
building type. 

Based on comparison of predicted and actual energy consumpt 
patterns , revise engineering model . 
engineering estimates. 

5. Estimate final SAE models. 

4.  
Generate second-round 

on 

6. Use SAE model coefficients to extrapolate to buildings without 
monthly billing data. 

7. Calilbrate end-use consumption to add up to EIA total energy by 
bui 1 di ng . 

ENGINEERING FRAMEWORK FOR EUI ESTIMATES 

Over the past several years, PNL has been developing an entirely new 
building energy consumption estimation tool as part of the Facility Energy 
Decision Screening System (FEDS). 
model, estimates building energy consumption for eight end uses: heating, 
cooling, ventilation, interior 1 ighting, service hot water, cook ng, refrig- 
eration, and miscellaneous equipment. Information from metering studies was; 
used to help further break out cooking and refrigeration from mi cellaneous 
equipment in this study. 

This tool , the FEDS Level-1 building energy 

FEDS models energy use as daily average hourly profiles. These profiles 

This approach allows the model to capture the effects of the building 
are calculated for three day types (weekdays, Saturdays, and Sundays) for each 
month. 
operational schedule, as well as the average outdoor conditions, on building 
energy use. 
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DATA SOURCES 

The FEDS building energy consumption model requires a fairly detailed 
set of input parameters. 
1989 CBECS, the primary sources include the 1986 CBECS, the Regional End Use 
Monitoring Program (REMP)(a) commercial and residential studies, and know1 - 
edge of standard practices as documented in various construction engineering 
hand books . 

In addition to the information taken directly by the 

The characteristics data is used to inform the FEDS model of variables 
needed for its building- by- bui ldi ng energy simul ations. 
data is also used in the statistical adjustment regression models to better 
explain the cross-sectional EUIs. 

The characteristics 

Where possible, this study utilized the utility billing'files developed 
by EIA in its own consumption estimation procedures. The files analyzed per- 
tain to electricity and natural gas. 
file database the following issues were considered: 1) alignment of bills to 
calendar months, 2) bills not specific to single buildings, and 3) imputation 
of missing bills. Out of a total of 5,876 buildings in the 1989 CBECS, 3,429 
buildings had suitable billing data for electricity and 2,282 had suitable 
data for natural gas. 

During the development of the billing 

Along with the reported or imputed physical and operating characferis- 
tics of the buildings, the engineering model requires monthly average hourly 
weather profiles to predict energy consumption. National Oceanic and Atmo- 
spheric Administration's TD 3280 weather tapes provided hourly data for 102 
weather stations across the U.S. 
assigned to each of the 5,876 buildings in the 1989 CBECS. 

Files with hourly weather profiles were 

1 vi i 

(a) Previously, the End Use Load and Consumer Assessment Program, a large, 
on-going monitoring project funded by the Bonneville Power Administra- 
tion. REMP data includes both hourly time series end use consumption 
data and an extensive database of building characteristics, including 
installed capacities of energy using equipment. 



FINAL FRAMEWORK FOR DEVELOPING EUI ESTIMATES 

The engineering methods in FEDS incorporate thermodynam c principles to 
estimate end-use consumption, but are not constrained to ref ect the observed 
total energy consumption. However, statistical methods of e timating end-use 
consumption reflect the observed total consumption, but do not incorporate 
a priori information on the interactions between end uses and their seasonal 
patterns. 
mates of the end-use loads. Regression-based statistical procedures are used 
to adjust the engineering estimates to best represent the observed 
consumpt i on. 

The SAE method combines these approaches to generate improved esti- 

The EUIs by fuel type and end use follow the standard convention o f  

normalizing for building floor space. 
vides the information to calculate a whole building energy intensity which can 
be represented as the sum of the EUIs for the end uses present in the 
bui 1 ding e 

Statisticallv Ad-iusted Enqineerinq Models 

The billing data from the CBECS pro- 

The FEDS engineering model provides estimates of EUIs for eight major 
end uses. The SAE approach treats these estimates as initial values to be 
adjusted to best explain the observed billing data. 

Baseld on previous work by Cambridge Systematics, Inc., for the Electric 
Power Reslearch Institute, a series of sequentially more complex SAE models to 
analyze clommercial energy data can be outlined. The first model is termed a 
One Periold Model without Building-Specific Variables. This model generates a 
single parameter to adjust each EUI. 

In this model, the simulated engineering EUIs enter the model as explan- 

The engineering EUIs vary over buildings on the basis of known or 
atory variables for each of the end-use services that the building is known to 
provide. 
assumed building characteristics, operating schedules, and weather. For each 
end use and fuel, the estimated coefficient shifts the engineering-based EUI 
up or down. 
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If a particular end use is not present as indicated by the CBECS, the 
corresponding term in the equation is dropped. 
(derived from the billing data) is the dependent variable. 

The monthly whole-building EUI 

A more complex model is the One Period Model with Building-Specific 
Variables. This model has the capability to adjust for biases in the EUIs 
generated by the engineering model that are not constant, but vary across any 
or all of a number of building characteristics. These dimensions may include 
building age, climate zone, size, and weekly operating hours. 

As a simple example of this model, consider vintage effects. Three gen- 
eral vintages can be considered for the regression model: 1) pre-war build- 
ings (up to 1945), 2) post-war buildings through 1979, and 3) buildings built 
after 1980. This model would generate different adjustment factors for each 
vi ntage . 
ExDerience With One-Period SAE Model 

Preliminary regressions with the basic SAE model by building type proved 
disappointing. 
satisfactory as they did not provide realistic estimates of EUIs for all end 
uses. 
mated coefficients were significantly different from one. Several factors may 
be contributing to this result; the main factors we believe are: 
sample sizes, 2) end use reporting errors, 3) measurement errors of building 
characteristics and 4) other biases within the engineering model. 

Hvbrid ADDroach 

The general performance of the monthly SAE models was not 

In many cases, negative signs were observed or the values of the esti- 

1) small 

As a result of the initial work, greater structure was imposed on the 
model in the form of a priori assumptions. The general approach was to use 
the monthly data to provide EUI estimates for selected end uses or combina- 
tions of end uses. 
estimated with annual data. 

This step is then followed up with SAE models that are 

El ectri ci tv 

For electricity, monthly consumption data is first analyzed to separate 
the weather-sensitive load from the non-weather sensitive load. This step 
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actually seeks to identify total HVAC consumption as compared to the remaining 
end uses. 
similar to the PRISM decomposition procedure often used for residential energy 
analysis. 
then aggregated to annual values for each building in the sample with suitable 
billing data. 

The approach used to estimate HVAC consumption is in some respects 

The monthly HVAC and non-HVAC (NHVAC) consumption estimates are 

Natural Gas 

For natural gas, monthly consumption data is used to distinguish between 
heating and non-heating consumption. 
sumption, strong assumptions are made that 1) heating requirements are zero 
during the summer months (June, July, and August), and 2) non-heating loads 
are essentially constant across the months within the year. 

To decompose the whole building gas con- 

- Annu,al SAE Models 

The resulting values from the monthly decomposition procedures are 
treated as observed data, which are then used as dependent variables in a 
series o f  annual SAE regressions. For electricity, annual HVAC and NHVAC con- 
sumption values are generated for each sample building. For each building 
type, the cross section of "actual" HVAC consumption values (intensity) is 
then regressed against the FEDS values for total HVAC intensity and other 
building-specific demographic variables. The same SAE procedure is applied to 
the decomposed "actual 'I intensity corresponding to NHVAC end uses. 
tion to vintage as an adjustment variable, we also include the following vari- 
ables (measured in continuous form) in the SAE models: 1) building size 
( ft') , 2) cool i ng degree-days , 3) empl oyment density (empl oyees per 
1,000 ft'), and 4) weekly operating hours. 
these groupings o f  end uses then relies almost exclusively on the FEDS 
engineering estimates. 

The general procedure is similar for natural gas, although somewhat less 

In addi - 

The further disaggregation of 

symmetric:al. For heating, an annual SAE regression is performed using the 
same spec:ification as for the HVAC and NHVAC regressions for electricity. 
non-heating end uses (primarily water heating and cooking), individual condi- 
tional demand and SAE regressions were performed without building specific or 

For 
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demographic variables. 
demographic variables were preferred, it was generally the case that small 
sample sets (observations numbering less than 30) were observed in the 
buildings that used natural gas only for either water heating or cooking. 

Although regression models with building specific or 

Buildina TvDes and End Uses 

Eleven building types were defined for the statistical analyses. For 
the most part, the definitions of the building types correspond with those in 
the commercial sector module of the NEMS. 

- b Buildina Tvoe 
1 Assembly 
2 Education 
3 Food Sales 
4 Food Services 
5 Hospital (in-patient health) 
6 Lodging 
7 Office - Large 
8 Office - Small 
9 Retail/Service 
10 Warehouse 
11 Other 

The eight end uses distinguished in the study are: 

End Use 
1 Space heating 
2 Space cool ing 
3 Ventilation 
4 Water heating 
5 Lighting 
6 Cooking 
7 Refrigeration 
8 Other or miscellaneous 
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EUI ESTIMATION: ELECTRICITY 

The EUI estimation methodology for electricity involves two elements: 
1) monthly bill decomposition and 2) annual SAE regressions. 

Electrical Intensities by Month 

In general, the seasonal variation of electricity consumption was 
In 7 of the 11 building types, the somewhat overstated by the FEDS model. 

weighted average adjustment factor for the HVAC consumption was less than 1.0. 

As an example, Figure S . l  shows the monthly energy intensities (on an 
annualized basis)(a) for small offices, computed as simple unweighted aver- 
ages for all observations with suitable billing data. 
for electricity; the bottom two relate to natural gas. 

The top two graphs are 

The top left graph compares the average monthly profile from the FEDS 
model (dashed line) as compared to actual billing data (solid line). 
building type, the FEDS model, based strictly on engineering assumptions, 
comes very close to predicting the average actual level of electricity con- 
sumption. 
billing decomposition procedure. 
HVAC and NHVAC consumption. 
actual monthly series quite well; however, the summer cooling load is still 
sl ightly overpredicted. 

For this 

The third (small dashed) line in the graph shows the result of the 
It plots the monthly sum of the SAE-adjusted 

The adjusted HVAC and NHVAC loads track the 

The top right graph of shows the major end uses as predicted by the FEDS 
The higher ventilation requirements during the summer reflect the 

The lighting con- 
model. 
assumptioln that demand ventilation strategies are typical. 
sumption in small offices is predicted by FEDS to be slightly more than double 
the total of the other NHVAC end uses. 

(a) For annualization, we multiply the actual monthly consumption by 12. 
Thus, the mean value of the plotted values is equal to the annual EUI. 
Th-is device helps to maintain consistency between the monthly plotted 
values and the annual EUI values shown elsewhere. 
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- SAE Model Estimation Results 

Since the coefficients in the SAE equations are adjustment factors, it 
is difficult to evaluate their magnitudes and signs. 
significamt variables, across the range of building types, involved vintage, 
weekly operating hours, and employment density. 

As a. partial remedy to the problem of interpretation, the variation of 

In general, the most 

EUIs across key building characteristic variables was plotted. 
offices, Figures S.2 and S.3 provide examples of these plots. The graphs show 
the means of the actual, FEDS, and SAE intensities across two of the classifi- 
cation variables-vintage and building size-used in the SAE regressions. 

Average EUIs by vintage for small offices are shown in Figure S.2. 

For small 

Although the HVAC intensities appear to minimally dependent on vintage, the 
top right figure clearly shows increasing electrification in new office build- 
ings. The SAE adjustment procedure appears to modeling this trend well, 
especially in the post-1980 buildings. 

Figure S.3 shows the effect of the building size on the predicted and 
actual electricity EUIs. The plots show that FEDS captures fairly well the 
decreasing intensity in space conditioning as building size increases. 
the SAE adjustment to non-HVAC electricity intensity for larger categories of 
small offices . 
Goodness o f  Fit Measures 

Note 

The results of the annual SAE models suggest that this type of 
specification clearly improves the cross-sectional explanation of building- 
level EUIs. As a simple measure of goodness of fit, linear regressions were 
run on the total EUI using, in turn, the FEDS and SAE EUI estimates as the 
explanatolry variable. With the exception of lodging, the improvement in the 
percentage of explained variation (R') is large for every building type. 
erally, the SAE model doubles the percentage of explained variation. 

EUI Estimation for Full SamDle 

Gen- 

The results of the SAE estimations provide the basis for the final SAE 
estimates of EUIs for electricity EUIs. The predicted values of the total 
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HVAC and total NHVAC consumption become control totals for the individual com- 
ponents from the FEDS model. Thus, for the HVAC components, the shares of the 
predicted FEDS end uses for heating, cooling, and ventilation are used. 
same procedure is used for the NHVAC components: 
cooking, hot water, and miscellaneous electrical use. 

The 
lighting, refrigeration, 

The overall study generated three full sets of EUIs by building type. 

The third set was termed the calibrated 
The first set was produced from FEDS without adjustment. 
the SAE estimates just described. 
EUIs. The calibration was performed relative to the total building consump- 
tion as either measured from the billing data or imputed by EIA. 

The second set are 

EUI ESTIMATION: NATURAL GAS AND OTHER FUELS 

As for electricity, a methodology was developed to separate the weather- 
sensitive portion from the non-weather-sensitive portion of the annual energy 
load. The seasonal characteristics of gas use displayed in the monthly bill- 
ing data provided a basis by which to distinguish between the base load (non- 
weather-sensitive) and non-base load (weather-sensitive) gas consumption. It 
was assumed that in the summer months (June, July, and August) that gas con- 
sumption was non-weather-sensitive, i.e., non-heating. A monthly average EUI 
was calculated from the three summer months and was used to determine a 
monthly basel oad estimate. 

Following the billing data decomposition, the next step was to explain 

Two types of empirical models were needed to estimate the 
the cross sectional variation in the base load and non-base load values within 
a building type. 
six end uses, SAE and pure statistical (conditional demand) models. Both SAE 
and conditiona demand models were constructed and estimated individually for 
heating, water heating, and cooking by building type. For the manufacturing, 
co-generation, and cooling end uses few buildings reported gas consumption. 
As a result o f  the difficulty with small sample sizes (and other statistical 
problems) SAE models were not used for these end uses. 
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Empirical Results 

I t  i s  d i f f i c u l t  t o  g e n e r a l i z e  the results o f  cond i t iona l  demand and SAE 
models ac:ross bu i ld ing  types .  
bu i ld ing  types  due t o  the d i f f e r e n c e s  i n  i n t e n s i t y  o f  these end uses 
(e.g. ,  cooking i n  r e s t a u r a n t s  vs.  warehouses). 
empirical  results, the estimates f o r  small o f f i c e  are presented  and d iscussed  
b r i e f l y .  
47.17, waker hea t ing  is  11.73, cooking i s  8.05, and water  hea t ing  and cooking 
i s  18.36. 
between water  hea t ing  consumption and cooking consumption (11.73+8.05=19.78) 
w i t h  that, o f  the combined water  hea t ing  and cooking consumption (18.36). 
I d e a l l y  this r e l a t i o n s h i p  would be d e s i r a b l e ,  but i n  genera l  this a d d i t i v e  
proper ty  d i d  no t  hold. 

The non-heating EUIs range widely ac ross  the 

To i l l u s t r a t e  the type  of 

For this bu i ld ing  type ,  the es t imated  EUI (kBTU) f o r  hea t ing  i s  

For this bu i ld ing  type  there appears t o  be an a d d i t i v e  r e l a t i o n s h i p  

The results of the SAE model f o r  hea t ing  i n d i c a t e s  t h a t  the only  s i g n i f i -  
cant c o e f f i c i e n t  was t h a t  f o r  weekly ope ra t ing  hours. 
c o e f f i c i e n t  on bu i ld ing  s ize  was not  s t a t i s t i c a l l y  s i g n i f i c a n t ,  Figure S.3 
shows t h a t  the SAE model c l e a r l y  he lps  t o  br ing  the v a r i a t i o n  o f  FEDS-gener- 
a t ed  i n t e n s i t i e s  by bu i ld ing  s ize  i n  l ine  w i t h  the observed va lues .  

Although the es t imated  

In a d d i t i o n  t o  the p red ic t ed  values of the SAE model, the seasonal v a r i -  
I n  a t i o n  o f  the FEDS va lues  r e l a t i v e  t o  the ac tua l  consumption was examined. 

Figure S.l the EUIs (kBtu/ft2) a r e  p l o t t e d  a g a i n s t  the  monthly va lues  o f  the 
ac tua l  n a t u r a l  g a s  and FEDS. For small o f f i c e  the FEDS model c a p t u r e s  very  
well the seasonal changes i n  the ac tua l  EUIs o f  n a t u r a l  gas .  

As i n  most s t u d i e s  summarization o f  the empir ica l  results is  d i f f i c u l t .  
In ou r  r e p o r t  w i t h  six s e p a r a t e  methods t o  e s t i m a t e  end use gas  consumption 
this  is ,  i n  p a r t i c u l a r ,  demanding. B u t ,  as hea t ing  i s  the primary use o f  na t -  
u ra l  g a s  we will b r i e f l y  g e n e r a l i z e  the SAE annual hea t ing  model results. The 
goodness of f i t  measure ( R 2 )  sugges t s  a r e l a t i v e l y  good f i t  f o r  g roce ry  and 
r e t a i l ,  but low f i t  f o r  warehouse and lodging. The R2 range from 0.575 t o  
n e a r l y  0.. Across the bu i ld ing  types  the most s i g n i f i c a n t  v a r i a b l e s  i n  the 
r e g r e s s i o n  model a r e  v in t age  and employment d e n s i t y ,  w i t h  the s ize  v a r i a b l e  
being o f  less importance. 
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Other Fuel s 

The framework developed to estimate natural gas consumption by end use 
was applied to predict energy consumption of other energy sources. 
fuel types examined were fuel oil, district steam, and district hot water. To 
predict fuel oil and steam consumption for each building in the 11 building 
types the SAE response coefficients o f  the natural gas models were used as 
proxies . 

The other 

SUMMARY OF EUI ESTIMATES 

Table S.l shows the conditional and average EUIs across the full sample 
of commercial buildings, based on the set of calibrated EUIs. Conditional 
EUIs are shown in the top panel of the table. 
age values for all buildings that are estimated to have nonzero consumption 
for the specific end use. 
intensities for cooking and hot water may stem from their different estimation 
methodologies. 

These intensities are the aver- 

Some o f  the disparity between the electric and gas 

TABLE S.l. EUI Estimates for All Buildings 

El ec 
Gas 
Oi 1 
D.H. 

El ec 
Gas 
Oi 1 
D.H. 

A1 1 Bui 1 di ngs 
Total F1 oorspace (bi 1. ft') : 63.19 

Conditional intensities for all buildings 
Heat Cool Vent Light Refr Cook H Wtr Misc 
6.24 6.86 4.53 16.71 3.04 0.91 1.13 13.46 
36.38 33.19 0.00 0.00 0.00 15.44 12.40 8.84 
35.44 1.40 0.00 0.00 0.00 31.80 12.17 8.55 
65.45 19.59 0.00 0.00 0.00 12.92 29.85 96.26 

Average intensities for all buildings 
Heat Cool Vent Light Refr Cook H Wtr Misc Total 
1.52 4.46 4.40 16.18 2.96 0.88 0.38 13.10 43.88 

20.63 0.07 0.00 0.00 0.00 3.54 4.92 3.62 32.78 
4.84 0.00 0.00 0.00 0.00 0.07 0.41 0.32 5.65 
5.89 0.27 0.00 0.00 0.00 0.19 2.06 0.85 9.26 
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The second panel in Table S.l shows the average intensities for each 
The averaging is done across the entire stock. fuel and end use combination. 

of commercial building floorspace. 

End Use Shares 

The values of the average intensities can be used to determine the frac- 
tions o f  end use consumption by fuel. 
largest end use, comprising about 37% (16.184/43.881) of total consumption. 
Miscellanleous uses (office equipment, task lighting, task lighting, etc.) make 
up the nelxt largest portion of electricity consumption at around 30%. HVAC 
consumption is estimated to be less than a quarter of total electric 
consumption. 

For electricity, lighting is the 

As would be expected, heating is principal use for natural gas and oil. 
However, over one-third of natural gas use is estimated to be for non-heating 
end uses. 

Figbires S . 4  and S.5 display the end-use shares of commercial consumption 
Figure S.4  shows the distribution as expres- 
On this basis, heating is the largest use of 

Miscellaneous and lighting are the next largest categories, with a com- 

after aggregation across fuels. 
sed in site or delivered energy. 
energy in1 commercial buildings, accounting for nearly 36% of total consump- 
tion. 
bined conisumption slightly less than that for heating. 

Miscellaneous (I 9.5%) 7 - 

t 

Cooking (5.1 %)> 
Refrigeration (3.2%)- 

- FIGURE S . 4 .  Estimated End-Use Distribution, Delivered Energy Basis 
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Miscellaneous (25.0%) 
<Heating (1 8.6%) 

Hot Water (4.4%)- 
Cooking (3.5%) 

Refrigeration (5.1 %) 

LLighting (27.9%) 

= FIGURE S.5. Estimated End-Use Distribution, Primary Energy Basis 

Figure S.5 shows the distribution of energy as expressed in primary 
energy. 
11,500 Btu/kWh to account for the generation and transmission losses associ- 
ated with electricity. 
largest single end use with 28% of total energy consumption. 
use follows close behind with a 25% share. 
of primary energy use, with heating comprising a little more than half of this 
consumption. 

On this basis, e ectricity is converted to Btu by a factor of 

0.. a primary energy basis, lighting becomes the 

HVAC consumption is about a third 
Miscellaneous 

A comparison was made with the estimated end-use composition reported by 
EIA in the 1993 Annual Enerqv Outlook. Some significant differences exist in 
the end use composition of electricity currently modeled by EIA and the esti- 
mates from the current study. 
lower than the AEO figure, based on the estimation procedure applied to the 
1989 CBECS. Electric heating is about one-fifth of the AEO estimate, while 
cooling is less than half. The cur- 
rent study finds significantly more electricity consumption for miscellaneous 
(NHVAC and lighting) uses within commercial buildings. 

Space conditioning consumption is substantially 

Lighting consumption is about the same. 

On a strictly percentage basis, the composition of natural gas usage is 
roughly comparable, with the exception of space cooling. 
data provided for this study, gas consumption for absorption cooling appears 
to be negligible in the sample of buildings covered by the 1989 CBECS. 

Based on the billing 

The 
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current AEO estimate, suggesting nearly 8% of gas consumption is used for 
cooling, imust be based on other information outside the CBECS or is substan- 
ti a1 ly overestimated. 

EXTENSIONS OF THE CURRENT ANALYSIS 

Several extensions and refinements to the work described in this report 
are recommended. 
dures to improve the accuracy of the EUI estimates, especially for NHVAC and 
non-heating end uses. 
the input assumptions in FEDS to develop an improved linkage between the model 
outputs and the billing data from the CBECS. Beyond the goal of contributing 
to improved EUI estimates, this second activity would yield other substantial 
benefits to energy modeling and planning activities within DOE. 

ImDrovement of SAE Procedures 

The first general area is to further develop the SAE proce- 

The second area involves additional modifications of 

The work undertaken during this study represents one of the most ambi- 
tious attempts to utilize an building engineering model, along w th monthly 
billing data, as a means of estimating end use consumption for a national 
sample of commercial buildings. 
of unresolved issues. 

Nevertheless, the study still 1 aves a number 
Some of the key issues are briefly discussed below. 

More Detailed SAE models for Electricitv 

Perhaps the area with the highest priority for additional analysis con- 
cerns more detailed SAE models for electricity. 
refine the individual end-use estimates within the broad HVAC and NHVAC con- 
trol estimates. Two areas in which ongoing work with the FEDS model may prove 
beneficial are 1) improved treatment of ventilation demand, and 2) modifica- 
tion of assumptions for the domestic hot water model. 

Such models would be used to 

Non-Heatins EUIs for Natural Gas 

Additional study is warranted to refine the estimates for the nonheating 
EUIs for natural gas. The bill decomposition procedure used in this study 
provides a reasonable basis for separating heating consumption from these 
other uses, but the procedure to split the non-heating uses can be further 
improved. Several specific areas of work are seen as contributing to improved 
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EUIs: 
billing data and 2) possible pooling of data from two or more CBECS. 

Imwoved treatment of hiqh intensity cases 

1) better matching of reported end uses and seasonal patterns of 

An unresolved problem in analyzing the CBECS is how to treat high inten- 
Further work is required to better understand the causes for the 

Such work may involve investigation of data- 
sity cases. 
extremely high intensity cases. 
bases outside the CBECS. 

Improve the Accuracy of the FEDS Enqineerinq Model 

A second set of potential future activities relates to modifying the 
input assumptions in the FEDS model to better represent the consumption 
behavior of the buildings in the CBECS. 
tance of the SAE procedures as used in this study. 

This activity would reduce the impor- 

One alternative approach varies strategic parameters within the building 
simulation model to best fit the observed total energy consumption for each 
building in the sample. This calibrated engineering model approach requires 
modifying the building simulation code so that it can be embedded within an 
optimization framework suitable for data fitting. 
tage that it can address envelope-HVAC interactions in a more consistent 
manner. This work would lay the groundwork for a powerful analytical tool to 
examine conservation potential in the commercial building sector. 

The approach has the advan- 

The current study also indicates the potential for additional calibra- 
tion work that could be applied on a cross-section basis. 
extend the engineering simulation work to yield FEDS results that better cor- 
relate with the billing data on a cross-section basis. Areas that appear 
promising for this type of analysis include further experimentation with vari- 
ous ventilation strategies and better treatment of buildings that operate on a 
continuous basis. 

Future work could 

After the completion of this work, the model could be used to perform 
"before" and "after" simulations with various engineering parameters. As com- 
pared to using a limited number of prototypical buildings, the FEDS simula- 
tions with these buildings would start from a baseline that matches historical 
electricity and gas consumption levels on a national basis by building type. 
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ASHRAE 

CBECS 

E IA 

EMCS 

EU I 

FEDS 

FEMP 

HDD 

HID 

HVAC 

I ES 

NEMS 

NHVAC 

NOAA 

PNL 

PRISM 

REMP 

SAE 

UA 

ACRONYMS 

American Society of Heating, Refrigerating, and Air Conditioning 
Engineers 

1989 Commercial Building Energy Consumption Survey 

Energy Information Administration 

Energy Management Control System 

end - use i ntens i ty 

Facility Energy Decision Screening System 

Federal Energy Management Program 

heating degree-days 

High Intensity Discharge 

heating, air conditioning, and ventilation 

Illuminating Engineering Society 

National Energy Modeling System 

non-HVAC 

National Oceanic and Atmospheric Administration 

Pacific Northwest Laboratory 

Princeton Scorekeeping Method 

Regional End Use Monitoring Program 

Statistically Adjusted Engineering 

thermal conductivity of the building shell 

xxv 





CONTENTS 

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i i i  

SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  V 

ACRONYMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  xxv 

1.0 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . .  1.1 

1.1 GENERAL APPROACHES . . . . . . . . . . . . . . . . . . . .  1.2 

1.1.1 Statistically Adjusted Engineering (SAE) Models . . 1.2 

1.1.2 Calibrated Engineering Models . . . . . . . . . . .  1.3 

1.1.3 Approach Used . . . . . . . . . . . . . . . . . . .  1.3 

1.2 ORGANIZATION OF REPORT . . . . . . . . . . . . . . . . . .  1.4 

2.0 ENGINEERING FRAMEWORK FOR EUI ESTIMATES . . . . . . . . . . . . .  2.1 

2.1 ENGINEERING MODEL . . . . . . . . . . . . . . . . . . . . .  2.1 

2.2 DEVELOPMENT OF BUILDING PARAMETERS . . . . . . . . . . . .  2.2 

. 2.2.1 Lighting . . . . . . . . . . . . . . . . . . . . . .  2.3 

2.2.2 Service Hot Water . . . . . . . . . . . . . . . . .  2.3 

2.2.3 Miscellaneous Equipment . . . . . . . . . . . . . .  2.3 

2.2.4 Building Envelope Information . . .  : . . . . . . .  2.4 

2.2.5 Building Geometry Assumptions . . . . . . . . . . .  2.4 

2.2.6 Heating End Use . . . . . . . . . . . . . . . . . .  2.4 

2.2.7 Cooling End Use . . . . . . . . . . . . . . . . . .  2.5 

2.2.8 Ventilation End Use . . . . . . . . . . . . . . . .  2.5 

3.0 DATA SOURCES AND CONSTRUCTION . . . . . . . . . . . . . . . . . .  3.1 

3.1 BUILDING CHARACTERISTICS . . . . . . . . . . . . . . . . .  3.1 
3.2 ENERGY CONSUMPTION DATA . . . . . . . . . . . . . . . . . .  3.2 

3.2.1 Calendar Month Estimates . . . . . . . . . . . . . .  3.3 

3.2.2 Bills Not Specific to Single Building . . . . . . .  3.4 

xxvi i 



3.2.3 Incomplete Ser ies o f  U t i l i t y  B i l l s  . . . . . . . . .  3.5 

3.3 MULTIPLE FUELS . . . . . . . . . . . . . . . . . . . . . .  3.7 

3.4 WEATHER DATA . . . . . . . . . . . . . . . . . . . . . . .  3.8 

4.0 GENE:RAL FRAMEWORK FOR DEVELOPING E U I  ESTIMATES . . . . . . . . .  4.1 

4.1 NOMENCLATURE AND DISAGGREGATION . . . . . . . . . . . . . .  4.1 

4.1.1 I d e n t i t i e s  . . . . . . . . . . . . . . . . . . . . .  4.3 

4.2 STATISTICALLY ADJUSTED ENGINEERING MODELS . . . . . . . . .  4.4 

4.2.1 One Per iod Model w i t h o u t  B u i l d i n g - S p e c i f i c  
Var iab les . . . . . . . . . . . . . . . . . . . . .  4.5 

4.2.2 M u l t i p e r i o d  Adjustment w i t h  no B u i l d i n g - S p e c i f i c  
Var iab les . . . . . . . . . . . . . . . . . . . . .  4.6 

4.2.3 One Per iod Model w i t h  B u i l d i n g - S p e c i f i c  
Var iab les . . . . . . . . . . . . . . . . . . . . .  4. 7 

4.3 EXPERIENCE WITH ONE-PERIOD SAE MODEL . . . . . . . . . . .  4.11 

4.4 SAE APPROACH USING MONTHLY BILL DECOMPOSITION . . . . . . .  4.15 

4.4.1 E l e c t r i c i t y  Decomposition Procedure . . . . . . . .  4.16 

4.4.2 Natura l  Gas Decomposition . . . . . . . . . . . . .  4.16 

4.4.3 Annual SAE Models . . . . . . . . . . . . . . . . .  4.17 

5.0 E U I  ESTIMATION: ELECTRICITY . . . . . . . . . . . . . . . . . .  5.1  

5.1 METHODOLOGY FOR ELECTRICITY EUIs . . . . . . . . . . . . .  5.. 1 

5.1.1 Monthly B i l l  Decomposition . . . . . . . . . . . . .  5.1 

5.1.2 S t a t i s t i c a l l y  Adjusted Engineer ing Models . . . . .  5.,6 

5.2 EMPIRICAL RESULTS . . . . . . . . . . . . . . . . . . . . .  5.. 9 

5.2.1 Decomposition o f  HVAC and NHVAC Consumption . . . .  5 .. 10 
5.2.2 SAE Model Es t imat ion  Resul ts  . . . . . . . . . . . .  5.13 

5.3 E U I  ESTIMATION FOR FULL SAMPLE . . . . . . . . . . . . . .  5.31 

5.3.1 Sca l ing  Procedure . . . . . . . . . . . . . . . . .  5. 32 

x x v i  i i 



5.3.2 Use o f  HVAC and NHVAC Decomposition Est imates . . .  5.33 

6.0 EUI  ESTIMATION: NATURAL GAS AND OTHER FUELS . . . . . . . . . .  6.1 

6.1 METHODOLOGY . . . . . . . . . . . . . . . . . . . . . . . .  6.1 

6.1.1 Weather-Sensi t ive vs . Non-Weather-Sensitive 
Loads . . . . . . . . . . . . . . . . . . . . . . .  6.2 

6.1.2 Empir ica l  Models . . . . . . . . . . . . . . . . . .  6.3 

6.2 EMPIRICAL RESULTS . . . . . . . . . . . . . . . . . . . . .  6.9 

6.2.1 Small O f f i c e  . . . . . . . . . . . . . . . . . . . .  6.9 

6.2.2 R e t a i l  . . . . . . . . . . . . . . . . . . . . . . .  6.11 

6.3 OTHER FUELS . . . . . . . . . . . . . . . . . . . . . . . .  6.13 

7.0 SUMMARY OF E U I  ESTIMATES . . . . . . . . . . . . . . . . . . . .  7.1 

7.1 RESULTS FOR ALL BUILDINGS . . . . . . . . . . . . . . . . .  7.1 

7.1.1 End Use Shares . . . . . . . . . . . . . . . . . . .  7.3 

7.1.2 Comparison w i t h  Current  E I A  Est imates . . . . . . .  7.4 

7.2 RESULTS BY BUILDING TYPE . . . . . . . . . . . . . . . . .  7.6 

8.0 EXTENSIONS OF THE CURRENT ANALYSIS . . . . . . . . . . . . . . .  8.1 

8.1 IMPROVEMENT OF SAE PROCEDURES . . . . . . . . . . . . . . .  8.1 

8.1.2 More D e t a i l e d  SAE Models f o r  E l e c t r i c i t y  . . . . . .  8.2 

8.1.2 Non-Heating EUIs f o r  Natura l  Gas . . . . . . . . . .  8.3 

8.1.3 Improved Treatment o f  High I n t e n s i t y  Cases . . . . .  8.4 

8.2 IMPROVE THE ACCURACY OF THE FEDS ENGINEERING MODEL . . . .  8.5 

9.0 REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . .  9.1 

APPENDIX A . IMPUTATION OF FEDS INPUT PARAMETERS FROM 
CBECS SURVEY DATA . . . . . . . . . . . . . . . . . . . .  A . l  

APPENDIX B . INFERENTIAL METHOD BASED ON 1986 NBECS . . . . . . . . . .  B . l  

APPENDIX C . DESCRIPTION OF LOAD CALCULATION AND CONSUMPTION METHODS . C . l  

APPENDIX D . SAE REGRESSION RESULTS AND PLOTS BY BUILDING TYPE . . . .  D . l  

x x i  x 



FIGURES 

S.1 Small Office: Monthly Average EUIs . . . . . . . . . . . . . . .  
S.2 Small Office: Average EUIs by Vinage . . . . . . . . . . . . . .  
S.3 Small Office: Effect of Building Size on Predicted 

and Actual Electricity EUIs . . . . . . . . . . . . . . . . . . .  
S.4 Estimated End-Use Distribution, Delivered Energy Basis . . . . .  
s.5 

4.1 

4.2 

5 .1  

5.2 

5.3 

5.4 

5.5 

Estimated End-Use Distribution, Primary Energy Basis . . . . . . .  
Small Office: Monthly SAE Electricity Regression Results . . .  
Assembly: Monthly SAE Gas Regression Results . . . . . . . . .  
Small Office: Monthly Average EUIs . . . . . . . . . . . . . .  
RetaLil/Service: Monthly Average EUIs . . . . . . . . . . . . .  
Small Office: SAE Regression Results for Electricity . . . . .  
Small Office: Actual, FEDS, and SAE Intensities By Vintage . . 
Small Office: Actual, FEDS, and SAE Intensities By Building 
Sizecategory . . . . . . . . . . . . . . . . . . . . . . . . .  

5.6 Small Office: Actual, FEDS, and SAE Intensities By Climate 

5.7 Small Office: Actual, FEDS, and SAE Intensities By Weekly 

5 . 8  Small Office: Actual, FEDS, and SAE Intensities By Employment 
Density Category . . . . . . . . . . . . . . . . . . . . . . . .  

5.9 Retail/Service: SAE Regression Results for Electricity . . . .  

Region . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Hours Category . . . . . . . . . . . . . . . . . . . . . . . . .  

5.10 Retail/Service: Actual, FEDS, and SAE Intensities By 
Vintage . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5.11 Retail/Service: Actual, FEDS, and SAE Intensities By Building 

5.12 Retail/Service: Actual, FEDS, and SAE Intensities By Climate 

Size Category . . . . . . . . . . . . . . . . . . . . . . . . .  

Regiion . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
5.13 Retail/Service: Actual, FEDS, and SAE Intensities By Weekly 

Hours Category . . . . . . . . . . . . . . . . . . . . . . . . .  

~~ 

xiii 

xv 

xv i 

x: x 

xxi 

4.12 

4.12 

5.12 

5.14 

5.15 

5.17 

5.18 

5.19 

5.20 

5.21 

5.24 

5.26 

5.27 

5 .28  

5.29 

xxx 



5.14 Retail/Service: Actual. FEDS. and SAE Intensities By Employment 
Density Category . . . . . . . . . . . . . . . . . . . . . . . .  

6.1 Small Office: SAE Regression Results for Natural Gas . . . . .  
6.2 Retail/Service: SAE Regression Results for Natural Gas . . . .  
7.1 Estimated Distribution o f  End-Use Energy Consumption in U.S. 

Commerci a1 Bui 1 dings. Del i vered Energy Basis . . . . . . . . . .  
7.2 Estimated Distribution of End-Use Energy Consumption in U.S. 

Commercial Buildings. Primary Energy Basis . . . . . . . . . . .  

5.30 

6.10 

6.12 

7.4 

7.5 

xxx i 



TABLES 

S.l EUI Estimates for All Buildings . . . . . . . . . . . . . . . . .  xix 

Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.5 
3.1 Number o f  Observations Available for Monthly Statistical 

4.1 Whole Type Mapping . . . . . . . . . . . . . . . . . . . . . . .  4.2 

4.2 Schematic End Use by Fuel Matrix . . . . . . . . . . . . . . . .  4.3 

4.3 Whole Building EUIs by Vintage . . . . . . . . . . . . . . . . .  4.9 

5.1 Maxiimum Annual EUIs for Calibration Procedure . . . . . . . . .  5 .. 9 
5.2 Monthly Bill Decomposition Results: Adjustment Ratios. 

5.3 Overall Goodness of Fit Measures by Building Type. 

Weighted Average Ratios . . . . . . . . . . . . . . . . . . . .  5.10 

Electricity EUIs . . . . . . . . . . . . . . . . . . . . . . . .  5 .. 31 
6.1 Summary o f  EUI Allocations to Specific End Uses . . . . . . . .  6 .. 8 . 

7.1 Standard Presentational Format for EUI Estimation Results . . .  7.2 

7.2 Comparison of EUIs: Current Study versus 1993 Annual Energy 
Out'look . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.5 

7.3 Calibrated EUIs for Building Types 1 through 11 . . . . . . . .  7.7 
7.4 Cooling EUIs by Building Type . . . . . . . . . . . . . . . . .  7.14 
7.5 Natiural Gas Intensities by Building Type . . . . . . . . . . . .  7.15 

xxxi i 



1.0 INTRODUCTION 

Estimates of commercial building end-use energy consumption-energy con- 
sumed for a specific service such as heating, cooling, or lighting-can serve a 
variety of needs for building energy analysis. An accurate picture o f  how 
commercial buildings, as a whole, use energy is essential to guiding efforts 
to reduce energy consumption in this fast growing sector of the economy. 
combined with a national survey of buildings, the end-use estimates can also 
indicate target markets for energy-saving technologies. These efforts often 
fall within a larger scope of energy modeling activities that attempt to 
re1 ate commercial sector energy consumption to key economic, demographic, and 
pol icy vari ab1 es . 

When 

This report presents estimations of energy consumption by end use based 
on data from the 1989 Commercial Building Energy Consumption Survey (CBECS) 
[Energy Information Administration 1991, 19921. This work was conducted 
Pacific Northwest Laboratory (PNL)(a) for the Energy End Use and Integrated 
Statistics Division (EEUISD) within the Energy Information Administration 
(EIA) . 

Commercial end-use intensity (EUI), defined as energy consumption per 
square foot, will have two main roles within EIA. The first role is to serve 
as input to the EIA commercial sector energy modeling and forecasting 
efforts(b) as part of the National Energy Modeling System (NEMS) [EIA 19931. 
The second role is to augment the statistical summary information published by 
EEUISD. 
Buildings Energy Consumption and Expenditures Report series beginning with 
1992 survey. 

The estimates are expected to be published along with the Commercial 

(a) 

(b) 

PNL is operated for the U.S. Department of Energy by Battelle Memorial 
Institute under Contract DE-AC06-76RLO 1830. 
A recent description of the structure of the EIA commercial sector model 
is provided in "Component Design Report, Commercial Sector Energy 
Demand" (mimeo). Prepared by Energy Demand Analysis Branch, Energy 
Demand and Integration Division, Office of Integrated Analysis and Fore- 
casting, Energy Information Administration, July 1992. 
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1.1 GENERAL APPROACHES 

Development of end-use intensities for buildings can follow three gen- 
eral approaches. 
expensive to implement. The metering studies that have been conducted by a 
few major utilities (including the Bonneville Power Administration) are not 
sufficient to provide a basis for end-use disaggregation of the nation’s com- 
mercial building stock. Conditional Demand Analysis is another approach, but 
as EIA and others have noted, this approach has failed to produce satisfactory 
models for the commercial sector. The third approach involves engineering 
simulations. Two variants of this approach are described below. 

Direct metering provides the most accurate approach, but i s 

1.1.1 Statistical 1 Y Ad.iusted Enqineerinq (SAE) Models 

This approach begins by estimating end-use components with an engineer- 
ing-oriented building simulation model. 
end use j in building i can be described as 

Predicted energy consumption for each 

EUP(j, i )  = f[X(i), O(i);W] (1.1) 

where X(i) = the vector of building characteristics for building i 
O(i) = the vector of operating characteristics for building i 

W = the vector of weather variables 

The second stage of the procedure uses the predicted end-use components 
as regressors to explain actual total building energy consumption based on 
billing data. 
then 

If the engineering model generates predictions for M end uses, 

E(i) =a, EUP(1, i )  + a2 EUP(2 ,  i) + . . . + a,,, e EUP(M, i )  + e  (1.2) 

where e is assumed to be a normally distributed disturbance term. 
ordinary least squares, the sum of differences between the predicted and 
actual energy use across any sample will be zero. 
interpreted as adjustment coefficients for each of the engineering-based endl- 

If we use 

The a, coefficients are 

use estimates. 
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1.1.2 Calibrated Enqineerinq Models 

A second approach varies strategic parameters within the building sim- 
ulation model in Equation (1.1) to best fit the observed total energy consump- 
tion. This requires a building simulation code that can be embedded within an 
optimization framework. 
tion models will lead to specifications requiring nonlinear optimization 
methods. 

The end-use interactions within the building simula- 

The calibrated engineering model approach has the advantage that it can 
address envelope-HVAC (heating, ventilation, air conditioning) interactions in 
a more consistent manner (e.g., adjusting the thermal conductivity of the 
shell [UA] as part of the calibration procedure will affect both heating and 
cooling loads). This feature is lost in the SAE models, where the estimated 
coefficients on the predicted heating and cooling consumption incorporate a 
variety of errors, including envelope characteristics, system type, and plant 
efficiency. 

1.1.3 ADwoach Used 

Although the calibrated engineering model has some conceptual advantages 
over SAE adjustment models, it is significantly more costly and complex to 
develop. 
was followed. 
of these interaction effects mentioned above. 
pursue a limited engineering calibration as we use the regression-based 
adjustment factors to influence our engineering assumptions in an iterative 
process. 

Given time and resource constraints for this study, the SAE approach 
In undertaking the SAE approach, however, we remain cognizant 

To the extent feasible, we 

As will be discussed in detail in chapters 4 through 6, the averall 
methodology can be divided into seven major steps: 

1. Map 1989 CBECS data (and weather) into engineering model. 

2. Run initial engineering model 

3. Estimate SAE models for buildings with monthly billing data, by 
building type 
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4. Based on Comparison of predicted and actual consumption patterns, 
revise engineering model. 
estiimates 

Generate second-round engineering 

5. Estimated final SAE models 

6. Use SAE model coefficients to extrapolate to buildings without 
monthly bill ing data 

7. Calibrate end-use consumption to add up to EIA total energy by 
bui 1 di ng . 

1.2 ORGANIZATION OF REPORT 

Chapter 2 provides an overview of the engineering simulation model used 
to develop end-use consumption estimates. The key model variables, derived 
from the CBECS, are also described briefly. 

Chapter 3 discusses data issues. A considerable effort was made 
extract ais much information as possible from the special utility bill 
that were made available for this study. 

Chapter 4 lays out the SAE framework used to generate EUIs by bu 
A series of increasingly more complex models that include both type. 

to 
ng files 

1 ding 
seasonal 

and building-specific adjustment factors is also laid out. The most straight- 
forward SAE model did not produce satisfactory results in preliminary testing. 
The final sections of the chapter lay out some possible reasons for this 
result arid sketch out an alternative SAE approach that was used in the study. 

Chapters 5 and 6 discuss the detailed estimation methodologies and 
empirical results for electricity and natural gas, respectively. The empir- 
ical results for small office and the retail/service building types are 
high1 ighted. 

End-use estimates on an aggregate basis are summarized in chapter 7. 
The distribution o f  energy consumption by end use derived in this study is 
compared to the current estimates being used by EIA. 
made of heating and cooling EUIs by building type. 

Some comparison is also 

Chapter 8, the final chapter of the report, discusses extensions of the 
Several improvements in the SAE models analysis undertaken for this report. 
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are indicated that would refine the estimates made in this study. 
tions in the engineering model are also suggested. 

Modifica- 
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2.0 ENGINEERING FRAMEWORK FOR EUI ESTIMATES 

The approach used to estimate end-use intensities is based on a deter- 
mi ni st i c model devel oped using accepted engineering bui 1 di ng energy cal cul a- 
tion algorithms. During the past several years, PNL has been developing an 
entirely new building energy consumption estimation tool as part of the Facil- 
ity Energy Decision Screening System (FEDS) [Dirks and Wrench 19931 for the 
Federal Energy Management Program (FEMP) . This tool is known as the FEDS 
Level-1 building model and estimates building energy consumption for eight end 
uses: heating, cooling, ventilation, interior 1 ighting, service hot water, 
refrigeration, cooking, and miscellaneous equipment. 

This chapter briefly describes the engineering framework used to develop 
EUI estimates for the CBECS buildings. 
the structure of the FEDS engineering simulation model. 
in broad terms the translation of CBECS information into parameters required 

Section 2.1 provides an overview of 
Section 2.2 describes 

by the engineering model. 

2.1 ENGINEERING MODEL 

The engineering model used in this study is the loads calculation option 
of the FEDS building model.(a) 
a quick assessment of energy conservation potential on multi-building federal 
facilities. 
hourly building energy models. 
based on time of use, existing simpler models, such as those based on binned 
weather data, were not acceptable either. 

The FEDS building model was designed to make 

The large number of required data inputs precluded using existing 
However, because much energy pricing is now 

FEDS models energy use as daily average hourly profiles. These profiles 

This approach allows the model to capture the effects of the building 
are calculated for three day types (weekdays, Saturdays, and Sundays) for each 
month. 
operational schedule, as well as the average outdoor conditions, on building 

(a) A large portion of FEDS is concerned with the identification of cost- 
effective retrofit strategies. 
study. 

This capability was not used in this 
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energy use. 
the significantly higher computational burden of a full-blown hourly simula- 
tion model such as DOE-2. 

The FEDS structures allow these effects to be captured without 

The FEDS building energy model requires a fairly detailed set of input 
parameters, but the FEDS system requires minimal information from the user 
(i . e . ,  building type; floor area; vintage; occupancy schedule; fuels used falr 
heating, cooling, and service hot water; and lighting technologies used in 
each building). 
energy consumption model. 
fol 1 owing section. 

FEDS then imputes most of the parameters required by the 
These imputations are discussed briefly in the 

2.2 DEVELOPMENT OF BUILDING PARAMETERS 

The development of input parameters for FEDS in this study are based on 
several data sources. The primary sources include the 1986 CBECS survey, the 
Regi onal End Use Moni tori ng Program (REMP) (a )  commerci a1 and resident i a1 
studies, and knowledge of standard practices as documented in various con- 
struction engineering handbooks (e.g., information from ASHRAE and IES hand- 
books was used to develop many HVAC and lighting assumptions). 

Information contained in the 1989 CBECS survey influences both the FEDS 
imputation module and the FEDS energy consumption model. 
module infers engineering characteristics not directly measured by the CBECS, 
based either on other data sources or assumptions about compliance with build- 
ing The foll owing sections describe, by general category of 
required model input, the 1989 CBECS data used, the kinds of imputations madle 
using the data, and the types of energy calculations made using the original 

The imputation 

(a) Previously, the End Use Load and Consumer Assessment Program, a large, 
ongoing monitoring project funded by the Bonneville Power Administra- 
tion. REMP data includes both hourly time series end use consumption 
data and an extensive database of building characteristics, including 
installed capacities of energy using equipment. 
this; study were Pratt et al. 1990 and Taylor and Pratt 1989. 
The imputations discussed should be distinguished from the imputations 
made by EIA in preparing the CBECS. 
estiimation of values for missing responses in an otherwise complete 
(CBEECS) questionnaire. 

The key sources used in 

(b) 
EIA’s imputations involve the 
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and imputed data. 
module are contained in Appendix A. 
elements o f  this overall process. 

2.2.1 Liqhting 

The detailed specifications of the CBECS data imputation 
The following sections sketch the major 

The CBECS survey provides information about the types of lighting tech- 
nologies used (fluorescent, incandescent, and HID), the percent of the 
building lit by each, and information about the presence or absence of high- 
efficiency ballasts for fluorescent and HID 1 ighting technologies. The survey 
also provides the respondents' estimates of the percentage of installed lights 
used during occupied and unoccupied periods. 

This information, plus the building type, allows imputation of both the 
fixtures/ft2 and the watts per fixture for each building. 
can then be used to estimate both the lighting consumption and the contribu- 
tion of the lights to the internal gains in the buildings. 

This information 

2.2.2 Service Hot Water 

The CBECS survey provides information on the fuel(s) used to provide 
service hot water. This fuel information and the information about the build- 
ing type, occupant density, size, and vintage allows imputation o f  the service 
hot water system, including whether the system is distributed or central, 
whether or not the hot water tank is insulated, the overall capacity of the 
service hot water system, and the hot water consumption per occupant. 
occupancy data from the survey is then used with the imputed data to estimate 

The 

the service hot water consumption. 

2.2.3 Miscellaneous EauiDment 

The survey also contains information about the fuel used for cooking and 
Imputations, based on the types of refrigeration equipment in the buildings. 

building type, can be made about the capacity densities and the consumption 
profiles for cooking, refrigeration and other equipment. The information on 
the refrigeration equipment may also be used to impute the contribution of the 
refrigerator rejected heat to the building internal gains. 
equipment consumption is estimated using the building occupancy schedule and 
the imputed data. 

Miscellaneous 
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2.2.4 Nildinq EnveloDe Information 

Infalrmation about the wall and roof construction types, whether or not 
the walls and roof are insulated, and the presence or absence of multiple 
window glazing, external shading, or tinted glass is also included in the 
survey. This information, along with the building vintage, allows imputation 
of U-values for the walls, roofs, and windows, and the imputation of a window 
shading coefficient. 
transfer between the building and the outdoors. 

2.2.5 mildinq Geometry AssumDtions 

The U-values are used in the calculation of the heat 

Floclr plans for all buildings are assumed to be rectangular. The CBECS 
survey spiecifies the total building floor area and the number of floors. 
information, along with the building type, is used to impute an aspect ratio 
(the ratio of the length of the long side to the length of the short side) and 
the HVAC zoning strategy. 
wall and roof areas. 
window to gross wall area ratio. 

This 

These imputations are then used to calculate the 
Window areas are imputed using the 1986 CBECS data for 

( a )  

The geometry information is used in the calculation of the heating and 
cooling loads, including an estimate of the building solar gains. 
building orientation is not included in the survey, the model will normalize 
the wall and roof areas for the solar gain calculation only. This will 
prevent biasing the solar gain calculation toward a single orientation. 

2.2.6 katinq End Use 

Since 

The CBECS contains information about the primary and secondary fuels 
used to provide heating. 
system types, as well as indicating whether or not some form of night set-back 
control is used for the heating. The thermostat setting(s) are then imputedl 
for heatiing (based on building type) and the heating system(s) efficiency 

The survey also describes the heating equipment and 

(a) This information was not collected in the 1989 CBECS. 
was made on the basis of a regression model using the 1986 CBECS relat- 

The imputation 

ng percentage glass to size, age, climate, and building type categor- 
cail variables (See Appendix B) . 
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(based on heating equipment, fuel, and building vintage). 
used to calculate the heating loads and the heating consumption. 

2.2.7 Coolinq End Use 

This information is 

The CBECS also contains information about the fuel used for cooling, the 
cooling equipment and system types, and the vintage of some types of cooling 
equipment. The survey also indicates whether or not some form of night set- 
back control is used for the cooling. 
imputed from the building type. 
the cooling equipment, fuel, and building or equipment vintage. 
tion is used to calculate both the cooling loads and the cooling consumption. 

2.2.8 Ventilation End Use \ 

The cooling thermostat settings are 
The cooling system efficiency is imputed from 

This informa- 

The CBECS also provides information about the types o f  heating and cool- 
ing systems, and the presence or absence of EMCS systems. 
system efficiency and static pressure are imputed from this information, as 
well as the heating and cooling supply temperatures. The ventilation control 
mode (constant ventilation or cycling on and off with the heating and cooling 
systems) is also imputed. 
tion due to building ventilation. 

The ventilation 

These parameters are used to calculate the consump- 

2.5 



3.0 DATA SOURCES AND CONSTRUCTION 

ing, and 3) weather data 
information from the Nat 
was combined with degree 
dataset. 

As in any empirical 

The principal datasets used in estimation of EUIs in the study relate 
to: 1) commercial building characteristics, 2) energy consumption by build- 

The CBECS provided the first two datasets. Weather 
onal Oceanic and Atmospheric Administration (NOAA) 
day information from the CBECS to develop the third 

study, data screening and assumptions about the 
observed data had to be made that were based on a priori information. 
data used for this study were taken from the two sources described above. 
observed responses for each building were extracted from the CBECS and the 
simulated engineering values were extracted from the FEDS model. 
essary to screen the survey data for valid responses, and in some instances, 
impute monthly data. 
responses, an additional screen was set to limit fuel consumption, conditional 
on the reported end uses, to be less than a value based upon a multiple of the 
FEDS engineering estimates. 
of the sample data set used in the statistical calibration procedures. 
results obtained from this analysis were used over the entire sample to 
develop a predictive model for electricity and natural gas consumption in 

The 
The 

It was nec- 

After the billing data were screened for valid 

This screening process provided us with a subset 
The 

commerci a1 bui 1 di ngs . 

3.1 BUILDING CHARACTERISTICS 

Most of the building characteristics information used in the study , i s  
An ASCII version of identical to that produced by EIA in its public use file. 

the public use file was made available that contains data for 543 variables 
for 5,876 buildings for the 1989 CBECS. 

Both floorspace and the number of floors are masked by the CBECS data 
collection contractor, and are further masked in the CBECS public use files. 
The versions of floorspace and number of floors made available for this study 
received only the first level of masking. 
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The characteristics data is used to inform the FEDS model o f  variables 
needed far its building-by-building energy simulations. 
CBECS variables into engineering inputs for FEDS is explained in detail in 
Appendix A. 
access thle ASCII data ffile provided by EIA. 

This translation o f  

Special C (programming language) routines were developed to 

The second use of the characteristics data is in the statistical adjust- 
ment regression models to better explain the cross-sectional EUIs. As 
explained later in chapters 5 and 6, the major variables used were: 1) year 
constructed (vintage), 2) building size, 3) employment, ,4) weekly operating 
hours, anid 5) degree-days . 

3.2 W l G Y  CONSUMPTION DATA 

A maljor objective o f  this study is to develop EUIs consistent with the 
energy camsumption data published in the CBECS. 
estimates of annual energy consumption by major fuel (electricity, natural 
gas, fuel oil, and district heating and cooling(a)) for each of the 5,876 
buildings in the 1989 survey. The majority of these estimates were based 
directly on billing data that was provided by utility suppliers for these 
buildings. Where billing data was not available, EIA performed a variety of 
imputatiom procedures to estimate fuel consumption. These procedures are 
explained; in detail in Appendix B o f  the Consumption and Expenditures report 
for the 1989 CBECS ( E M ,  1991). 

The public use file contains 

This study utilized the utility billing files developed by EIA in its 
own consumption estimation procedures. 
city and natural gas. Although a fuel oil file is available, it was not used 
in this study. The billing file for fuel oil refers to dates in which deliv- 
eries were made to the building and as such cannot be used to reliably esti- 

The files analyzed pertain to electri - 

mate actual consumption over a given time interval. 

For statistical analysis, our goal was to construct a dataset that would 
accurately ref1 ect the actual energy consumption of i ndi vi dual CBECS bui 1 dings 

(a) District heating and cooling includes steam, hot water, and chilled 
water. 
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on a monthly basis for 1989. 
issues during the development of this database: 
calendar months, 2) bills not specific to single buildings, and 3) imputation 
of missing bills. 
sections . 
3.2.1 Calendar Month Estimates 

This required consideration of the following 
1) alignment of bills to 

These topics are discussed in more detail in the succeeding 

The file provided by EIA contains the consumption and expenditure 
information for each bill assigned to a specific building. To compare energy 
consumption to the FEDS model and to aggregate across buildings and fuels, it 
is necessary to put the consumption information in a common time frame. 
most natural time frame, and one in which the FEDS model operates, is a 
calendar month. 

The 

The translation of the consumption data from billing period to calendar 
month was made in a strai 
computed for each bill ing 
tion was computed by cumu 
appropriate days for a ca 

ht forward fashion. A daily average consumption was 
period. From these daily averages, monthly consump- 
ating the est mated daily consumption over the 
endar month. 

A more elaborate procedure might utilize spline fitting or using degree- 
day information as interpolators. 
study because of resource and schedule constraints. As the monthly plots in 
of the aggregate EUIs suggest (chapters 5 and 6), the linear interpolation 
method appears to display sufficient precision to adequately assess the FEDS 
model output. 

Such procedures were not considered in this 

Months in which the electricity or gas bills covered fewer than 20 days 
were identified as having missing data. 
than 20 days, the daily average consumption was extended to the portion o f  the 
month not included in a utility bill. 
December (e.g., if the first bill covered the period January 5 through 

For months where bills cover more 

These cases were often in January or 

February 4, the daily average consumption for this period was assigned to the 
first four days of January). 

3.3 



For the statistical adjustment procedure described in chapters 5 and 6, 
the data set was limited to buildings that had at least six separate bills 
covering six months during 1989. 

3.2.2 Bills Not SDecific to Sinqle Buildinq 

For various reasons, a large number of utility bills do not display a 
one-to-one correspondence with CBECS sample buildings. 
tion involves bills that cover floorspace outside that in the specific CBECS 
sample building. In this case, an adjustment factor, termed the disaggrega- 
tion ratio, was computed by EIA. The disaggregation ratio is the proportion 
of the square footage of all buildings covered by the fuel bill that is 
contained by the specific CBECS building. These ratios range from less than 
1% to over 99%. 

The most common situa- 

A far less common case is one in which multiple meters were present for 
different; establishments in the same building and not all of the associated 
bills were collected. 
gation ratio. 
(separately billed) tenants, the aggregation ratio would be 2.0 under the 
assumpti on of roughly comparable fl oorspace. 

The adjustment ratio in this case was termed an aggre- 
For example, if one bill were available in a building with two 

In examining the pattern of monthly bills and reported end uses, prelini- 
inary examination of the building-level consumption data indicated the need to 
restrict the statistical analysis to observations with close correspondence 
between the building characteristics and the consumption data. As a result,, 
we limited the final data set to include observations where the aggregation/ 
di saggregat i on rat io was between 0.9 and 1.1. (a) 

(a) Another situation involved several samDle buildings whose energy con- 
sumption is reported as a single aggregated quantity. 
cases as worksheet cases and prorates the bills in proportion to pre- 
dicted consumption from multiple regression models. 
were handled in this manner for the estimation of electricity in the 
1989 CBECS. Worksheet cases were not included in the statistical 
adjustment and calibration efforts conducted in this study. 

EIA terms these 

About 300 buildings 
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Table 3.1 shows the total number of observations available by building 
type after the imposition of the screens involving the number of months and 
aggregation/disaggregation ratios. The number of buildings using each fuel is 
also shown to indicate how many buildings require end use breakdowns. 

3.2.3 IncomDlete Series of Utility Bills 

Section 3.2.1 described the procedure to develop monthly energy consump- 
tion data for electricity and natural gas. 
data set for analysis was restricted to include buildings where billing data 
was available for six months or more. 

As mentioned above, our initial 

To retain as much information as possible, buildings with less than 
12 months o f  billing data (and greater than six months) were used in the sam- 
ple set. To retain these buildings observations, the electricity and gas con- 
sumption was imputed by regressing monthly gas consumption onto degree days 
(HDD) of the census region in which each building resides. 
monthly values were combined with the actual values to form 12 months of 
billing data for each building. 

Then, the missing 

In the course of the statistical analysis described in chapter 5, we had 
three alternatives for handling the buildings with between 6 and 11 months of 

TABLE 3.1. Number of Observations Available for Monthly Statistical Analysis 

Elec t r i c i ty  Natural Gas 
Sui table  f o r  Using(5Cis Sui table  f o r  

Bui 1 ding Type Obs Fuel Analysis Fuel Analysis usi'p%) 
Total 

Assembly 
Education 
Food Sales 
Food Service 
Hospital 
Lodging 
Large Office 
Small Office 
Retai 1 /Service 
Warehouse 
Other 
Total 

670 
679 
86 
189 
137 
271 
472 
716 

1.162 
855 
639 

5.876 

667 
678 
86 
189 
137 
271 
470 
716 

1,160 
791 
487 

5.652 

448 
315 
65 
134 
74 
114 
29 1 
481 
823 
438 
246 

3.429 

433 
479 
54 
147 
105 
189 
280 
417 
736 
388 
223 

3.451 

295 
250 
37 
114 
66 
95 
181 
298 
522 
282 
142 

2,282 

(a )  Total buildings f o r  which non zero fuel consumption was estimated by EIA. 
with no monthly b i l l i n g  data.  

Includes buildings 
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billing data: 
to handle different numbers of months, or 3) impute missing values. Since the 
majority of such buildings lack only one or two months, we did not want to 
1 ose these complete monthly bi 1 1  ing prof i 1 es. 
numbers o f  months broke down when we wished to perform any analysis that 
aggregated across buildings (including plotting monthly averages). As a 
result, wle chose to impute the missing values. The missing monthly values 
were combined with the actual values to form 12 months of billing data for 
each building. 

1) drop the buildings from the data set, 2) develop procedures 

Procedures to hand1 e different 

The imputation procedure was based on a simple regression model using 
heating and cooling degree days. 
building (e) was specified as: 

Monthly electricity intensity for a given 

EUI, = a, MDAYS , + a, HDD, + a2 CDD, + e 

where EUIm = the monthly electricity intensity, kBtu/ft2 

HDD, = the heating degree days for applicable census division in 

CCID, = the cooling degree days for applicable census division in 

MDAYS, = the days in month m (28, 30, or 31) 

month m 

month m 

To impute the monthly values for gas, the specification used only HDD: 

E U I ,  = a, MDAYS , + a, HDD,,, (3.2) 

The components of Equations 3.1 and 3.2 provide a method to estimate the 
weather-sensi tive and non-weather-sensi tive portions of the load in a straight 
forward manner. The non-weather-sensitive portion of the load, which i s  meas- 
ured by ia,, is constant on a daily average for each month. 
MDAYS variable is designed to account for the different number of days in each 
month. 
cients om degree days. 

The use of the 

'The weather-sensitive portion of the load is captured by the coeffi- 
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3.3 MULTIPLE FUELS 

The FEDS engineering values were estimated for each building in the 
survey for  each end use identified above. However, problems arose when multi- 
ple fuels  were used for  a single end use. Primary and secondary heating 
represents the most complicated s i tuat ion.  Some buildings reported more than 
one energy source for  primary heating or more than one energy source for  sec- 
ondary heating. 
ural gas as primary heating sources. 
for  primary heating and fuel o i l  and e l ec t r i c i ty  for  secondary heating. 

For example, a response may include both e l ec t r i c i ty  and nat- 
Or, another example may be natural  gas 

The FEDS model generates values for  only a single heating fuel ( that  
includes primary and secondary). 
version of FEDS models only one type of heating system ( i - e . ,  e l ec t r i c  base- 
board, forced a i r  e l ec t r i c ,  gas furnace, e tc . ) .  This feature permits the 
model t o  readily t rans la te  the heating load into heating consumption via a s e t  
of conversion eff ic iencies .  

This l imitation i s  because of the current 

The most prevalent multiple fuel combination for  heating i s  with gas  as 
the primary fuel and e l ec t r i c i ty  as the secondary fuel.  
t r i c i t y  consumption for  buildings with t h i s  combination were analyzed. 
April and October as base months, we examined the re la t ive  increase in con- 
sumption in these fuels  over the winter months of 1989. 
t r i c i t y  was quite small in comparison t o  gas, usually 10% or l e s s  of the 
increase in to ta l  consumption from the base months. 
analysis, we se t  the consumption of any secondary heating fuels  as 10% of the 
to ta l  heating energy consumption. 
source was ident i f ied,  then each was given an equal weight of the FEDS 

Monthly gas and elec- 
Using 

The increase in elec- 

Based upon t h i s  simple 

If  more than one primary (secondary) energy 

estimate. 

Multiple fuels  are also present for  
these end uses, we s p l i t  the fuels  equal 

and cooking. For 
e c t r i c i t y  and gas were 

used fo r  cooking, we adjusted the FEDS o u t p u t  t o  r e f l ec t  50% of the consump- 
t ion for  each fue l ) .  For three fuels ,  the shares were se t  t o  1/3. 

water heating 
y ( i . e . ,  i f  e 
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3 .4  m H E R  DATA 

Along w i t h  the r epor t ed  o r  imputed physical and ope ra t ing  c h a r a c t e r i s -  
t i cs  of the bu i ld ings ,  the engineer ing  model r e q u i r e s  hourly weather p r o f i l e s  
(by month) t o  p r e d i c t  energy consumption. The hour ly  p r o f i l e s  con ta in  consid- 
e rab ly  more information than the hea t ing  degree-day and coo l ing  degree-day 
d a t a  contained on the s tandard  CBECS f i les .  

The source  o f  the hourly weather d a t a  i s  the NOAA’s TD 3280 weather 
t apes .  From these t a p e s  f o r  ca l enda r  y e a r  1989, we use the hour ly  r ead ings  
f o r :  1) d r y  bulb  tempera ture ,  2)  wet bulb tempera ture ,  3)  atmospheric p r e s -  
sure, and 4) c l e a r n e s s  index ( i  .e. c loud iness ) .  
atmospheric p re s su re  a r e  used t o  he lp  c a l c u l a t e  the humidity r a t i o .  The 
clearness index i s  used t o  ca l  cul a t e  so l  a r  r a d i  a t i  on measures. Software 
developed by PNL t o  suppor t  FEDS and o t h e r  commercial bu i ld ing  a n a l y s i s  work 
was used t o  develop the hour ly  p r o f i l e s  o f  the a p p r o p r i a t e  v a r i a b l e s  by month. 

The wet bulb  temperature and 

For each o f  the hourly weather f i l es ,  annual hea t ing  and coo l ing  degree- 
W i t h i n  each census d i v i s i o n  we i d e n t i f i e d  day va lues  were computed f o r  1989. 

the s ta t i ion  t h a t  matched up the most c l o s e l y  t o  the CBECS-assigned hea t ing  and 
cool ing  degree  days f o r  each CBECS bu i ld ing .  Formally, we computed a d i s t a n c e  
metric based upon a geometric average o f  the hea t ing  and coo l ing  degree  days 

the s t a t i o n  w i t h  the minimum d i s t a n c e  metric. For the l e v e l  o f  
needed t o  estimate end use s h a r e s  by fuel, this mapping i s  s a t i s f a c -  

gned t o  each o f  the 5,876 

and chose 
p r e c i s i o n  
t o r y .  F i  
building!; 

es w i t h  hourly weather p r o f i l e s  were ass 
i n  the 1989 CBECS. 
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4.0 GENERAL FRAMEWORK FOR DEVELOPING EUI ESTIMATES 

The engineering methods in FED$ incorporate thermodynamic principles to 
estimate end-use consumption, but are not constrained to reflect the observed 
total energy consumption. However, statistical methods of estimating end-use 
consumption reflect the observed total consumption, but do not incorporate 
a priori information on the interactions between end uses and their seasonal 
patterns. 
mates of the end-use loads. Regression-based statistical procedures are used 
to adjust the engineering estimates to best represent the observed 
consumption. 

The SAE method combines these approaches to generate improved esti - 

This chapter outlines the basic methodology of the SAE approach as it 
applies to the CBECS sample of commercial buildings. Preliminary regressions 
with the basic SAE model proved unsatisfactory. Therefore, a hybrid approach 
(combining e ements of a statistical decomposition o f  monthly billing data and 
SAE methods) was used to generate the final estimates. 
explain how t was applied for electricity and natural gas. 

Chapters 5 and 6 

4.1 NOMENCLATURE AND DISAGGREGATION 

A nomenclature has been developed to track the various dimensions (i.e., 
building types, regions, fuels, and end uses) involved in the SAE methods dis- 
cussion. To maintain consistency, the calibration procedure recognizes the 
levels of disaggregation that are part of the NEMS commercial sector model. 
Eleven building types were defined for this study. A mapping between these 
building types and the CBECS building types is shown in Table 4.1.(a) 

(a) This mapping deviates from the NEMS commercial model in its treatment of 
outpatient health care. 
under the general heading of health care. The pattern of energy 
consumption for these buildings is much closer to office buildings than 
to hospital s .  

NEMS includes these buildings with hospitals 
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TABLE 4.1 .  

Current Study 

1. Assembly 
2.  Educat i on 
3 .  Food Sales 
4 .  Food Services 
!i. Hospital 
(5 .  Lodging 

7. Large Office 

8. Small Office 

!J. Retai l/Servi ce 
10. Warehouse 

111. Other 

Building Type Mapping 

CBECS 

Assembl y 
Educat i on 
Food Sales 
Food Services 
Health Care ( inpat ient)  
Lodg i ng 
Skilled Nursing Care 
Office 
Health Care (outpatient) 
>50,000 sq. ft. 
Office 
Health Care (outpatient) 
~50,000 sq. f t .  
Mercant i 1 e and Service 
Warehouse 
(refrigerated and nonrefrigerated) 
Public Order and Safety 
Laboratory 
Resident i a1 
Parking Garage 
Vacant 

Four fuel types ( k )  are distinguished. Total consumption is  represented 
by capi till 1 e t t e r s  : 

k Fuel 
1 Electr ic i ty  ( E )  
2 Natural Gas ( G )  
3 Fuel o i l ,  kerosene (0) 
4 Dis t r ic t  heat (steam, hot water, chi l led water) (S) 

- -  

Total energy ( F )  = F, + F, + F, + F, = E + G + 0 + S 

Building f loor  space, in terms of square footage, i s  represented by f t" .  
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Energy intensities by fuel are expressed as EUIs. Thus 

EUIe = E/ft2 
EUIg = G/ft2 
EUIO = O/ft2 
EUIS = S/ft2 

The eight end uses (u) are distinguished as 

- U 
1 
2 
3 
4 
5 
6 
7 
8 

End Use 
Space heating (sh) 
Space cool ing (sc) 
Ventilation (v) 
Water heating (wh) 
Lighting (1 i )  
Cooking (ck) 
Refrigeration (rf) 
Other or mi scel 1 aneous (ms) 

Table 4.2 presents a schematic o f  a end use by fuel matrix. 
shown for space cooling and cooking, although only about a half dozen 
buildings in the sample identified oil being used for these uses. 

4.1.1 Identi ties 

Oil use is 

From these definitions, several of the key identities used to motivate 
the discussion dealing with the statistical calibration procedure can be laid 
out. The data available from the CBECS provide building level consumption by 

TABLE 4.2. Schematic End Use by Fuel Matrix 

Natural Fuel 
Electricity Gas Oi 1 

Space heating X X X 
Space cool i ng X X X 
Venti 1 at i on 
Water heating X X X 
Light i ng X 
Cooking X X X 
Refrigeration X 
Misc. X X X 

X 

District 
Heat 

X 
X 

X 

X 

X 
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fuel. Total fuel consumption 
use. Therefore, for each bui 
F,, can be expressed as 

where Fiftu = (non zero) fuel 

is the sum of the unmeasured consumption by end 
ding i, the sum of total consumption by fuel k, 

Fiku * Diku 
F, = c 
lk u 

use in building i for fuel k by end use u 
Pi itu 

= a dummy variable that equals one if building i uses fuel k for 
(a1 end use u. 

The EUIs by fuel type EUI,, follow the standard convention of normalizing 
for building floor space. Thus, for each building i 

The billing data from the CBECS provides the information to calculate a 
whole building energy intensity, EUI,,, which can be represented as the sum of 
the EUIs for the end uses present in the building: 

(4..3) 

4.2 STATISTICALLY ADJUSTED ENGINEERING MODELS 

The FEDS engineering model, described in Chapter 2, provides estimates 
of EUIs for eight major end uses. 
initial values to be adjusted to best explain the observed billing data. 

The SAE approach treats these estimates as 

Cambridge Systematics, Inc., developed a series of sequentially more 
complex SAE models to analyze residential end-use load shapes for the Electric 
Power Research Institute in 1985 (Cambridge Systematics 1985). , Section 4.2.1 

(a) Diku can equal one for more than one fuel for a. given end use. The 
empirical treatment of multiple fuels is discussed in Section 3.3. 
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modifies the general framework presented by Cambridge Systematics, Inc., to 
apply it to the estimation of EUIs for commercial buildings. 

4.2.1 One Period Model without Buildinq-Specific Variables 

The simplest SAE model generates a single parameter to adjust each EUI. 
From Equation 4.3, the following relationship was specified between the 
unobserved 'EUIs and the engineering EUIs: 

where EUIRiku = engineering estimate of load for bui 
end use u 

ding i for fuel k for 

aku = parameter that adjusts the engineering EUI for end use u for 
fuel k 

wiku = an error term. 

Substituting Equation 4.4 for EUIiku in Equation 4.3, gives a regression 
model that can be estimated with the monthly whole-building EUI (derived from 
the billing data) as the dependent variable. 

'iku 'iku 
where eik = c 

U 

In this model, the simulated engineering EUIs enter the model as explana- 
tory variables for each o f  the end-use services that the building is known to 
provide. The engineering EUIs vary over buildings on the bases of known or 

characteristics, operating schedules, and weather. For each assumed building 
end use and fuel 
EUI up or down. 

If each est 
those cal cul ated 

the estimated coefficient, aku, shifts the engineering-based 

mated value of aku is equal to one, the EUIs are the same as 
in the engineering model. A value other than one can reflect 
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a variety of factors. For instance, for heating and cooling EUIs, the 
engineering-based estimates depend on several categories of information: 
1) the envelope characteristics of the building including U-values for the 
walls, roof, and glazing; 2) the level of internal gains from lights, equip- 
ment, and occupants; 3) operational factors including thermostat settings and 
HVAC control strategies; and 4) HVAC system efficiency. While the CBECS pro- 
vides information to specify a number of these variables, the discussion in 
Chapter 2 suggests that a number.of variables are specified on the basis of a 
typical or average building. If the characteristics within the sample build- 
ings differ on average from the assumed values, then the actual EUIs will 
diverge from the engineering EUIs. Thus, the aku parameters will capture the! 
average difference between the EUIs from the actual building to buildings 
that, in part, are specified as "typical" buildings. 

4.2.2 mltioeriod Ad.iustment with no Buildinq-SDecific Variables 

In the model described in the previous section, the same adjustment 
factor is applied to each month of the year. 
desirable to have adjustment factors that vary by month (or possibly season). 

For some end uses, it may be 

erly 
from 
i ods 
mode 

The end uses that the SAE estimates are most likely to be improved for, 
with this more flexible model, are heating and cooling. A variety of factors 
within the engineering model determine the balance points within the building 
(i.e., the outside temperature at which heating or cooling is required). 
ing the "shoulder" months in the spring or fall, the engineering model may or 
may not estimate a non-zero level of heating or cooling energy use. 
engineering model does not adequately capture these factors, it may not prop- 

Dur- 

If the 

he change in heating or cooling energy consumption that occurs 
these time periods to the winter or summer peak space conditioning per- 

This non inearity would not be accounted for in the single adjustment 
discussed in Section 4.2.1. 

represent 

Of the remaining end uses, water heating and lighting are the most 
likely to display some seasonal effects, especially in northern areas of the 
U.S. 
ply water rises and falls during the year. 

Water heating consumption varies as the temperatures of the ground sup- 
Lighting varies with the amount of 
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daylighting used. 
end uses for metered buildings in the Northwest. 
not large. 

Seasonal variations have been observed for both of these 
However, these effects are 

One specification issue is whether to employ individual adjustments by 
months or to collapse the months into seasons. 
imizing the number of estimated coefficients, a seasonal model may be satis- 
factory. 

Again, in the interest of min- 

Four periods were chosen, using the following classification scheme: 

- s Season 
1 Spring (March-May) 
2 Summer (June-August) 
3 Fa1 1 (September-November) 
4 Winter (December-February) 

By adding the subscript s to represent seasons, the resulting SAE model 
can be specified, with seasonal effects applied to heating and cooling only, 
as 

4 

a k 2 s  EU1Rik2s D i k 2  -t 
s = 1  

U 

E U I R i k u  D i k u  +'iku 
u = 3  

4.2.3 One Period Mo.del with Buildinq-Specific Variables 

The one period model described in Section 4.2.1 will generate different 
estimates of EUIs for each building in the sample. 
from the variation of building-specific characteristics and weather used in 
the building engineering model. 

These differences stem 

The potential of systematic biases in the engineering EUI estimates, 
stemming from using what was judged as "typical" engineering or operational 
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assumptions in areas where the CBECS does not provide specific information, 
was also discussed. 
average difference between the engineering EUI and the true EUI. 

The one-period model provides an estimate of the overall 

However, the assumption of constant bias in the engineering estimates 
may be overly restrictive. 
which this bias may vary. Building age, climate zone, size, and operating 
hours are possi bl e candidate vari ab1 es to expl ore the patterns of bias. 

Clearly, there may be a number of dimensions along 

Energy prices, if availab 
investigate. Operational 
building envelope and equ 
prices . 

e, would also be a logical candidate variable to 
characteristics and the general energy efficiency of 
pment would be expected to be linked to energy 

A danger in’tryiny t o  incorporate too many building-specific condition- 
ing variables is the risk of generating implausible EUI estimates-from an 
engineering perspective-in overly ambitious attempts to match the sample data. 
A balance must be struck between preserving the benefits of the a priori 

engineering estimates and finding the optimal fit to the sample data. 
Unfortunately, there is no clear answer to this dilemma; we need to let our 
best engineering and technical judgement guide the final model. 

A t  the outset of the study we focused the building-specific conditioning 
variables upon vintage and climate effects. 
effects, the overall whole building intensities published for the 1989 CBECS 
clearly indicate a strong dependence upon the age of the building. The inten- 
sities for electricity and natural gas are shown in Table 4.2. For electri- 
city, the intensities increase in a steady pattern up through 1983, after 
which they fall by nearly 25 percent. The natural g s intensities increase in 
the post-war period, and then remain fairly constant through 1983. Like elec- 
tricity, gas intensities then decline sharply in bui dings built in the latter 
half of the 1980s. 

Considering the first o f  these 

A wide variety of imputations in the engineering model depend on the age 
of the building. The engineering model is likely to indicate that newer 
buildings are less energy intensive than older buildings. 
ing penetration of air conditioning over the historical period will also be 
automatically captured by the model. 

Moreover, the grow- 

However, it is problematic that our 
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know1 edge of hi stori cal construction practices and HVAC system types, coup1 ed 
with penetration rates from the CBECS, will be sufficient to yield the pat- 
terns shown in Table 4.3. 
effects is that one of the required outputs of the overall study is to produce 
separate sets of EUIs for new versus existing buildings. 

Another strong motivation for including vintage 

TABLE 4.3. Whole Building EUIs by Vintage 

El ectri ci ty Natural Gas 
Year Constructed kW h/f t2 CF/ft2 

1899 or before 
1900 to 1919 
1920 to 1945 
1946 to 1959 
1960 to 1969 
1970 to 1979 
1980 to 1983 
1984 to 1986 
1987 to 1989 

4.7 
5.7 
7.8 
10.9 
14.5 
16.2 
20.5 
15.8 
15.5 

50.8 
39.1 
41.3 
55.2 
52.5 
52.9 
52.1 
39.7 
44.1 

Source: EIA 1992, Tables 21 and 38. 

To operationalize vintage effects, we need to collapse the number of 
vintage "dummy" variables from the number shown in Table 4.3. Three general 
vintages are proposed for the regression analysis: 1) pre-war buildings (up 
to 1945), 2) post-war buildings through 1979, and 3) buildings built after 
1980. 

Starting from Equation 4.4, the expression for the adjusted EUI after 
the incorporation of vintage effects (v) becomes 

where V, = 1 if building i was built between 1945 and 1979, 0 otherwise 
V3 = 1 if building i was built after 1979 
all other variables are defined in Equation 4.4. 
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An estimable regression specification is obtained when Equation 4.7 is 
substituted into Equation 4.3, as before. Note that in this specification, 
the interpretation of the aku coefficients is slightly different than in the 
model with no vintage effects. 
.for the pire-war buildings. 
values added to akul to yield the adjustment factors for the two vintages of 
post-war lsui 1 dings . 

The coefficient akul is the adjustment factor 
Coefficients aku2 and aku3 are the incremental 

C1 imate Zone 

The engineering simulations ind cate a strong dependence of space- 
conditioning energy use on weather. 
as widely as weather conditions, sin e building codes and practices also 
reflect climatic variations. For instance, the envelope requirements in the 
ASHRAE 90-1975 and 90A-1980 building standards have a great deal of variation 
depending on the location o f  the building. 

Energy intensities, however, do not vary 

Although differences in envelope requirements by climate region are 
built into the engineering model, little empirical evidence exists regarding 
commercial building construction practices in various regions of the country. 
Most building energy-related studies used the ASHRAE codes to guide their 
choice of assumptions regarding the building component efficiencies. Two 
unavoidable shortcomings of this approach are: 
buildings built prior to the energy standards o f  the 1970s, and 2) that little 
evidence exists about compliance with the existing codes. 

1) that little is known about 

Givein these uncertainties, a second set of categorical variables could 
adjust the heating and cooling energy intensities by the EIA climate zones 
(EIA 1992). 

where CL, = 1 if i is in climate zone j, 0 otherwise. 
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Other Candidate Vari ab1 es 

As mentioned above, at the outset o f  the study we prepared to focus upon 
vintage and climate zone as the most fruitful areas to consider building- 
specific variables, although the CBECS does contain some other building- 
specific information that may improve the SAE model. 
are the result of "yes-no" questions in the survey; it is difficult to make 
any informed guesses as to the magnitude of their energy impacts within the 

Some of these variables 

engi neeri ng model . 
1. building size 

2. weekly operating hours 

3. empl oyment density 

4. percentage of space vacant 

5. "activity" variables: # students, # beds, # seats 

These, vari ab1 es i ncl ude 

system 

nearly all of the 

6. computer room with separate A/C 

Some of the variables influence 
building; others would affect primar 
approach was to test the statistical 

# rooms I 

EUIs for a sample 
ing. The general ly heating or coo 

power o f  these variables in the model 
The variables derived from "yes-no" questions in the development process. 

survey were specified as dummy variables for the appropriate end uses. 
continuous variables were transformed as deviations from sample means before 
inclusion in the model. In all cases, the coefficients on these variables are 
interpreted as an incremental values to the sample average adjustment factors. 

The 

4.3 EXPERIENCE WITH ONE-PERIOD SAE MODEL 

The development of a final SAE specification began with the estimation 
of the one-period adjustment model discussed in Section 4.2.1. 
data sets consisted of monthly observations on electricity or natural gas 
intensity as the dependent variables and the FEDS-simulated consumption (con- 
verted to intensities) by end use as the independent variables. 
performance of the monthly SAE models was not satisfactory as they did not 
provide realistic estimates of EUIs for all end uses. 

The regression 

The general 

In many cases, negative 
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signs were observed or the values of the estimated coefficients were signif- 
icantly different from one. 
SAE-based intensities with those generated by the engineering model. 

This implied considerable disagreement of the 

Withiout presenting a full range of results of the preliminary specifica- 
tions that were tested, Figures 4.1 and Figure 4.2 illustrate some the prob- 
1 ems encountered with this general approach. 
results for an SAE electricity model that used six major end-use categories 
from FEDS as independent variables. A1 though the percentage of explained 
variation i s  high for a cross-section model, the estimated coefficients on 
ventilation and hot water were both negative (and statistically significant). 

Figure 4.1 shows the regressions 

V a l i d  cases: 5514 Dependent va r i ab1 e: E 1 ec- EU I 
Missing cases: 0 Delet ion method: None 
Total  SS: 65519462.289 Degrees o f  freedom: 5508 
R-squared: 0.369 Rbar-squared: 0.368 

F(6.5508): 536.955 Probab i l i t y  o f  F: 0.000 
Residua 1 ss : 41339328.871 S t d  e r ro r  o f  est: 86.633 

Durbin- Watson: 0.232 

Variable 

Heat 
coot 
H. U t r  
Vent 
L igh t  
Misc, 

_ - _ _ _ _ _ _ _ - _  Estimate 

0.903437 
0.541845 

-4.764012 

1 -562044 
- I  .498594 

3. 891 099 

Standard 
Er ror  

0.063296 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

0. i 13968 
0.879689 
0.454821 
0.09661 9 
0.368406 

t -va lue  

14.27 
4.75 

-5.42 
-3.29 
16.17 
10.56 

. _ _ _ _ _ _ _ - _ _  

Prob 
> I t ;  ___ - -____  

0.000 
0.000 
0.000 
0.001 
0.000 
0.000 

Standardized 
Estimate 

0.188 
0.102 

-0.070 
-0.071 
0.221 
0.022 

. _ - _ _ _ _ _ _ _ _ _ _ _ _  

Cor wi th 
Dep Var 

0.1611 
0.0593 

- 0.0321 
0.0739 
0.2467 
0.3402 

- - - _ _ _ _ _ -  

-- FIGURE 4.1. Small Office: Monthly SAE Electricity Regression Results 

- 
Dependent variable: Gas-EUI V a l i d  cases: 3355 

Missing cases: 0 Delet ion method: None 
Total SS: 22683n5.185 Degrees o f  freedom: 3352 
R-squared: 0.626 Rbar-squared: 0.626 
Residual SS: am980.215 S t d  e r ro r  o f  est: 50.288 

Durbin-Watson: 0.744 
F (3,3352) : I 872.570 Probab i l i t y  o f  F :  0.000 

Standard Prob Standardized Cor w i th  
Variable Estimate Error t -va 1 ue * ( t i  Estimate Dep Var 

Heat 0.602799 0.011091 54.35 0.000 0.626 0.6521 
Cool -1 311449 0.429725 -3.05 0.002. -0.038 -0.0473 
H. W t r  7.213891 0.333247 21.65 0.000 0.259 0.3586 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

FIGURE 4.2. Assembly: Monthly SAE Gas Regression Results 
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The heating and cooling coefficients are plausible, but the cooling coeffi- 
cient suggests a substantial overprediction from the FEDS model. 
cient on miscellaneous end use (misc) is nearly four. 

The coeffi- 

Figure 4.2 presents the regression results for a natural gas SAE model 
applied to assembly buildings. The constant adjustment model contains terms 
for heating, cooling, and water heating. In this case, a negative coefficient 
was obtained for cooling. More disturbing, however, is the very low coeffi- 
cient on heating at 0.60, a factor that would apply to nearly all assembly 
buildings using natural gas. Finally, the water heating coefficient suggests 
a severe problem with the FEDS engineering results for this end use. 

An investigation to provide a complete explanation of the causes for the 
type of results illustrated by these examples was not possible within the time 
frame of this study. In general, we believe the following general factors are 
responsi bl e. 

Small Sample Sizes 

We have strong a priori convictions that the proper way to conduct the 
SAE regression analysis is by building type. The different activities within 
different building types generate different internal loads that, in turn, 
influence heating and cooling consumption. After data cleaning to ensure ade- 
quate numbers of monthly consumption observations, we can end up with only a 
very few buildings within a specific building type that contain a particular 

severe problem 
tal s . Moreover, 
heterogeneity o f  

activities can lead to statistically unreliable coefficient estimates (e.g., 
various service activities in the retail/service sector). 

end use. As Table 3.1 indicates, this becomes a particu 
for building types such as food sales, food service, and 
even for building types with greater numbers of observat 

arl y 
hosp 
ons, 

End Use Reuortinq Errors 

End use reporting errors were identified by comparing the monthly inten- 
The more severe cases appear to associated sity plots and reported end uses. 

with natural gas more than electricity. 
consumption for each of the 104 buildings reporting natural gas for cooling 
that met our criteria for inclusion in the SAE models. 

As an example, we plotted the monthly 

Of this total, we 
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could detect only about a dozen buildings for which natural gas consumption 
was higher in the summer than during the fall or spring. 
a rigorous test of whether these buildings, in fact, used gas for cooling it 
suggests why the regression coefficients on the FEDS-generated gas cooling 
variables were seldom close to unity. Another reporting problem appears for 
buildings that report no gas consumption for heating, but the monthly consumip- 
tion profiles indicates very high usage in the winter as compared to the 
summer arid shoulder months. 

Although this is not 

- Errors in the Enqineerinq Model Predictions 

In one sense, one would think that errors from the engineering model 
would not be of great concern, since the entire point of the SAE procedure i s  

to accourit for this problem. The SAE model in Equation 4.1, however, can only 
account for errors that cause the predicted end use consumption to be a 
constant ratio of the actual consumption. 
be much more complicated than this simple specification. 

Clearly the pattern of biases may 

One source of this error may involve a statistical concept termed 
"errors -in variables." 
from CBECS, any measurement errors of the building characteristics from CBECS 
will be translated into errors in the intensity predictions from the model. 
This in turn will produce estimated coefficients that are biased downward 
within the SAE model (for example, see Johnston 1972). 

Given that the FEDS predictions are based on variables 

Whether or not the errors from FEDS stem from CBECS reporting errors or 
from the internal construction of the engineering model, they tended to have 
differential impacts by end use on the estimated SAE coefficients. 
with an errors-in-variables model, the coefficients on the FEDS end uses with 
relatively high cross-sectional variances were nearly always less than one, 

Consistent 

sometimes significantly so. 
uses where the FEDS model produced more uniform intensities were often greater 
than one. The coefficient on 
gas heating is much less than one, while the water heating adjustment coeffi- 
cient is very high. The cross sectional variance of the FEDS heating predic- 
tions is much higher than for water heating. 

In the same equation, the coefficients on end 

The results in Figure 4.2 follow this pattern. 

A major problem with this result 
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4.4.1 El ectri ci tv DecomDosi t i on Procedure 

For electricity, monthly consumption data is first analyzed to separate 
In the con- the weather-sensitive load from the non-weather sensitive load. 

text of the EUI estimation work, this step actually seeks to identify total 
HVAC consumption as compared to the remaining end uses. 

The approach used to estimate HVAC consumption is in some respects 
similar to the PRISM decomposition procedure that is often used for residen- 
tial energy analysis (Fels 1986). However, instead of testing heating and 
cool ing degree days (to various base temperature) as explanatory variables for 
the weather sensitive consumption, we use the simulated FEDS HVAC consumption. 
As compared to degree days, this has the advantage of automatica 
porating the FEDS assumptions involving the thermal integrity of 
directly into estimation procedure. 

The decomposition procedure is conducted for each building 

ly incor- 
the building 

n the sample 
that contains monthly electricity billing data (including buildings with 
imputed data, see Section 3.). 
estimates are then aggregated to annual values. 

The monthly HVAC and non-HVAC consumption 

4.4.2 Natural Gas DecomDosition 

For natural gas, monthly consumption data is used to distinguish between 
heating and non-heating consumption. 
sumption we make the strong assumptions that 1) heating requirements are zero 
during the summer months (June, July, and August), and 2) non-heating loads 
are essentially constant across the months within the year. 
tion, no heating load in the summer months, is consistent with FEDS predic- 
tions for gas heating; only a handful of buildings showed any heating load 
during June, July, or August. 
limited amount of metered data suggested somewhat higher consumption for water 
heating in the non-summer months. Nevertheless, we believed that a decomposi- 
tion using this assumption as a first approximation was preferable to the pure 
SAE approach described above. 

To decompose the whole building gas con- 

The first assump- 

The second assumption is more problematic; the 

The combination of these assumptions implies that sum of non-heating end 
uses can be identified from observed gas consumption during the summer. In 
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is that the FE:DS model actually modeled the mean heating intensity for assem- 
bly buildings fairly closely (see Appendix D, Figure D.l). 
the adjustment, factor of '0.6 to the FEDS heating intensity would not be 

Naively applying 

appropri ate. 

Concl usi c,n 

The preliminary results with the monthly cross-section time series SAE 
model suggested that a credible set of EUIs could not be obtained from such an 
approach witholut considerable experimentation with specification and further 
data cleaning. A thorough investigation of the errors-in-variables hypothesis 
would require a building-by-building comparison of predicted and actual inten- 
sities, an effort well beyond the scope of this study. Moreover, the monthly 
SAE model makes very difficult to investigate to compare the cross-sectional 
performance of the FEDS model versus the seasonal performance. (a) 

As a result of this work, we decided to impose greater structure on the 
model in the form of a priori assumptions. The general approach was to use 
the monthly data to provide EUI estimates for selected end uses or combina- 
tions of end uses. 
estimated with annual data. 
fo l  1 owing section. 

This step is then followed up with SAE models that are 
This procedure is discussed in general in the 

4.4 SAE APPROACH USING MONTHLY BILL DECOMPOSITION 

As indicated above, the final methodolpgy to estimate EUIs for elec- 
tricity and gas involves decomposing monthly bills prior to a SAE modeling 
effort. Given the conventional uses for electricity as compared to gas, the 
decomposition procedures differ slightly. The following sections provide an 
overview o f  the procedures finally used in the study. 

(a) This last consideration also was a factor in our decision not to try to 
add building-specific and demographic variables to the monthly specif- 
ication. Our judgement was that expanding the model in this form (e.g., 
as illustrated in Equation 4.7) would not have solved the problems 
described above. 
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the empirical analysis discussed in Chapter 6 we explain in detail how the 
non-heating consumption was estimated from summer consumption. As for elec- 
tricity, this step is conducted for each building in the sample. 

4.4.3 Annual SAE Models 

The resulting values from the monthly decomposition procedures are then 
treated as observed data, which then are used as dependent variables in a 
series of annual SAE regressions. 
annual HVAC and non-HVAC consumption for each building type. The "actual" 
HVAC consumption (intensity) is then regressed against the FEDS values for 
total HVAC intensity and other building-specific demographic variables. This 
model i s  similar to that discussed in section 4.2.3, with the exception that 
only one end use (actually, the sum of heating, cooling and ventilation) is 
being explained. 
intensity corresponding to non-HVAC end uses. 

For electricity, we have a cross section of 

The same SAE procedure is applied to the decomposed "actual" 

The further disaggregation of these combined end uses then re1 ies almost 
exclusively on the FEDS engineering estimates. As described in the next 
chapter, separate adjustments were made for electric heating for several 
building types. 

The general procedure is similar for natural gas, although somewhat less 
symmetrical. For heating, an annual SAE regression is performed using the 
same specification as for the HVAC and NHVAC regressions for electricity. For 
non-heating end uses (primarily water heating and cooking), individual SAE 
regressions were performed without building specific or demographic variables. 
These regressions were done for various subsets of the individual building 
samples in order to generate the most credible EUI estimates for these two 
separate end uses. Given there was extremely small number of observations 
which we believed actually used natural gas for cooling, we relied on the 
FEDS-generated estimate for this end use. 

The next two chapters provide details of the decomposition procedure and 
SAE models. 
empirical results for electricity and Chapter 6 does the same for natural gas. 

Chapter 5 discusses the EUI estimation procedure and selected 
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5.0 EUI ESTIMATION: ELECTRICITY 

This chapter presents the detailed methodology used to generate the EUIs 
for electricity. 
cusses the empirical results o f  the SAE regressions, with particular emphasis 
on the small office and retail/service building types. Section 5.3 covers 
several issues with regard to the generation of the final EUI estimates. 

Section 5.1 discusses the methodology and section 5.2 dis- 

5.1 METHODOLOGY FOR ELECTRICITY EUIs 

As discussed in the previous chapter, the EUI methodology involves two 
elements: 1) monthly bill decomposition and 2) annual SAE regressions. These 
topics are the subject of the following two subsections. 

5.1.1 Monthlv Bill Decomposition 

The objective of the monthly bill decomposition is to separate the 
weather-sensitive electricity consumption from the non-weather-sensitive con- 
sumption. The results from this step are used to generate individual adjust- 
ment factors for the HVAC and non-HVAC (NHVAC) categories of electrical end 
use. 

Formally, the HVAC and NHVAC loads comprise the end uses shown in Equa- 
tions 5.1 and 5.2, as generated by the FEDS building model: 

EUIFEDSHVAC, HVAC = Heating + Cooling + Ventilation (5.1) 

EUIFEDS NHVAC = Lighting + Refrigeration + Cooking + 

(5.2) 
Hot Water + Mi scell aneous 

The HVAC load itself is further divided into two components: 
sensitive component ( EUIFEDSHvAcw) and 2) a non-weather-sensi ti ve component 
(EUIFEDSHvACNW). 
HVAC consumption (EUIFEDSHVACNW = min[EUIFEDSHVAcJ). 
ponent is defined as the consumption exceeding this level. 
intensities (i.e., divided by square footage), we have 

1) a weather- 

EUIFEDSHVACNW is defined as the month with the minimum total 
The weather-sensitive com- 

Expressed as 
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EUIFEDS H V A C W  = EUIFEDS - EUIFEDS H V A C N W  (5.3) 

The second step in this procedure is to estimate the response of the 
actual electricity consumption to HVACW. A coefficient of unity suggests that 
the FEDS model is properly accounting for the factors contributing to the HVAC 
energy consumption. These factors are primarily the thermal integrity of the 
structure (UA-value) and the efficiency of the heating and cooling equipment. 

The response Coefficient is estimated with the monthly data for 1989 
(Equation 5.4). 

+ b, MDAYS , (5.4) HVACW EUI , = b, EUIFEDS , 

where EUI, = the electricity consumption/ft2 in month m 
EUI FEDS, Hv"CW = the weather-sensitive portion o f  predicted HVAC consumption i n  

the month 
MDAYS, = days in month m (28, 30, or 31). 

Equation 5.4 posits that the non-weather sensitive portion of the load 
is constant on a daily average for each month. Using the MDAYS variable 
accounts for the different numbers o f  days in each month. 

The coefficient on EUIFEDS, HVACW (b,) is the starting point for an 
adjustment factor to be app 
(5.5) is used to convert to 

ied to the non-weather-sensitive loads. 
an annual basi s. 

Equat on 

R = (EUI - b,EUIFEDS HVACW)/(EUIFEDS - b,EUIFEDS (5.5) 

where EUI = the annual electricity consumption/ft2, actual 
EUIFEDSHVACW = the weather-sensitive portion of predicted HVAC consumption, 

EUIFEIDS = total annual electricity consumption/ft2, FEDS predicted 
totaled over the year 

The numerator in equation 5.5 is the estimate of total "actual" non- 
weather-sensi tive electricity consumption, computed as the difference between 
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the actual total consumption (EUI) and the regression-based estimate of 
weather-sensitive consumption. The denominator in Equation 5.5 is a FEDS- 
based estimate o f  non-weather-sensitive load (1 ighting, hot water, refrig- 
eration, cooking, miscellaneous) and the non-weather sensitive portion of the 
HVAC load. 

The results of this procedure are estimates o f  total HVAC consumption 
and NHVAC consumption for each building with a full set of monthly billing 
data. These Ilquasi" actual values are designated as €UIHvAC and €UINHVAC . 
These levels of consumption are then considered as actual data in a Statist- 
ically Adjusted Engineering (SAE) regression model. Based on the adjustment 
factor, R, in Equation (5.5), the estimates of HVAC and NHVAC consumption are 
defined as 

EOI N H V A C  - - EUI - EO1 H V A C  (5.7) 

Note that the computation o f  NHVAC consumption as residual forces the 
sum of fUIHvAC and €UINHVAC to equal the actual total annual electricity inten- 
sity. 
to explain both €UI HVAC and €OI 

In the SAE procedure described below, separate equations were developed 

Finally, adjustment factors are computed that relate to the FEDS- 
generated end-use predictions. 

rl = EOI H V A C / ( ~ ~ ~ ~ ~ ~ ~  S H  + EUIFEDS sc  + EUIFEDS (5.8) 

(5.9) 
r2 = EOI N H V A C / ( ~ ~ ~ ~ ~ ~ ~  R F  + EUIFEDS L *  + EUIFEDS C K  + 

EUIFEDS W H  + EUIFEDS M S )  
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m : i a l  Cases 

The procedure described above works well for the majority of buildings 
in the 19189 CBECS. However, in some buildings the FEDS-generated total energy 
intensity deviates significantly from the actual billing data. Therefore, in 
some circumstances the procedure described earlier fails. 

The first rule imposed on the estimation procedure i s  that the response 
coefficient, b,, in Equation (5.4) be greater than or equal to 0.1. This 
ensures that the final model will generate at least a modest level of HVAC 
consumption for the sample building. 

Very high or low values of b, can lead to a negative adjustment factor, 
R, in equation (5.5). If this happens, the first course of action is to set 
the adjustment factor equal to 1.0. This step removes the scaling of the non- 
weather-sens i t i ve portion of the HVAC 1 oad . (a) 

With or without the scaling, other cases exist for which the computed 
value of EUI 
stantially understates the weather sensitivity of the HVAC loads and there 
appears 110 be a very small "base" (non-weather-sensitive) load. In such 
cases, regression analysis is not used to try separating the ''actual" HVAC 
load from the NHVAC load. 
observed monthly consumption (on an annualized basis). Thus, the separation 
into HVAC and NHVAC components is made independent of the FEDS-generated 

is negative in Equation (5.7). This occurs when FEDS sub- 

Rather, the NHVAC load is defined as the minimum 

results. (b) 

EO1 = min (EUIFEDS,) (5.1.0) 

(5.111) 

(a) 

(b) This case occurred for 58 buildings in the total sample. Nineteen of 

Out of a total o f  3,429 cases, 91 (2.7%) had the adjustment factor R set 
to 1.0. 

these cases had a positive adjustment factor R and thus did not have the 
scal i ng previously removed. 
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Adjustment Coefficients for Electric Heating 

The model in Equation (5.4) assumes that adjustment to the HVAC loads 
appl ies equally to electric heating and cool ing. A procedure was devel oped to 
estimate an approximate adjustment factor that could be uniformly applied to 
the FEDS heating consumption predictions for buildings with electric space 
heat i ng . 

The first step in this procedure was to decompose the predicted FEDS 
ventilation consumption. For most building types, the ventilation strategy is 
assumed to be demand driven. This strategy indicates that a portion of the 
ventilation requirements will vary as monthly heating and cooling loads. 
estimate the portion o f  ventilation that is seasonally or weather dependent 
(VW), the following regression is used: 

To 

EUIFEDS: = a, EUIFEDS, SH + a 2  EUIFEDS;' + a3 MDAYS , + e  (5.12) 

If no electric cooling is present, EUIFEDS" is dropped in 
Equation (5.12). 
EUIFEDSVNW is then estimated as a residual: 

The non-weather-sensitive portion of the ventilation load 

EUIFEDS;~" = EUIFEDS; - EUIFEDS,~" (5.13) 

Next, augmented heating and cool ing loads were defined based on the 
regression in Equation (5.12). Thus 

\ 

EUIFEDS:~* = E U I F E D S ~ ~  + a, EUIFEDS, SH  

EUIFEDS;'* = EUIFEDS, sc + a2 EUIFEDS;' 

(5.14) 

(5.15) 

The non-weather-sensitive electricity demand is defined as the sum of 
the non-weather sensitive ventilation demand plus other non-HVAC end uses: 
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= E U I F E D S , V ~ "  NHVAC * EUIFEDS, NHVAC 
+ EUIFEDS, (5.16) 

Separate response coefficients for heating and cooling are estimated 
with the monthly data for 1989 in Equation (5.13): 

EUI, = b, EUIFEDS, SH* + b, EUIFEDS, sc* + b, EUIFEDS, NHVAC * (5.1'7) 

where EUI, = the electricity consumption/ft2 in month m 

Using buildings within each building type, the weighted average of the b, 
and b, coefficients is computed (Equation 5.17). 
the annual values of EUIFEDSSH* and EUIFEDSSC*. 

The weights are based upon 

At this point, any separate adjustment to the FEDS-generated heating 
consumption is still primarily judgmental. The relative magnitudes of the 
overall heating and cooling loads are examined, along with the monthly plots 
of the actual versus the FEDS-adjusted consumption. Based on this informa- 
tion, electric heating values were uniformly reduced by 30% in restaurants and 
large offices.(a) These two building types have greater-than-average 
internal loads that may be offsetting winter heating loads to a greater extent 
than is modeled in FEDS. 
reduction in heating loads, but the evidence was not as clear cut. 

5.1.2 S a t i  sti call Y Adjusted Enqineerinq Model s 

Several other building types also suggested a small 

Following the billing data decomposition, the next step is developing a 
model that can explain the cross sectional variation in the estimated HVAC and 
NHVAC loalds. 
Chapter 4.. 

This step employs the SAE model approach as described in 

(a) The procedure described in this section was applied independently of the 
overall decomposition procedure. The adjustments to the FEDS electric 
heating predictions, based upon Equation (5.14), were applied prior to 
the decomposition methodology described in Equations (5.3) through 
(5.5)). 
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The SAE models focus on six major variables:(a) 

1. Vintage 

2. Building size 

3. Climate 

4. Weekly operating hours 

5. Employment density 

6. Presence of manufacturing activity 

A variety of specifications were tested with variations of these vari- 
ables. For variables 2 through 5, specifications using dummy (categorical) 
variables or continuous variables were tested. 
ication, for example, building size would be modeled as three or four separate 
dummy variables depending on the size category of the building. 
ous specification would simply enter the square footage of the building as a 
single, independent variable. 

In the dummy variable specif- 

The continu- 

The continuous form of variables 2 through 5 generated higher percen- 
tages of explained variance, with the added advantage of minimizing the total 
number of variables. Moreover, since the regressions were performed for each 
building type, many of the boundaries for the categorical variables had to be 
adjusted for each building type (e.g., small, medium, and large buildings are 
different for restaurants as compared to educational buildings). 

The final form of the SAE specification was almost identical f o r  both 
and EoI . HVAC 

E O  I H V A C  = (ao +alDvl +a2DV2 +a,SQFT + 
(5.18) 

aU,CDD + a,HRS + a,EMP) EUIFEDS H V A C  + 

(a) For the warehouse building type, a separate dummy variable was added for 
a refrigerated warehouse. 
as a refrigeration intensity. 

The value of the coefficient was interpreted 
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where EUI 

+ &DV2 + P,SQFT + P,CDD + E ~ I  N H V A C  - - (Po + PlDVl 
(5.19) 

P,HRS + P,EMP) E U I  FEDS + P,ElcMan + u 
EDSHVAC = FEDS predicted intensity, HVAC 

V1 = 1 if the year built is between 1946 and 1979; 0 otherwise 
V2 = 1 if the year built is between 1980 and 1989; 0 otherwise 

EU I FEDS = FEDS predicted intensity, non-HVAC 

SQFT = building size, thousand square feet 
CDD = Cool ing degree days, base 65OF 
HRS = Weekly operating hours 
EMP = Employment density, employees per 100 ft2 

ElcMan = 1 if electricity used for manufacturing; 0 otherwise 

In the estimation procedure for electricity, all of the modifier vari- 
ables (Vl, V2, SQFT, CDD, HRS, and EMP) are taken as deviations from their 
individual sample means. 
quality of the regression equation, it does help interpret the coefficient o f  
EUIFEDSHVPiC and EUIFEDS . 

Although this step does not change the predictive 

NHVAC 

The data sets used in the SAE regression omitted "high intensity" 
observations that would distort the usefulness of the adjustment procedure. 
In preliminary estimation work, we experimented with statistically-based cri- 
teria, primarily using the studentized t-statistic. Further experience lead 
to using an upper limit based on the results of the engineering model. 
each building type, the building with the maximum total electricity and nat- 

For 

ural gas intensity was identified. 
3.0 times this FEDS intensity. 
screeni ngi procedure. 

The cut-off intensity was then computed as 
Table 5.1 shows the intensities used for this 

Several additional steps complete the estimation process. Equa- 
tions (5.18) and (5.19) are estimated without an intercept. This specifica- 
tion stenis from the discussion in Section 4.4 and ensures that changes in 
FEDS-generated estimates o f  EUIS are trans1 ated into proportional changes in 
the final EUIs. 
require that the mean of the predicted values match the mean of the actual 
dependent variable. 

One difficulty with this specification is that it does not 

A more accurate estimator of the EUIs for the full sample 
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TABLE 5.1. Maximum Annual EUIs for Cal ibration Procedure (kBtu/ft2) 

~ 5.2 EMPIRICAL RESULTS 

Building Type El ectri ci ty Gas 

Assembly 
Education 
Food Sales 
Restaurants 
Hospitals 
Lodging 
Large Office 
Small Office 
Retai 1 
Warehouse 
Other 

491 
670 
51 1 
1153 
433 
51 1 
833 
593 
664 
500 
447 

807 
700 
63 2 
1316 
343 
647 
308 
686 
840 
42 1 
849 

should make an adjustment for this discrepancy. 
tors were applied to the estimated coefficients in Equations (5.18) and (5.19) 
to force the mean of the predicted values to match the actual mean. 

As such, final scaling fac- 

The linear specification in Equations (5.18) and (5.19) does not ensure 
that the predicted values o f  the HVAC or non-HVAC intensities are globally 
positive. Thus, even if all of the predicted values within the estimation 
sample are positive, negative values could be generated upon extrapolation of 
the equation to buildings that did not have monthly billing data. 
up to a half dozen cases for a single building type would be observed with 
negative predictions. 
buildings that are not included in the estimation sample, there is no satis- 
factory way to avoid this problem without going to a logarithmic or other 
specification. 
some aggregation o f  buildings (e.g., building type and region), the solution 
was to fix the predicted EUIs o f  such buildings at a uniform value of 
1 .O ( kBtu/ft2). 

Typically, 

Because the overall methodology needs to extrapolate to 

Since the principal aim of this study is to generate EUIs for 

This section presents the results of the monthly decomposition and 
annual SAE models as applied to electricity. The adjustment coefficients 
shown apply to the final version of the FEDS building model used in the study. 
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As indicated in Chapter 1, these represent the second-round engineering esti- 
mates upon which the final adjustment parameters were estimated. A number o f  
changes were made to the FEDS model based upon preliminary data analysis, pr-i- 
marily stemming from the results o f  the monthly bill decomposition. These all 
involved 1.1 ectrici ty end uses. The major changes were concerned with venti 1 ii- 
tion, refrigeration, and 1 ighting. 
the end o f  Appendix A. 

5.2.1 Decomoosition of HVAC and NHVAC ConsumDtion 

Details of these changes are discussed at 

Tablle 5.2 presents the weighted average adjustment factors related to 
the FEDS generated HVAC and NHVAC consumption. 
rl and r2 values in Equations (5.8) and (5.9). 
values of HVAC and NHVAC EUI values from FEDS.(a) 

The adjustment factors are the 
The weights are the predicted 

:TABLE 5.2. Monthly Bill Decomposition Results: Adjustment 
Ratios, Weighted Average Ratios 

Bui 1 ding Type 

Assembly 
Educat i on 
Food Sales 
Restaurants 
Hosp i t a1 
Lodgi ng 
Large Office 
Small Office 
Retai 1 
Warehouse 
Other 

HVAC (rl) 

0.699 
0.792 
0.639 
1.008 
1.637 
0.695 
1.289 
0.608 
0.825 
1.307 
0.592 

NHVAC (r2) 

1.365 
1.801 
1.012 
0.911 
1.299 
1.092 
1.459 
1.293 
1.964 
1.997 
1.491 

(a) In essence, the weighting generates a fraction in which the numerator is 
the mean actual intensity and the denominator is the mean FEDS inten- 
sity. 
distorted by individual cases with very high values (Actual/FEDS), but 
which have very small intensities. Note, however, that we do not 
accoiunt for building size or sampling weights in deriving this 
statistic. 

In contrast, an unweighted mean o f  the adjustment factors can be 
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In general, the seasonal variation of electricity consumption was some- 
what overstated by the FEDS model. 
in seven of the 11 building types the weighted average adjustment factor was 
less than 1.0. 

As shown in the first column of the table, 

Figure 5.1 shows the energy intensities for small offices, computed as 
simple unweighted averages for all observations with suitable billing data. 
The top two graphs are for electricity; the bottom two relate to natural gas 
(see following chapter for discussion). 

The top left graph compares the average monthly profile from the FEDS 
model (dashed line) as compared to actual billing data (solid line). The most 
encouraging feature of the graph is that the FEDS model, based strictly on 
engineering assumptions, comes very close to predicting the average actual 
level of electricity consumption. As previously discussed, the small office 
sector displays a common trait of the model at this stage of development and 
slightly overpredicts the seasonal variation in electricity loads. 

The third (small dashed) line in the graph shows the result o f  the bill- 
It plots the monthly sum of €~IHVAC and €0INHVAC ing decomposition procedure. 

as computed in Equations (5.5) and (5.6). By the nature o f  its construction 
the annual average value of this sum equals the annual average actual 
intensity, but the accuracy over any particular month may vary. The adjusted 
HVAC and NHVAC loads track the actual monthly series quite well; however, the 
summer cooling load is still slightly overpredicted. 

The top right graph of shows the major end uses as predicted by the FEDS 
model. The higher ventila- 
tion requirements during the summer reflect the assumption that demand venti- 
lation strategies are typical. The averages shown in the graph indicate that 
heating and cooling are both conducted during the winter months across the 
nation. 
climate regions, the zoning feature built into the FEDS model can also gen- 
erate simultaneous heating and cooling within a single building for winter 
months. The lighting consumption in small offices is predicted, by FEDS, to 
be slightly more than double the total of the other NHVAC end uses. 

Note the shape of the monthly ventilation curve. 

Even though this result stems primarily from buildings in different 
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Figure 5.2 shows the same monthly information for the retail/service 
building type. As compared to small offices, the simulated electricity inten- 
sity from FEDS is somewhat lower than the actual values. Again, however, the 
seasonal variation is slightly greater than what is observed for the average 
monthly intensity. 

In two building types (hospitals and warehouses) the FEDS model under- 
states the seasonal variability of the electricity (cooling) loads. In 
hospitals, the assumptions concerning ventilation strategies and internal 
loads in FEDS understated the variation in cooling requirements over the year. 
In warehouses, the adjustment procedure indicates 1 ower temperature setpoints 
and more cooling than was assumed as typical for this building type. 
work will be devoted to modifying the FEDS model to better handle these cases. 

Future 

Appendix D shows the set of monthly plots for each of the building 
types. 

5.2.2 SAE Model Estimation Results 

The following sections describe the results of the SAE model estima- 
tions. As above, the focus is on small office and retail/service building 
types. 

Small Office 

Figure 5.3 shows the results of the SAE regressions for HVAC and NHVAC 
electricity intensities for small office, as described in equation 5.10. 
simp1 ify the notation, the independent variable EUIFEDSHVAC is shortened to HVf 
(HVAC, FEDS) . 

To 

Simil arly, EUIFEDSNHVAC becomes NHVf. 

The top part of the figure shows the estimated coefficients for the HVAC 
As expected the most statistically significant vari- portion o f  consumption. 

able is the predicted value of HVAC consumption from the FEDS model. 

The remaining variables are all entered multiplicatively with HVf to 
ensure that they only adjust the value from FEDS (chapter 4). The vintage 
variables are positive, with the coefficient on only the post-1980 dummy vari- 
able being greater than its standard error. A positive coefficient indicates 

I 
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HVAC - 
V a l i d  cases: 476 Dependent var iable:  Y 
Missing cases: 0 Delet ion method: None 
Total SS: 155608.728 Degrees o f  freedom: 469 
R-squared: 0.189 Rbar-squared: 0.178 
Residual SS: 126263.419 Std er ro r  o f  est: 16.408 
F(7,469): 15.572 Probab i l i t y  o f  F :  0.000 

Variable 

HVf  
V l * H V f  
V2*HVf 
SPFT*HVf 
CDD*HVf 
HRS*HVf 
EMP*HVf 

------------ Estimate 

0.481 883 
0.054800 
0.124530 
0.001 665 
0.000081 
0.002994 
0.0671 29 

. - - - - - - - - - - - .  
Standard 

Error 

0 -029563 
0.072694 
0.085819 
0.002509 
0.000023 
0.001278 
0.01 2520 

.-----------. t -va lue  

16.300367 
0. E3843 
1.451087 
0.663525 
3.546999 
2.343485 
5.361666 

. _ - _ _ _ _ _ _ _ -  
Prob 
> i t !  - _ _ _ _ _ _ - - _  
0.000 
0.451 
0.147 
0.507 
0.000 
0.020 
0.000 

Standardized Cor wi th 
Estimate Dep Var 

0.610023 0.666688 
0.034491 0.141552 
0.066417 -0.064502 
0.023867 -0.212634 
0.125182 0.349712 
0.078080 0.085571 
0.178373 0.281829 

. . . . . . . . . . . . . . . . . . . . . . .  

NHVAC - 
V a l i d  cases: 476 Dependent variable: Y 
Missing cases: 0 Delet ion method: None 
Total SS: 945132.526 Degrees o f  freedom: 468 
R-squared: 0.103 Rbar-squared: 0.089 
Residual SS: 847948.123 S t d  e r ro r  of est: 42.566 
F(8,468): 6.705 Probab i l i t y  o f  F: 0.000 

NHVf 
Vl*NHVf 
V2*NHVf 
SPFT*NHVf 
CDD*NHVf 
HRS*NHVf 
EMP*NHVf 
E 1 cMan 

1 . In897  
-0.0683zJ 
0 -343288 
0.016118 - 0.000074 
0.002859 
0.18061 0 
9.91 3276 

0.066124 
0.169145 
0.187812 
0.005027 
0.000074 
0.001884 
0.033448 

11 -696186 

17.737968 
- 0.404226 
1.827829 
3.206473 

- 0.995271 
1.517394 
5.399748 
0.847565 

0.000 
0.686 
0.068 
0.001 
0.320 
0.130 
0.000 
0.397 

0 -620325 
-0.018065 
0.081787 
0.1 10007 

-0.033659 
0.053406 
0.181510 
0 -028835 

0.650853 
- 0.044836 
0.093471 
0.128229 - 0.054595 
0.271865 
0.2241 21 
0.146559 

FIGURE 5.3. Small Office: SAE Regression Results for Electricity 

adjustment factors of the FEDS predictions, 
significant effects for three of the remain 
results suggest that cross-sectionally, the 
intensities for buildings with relatively h 

that an incremental adjustment to the FEDS-generated HVAC consumption for new 
buildings is called for, after taking into account the influence of the 
remaining variables in the equation. 

Keeping in mind that the coefficients of the SAE regressions are used as 
the figure indicates statistically 
ng four variables. The regression 
FEDS model is underpredicting HVAC 
gher 1 eve1 s o f  cool i ng degree 

days, weekly operating hours, and employment densities. 
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The interpretation of the lower portion of the figure, with coefficients 
for the NHVAC regression, is similar. 
buildings appears to still be underpredicted by FEDS. 
to require some adjustment, as compared to the HVAC results. 
within the small office category (up to 50,000 ft') appear to have higher 
loads than predicted by FEDS. 
in the NHVAC regression is employment density. 
strong, with a t-value exceeding 5. 

The sum of NHVAC loads in the post-1980 

Larger buildings 
Building size appears 

The only other significant modifying variable 
This influence is quite 

The final variable in the regression is a dummy variable that indicates 
whether electricity was used for manufacturing activity within the building. 
Although the value for the small office sector is positive, adding an esti- 
mated 10 kBtu to the average annual intensity, the statistical significance of 
the variable is low. 

Since the coefficients in the SAE equations are adjustment factors, it 
is difficult to evaluate their magnitudes and signs. 
this problem, the implementation of plotting software to examine the patterns 
of EUIs across key building characteristic variables was developed as a diag- 

As a partial remedy to 

nostic tool. 
one set of these plots. The graphs show the means of the actual , FEDS, and 
SAE intensities across different categories of five variables identical or 
similar to those used in the SAE regressions: 
zone, operating hours and employment density. 
will restrict the discussion the top portion of the figures which relate to 
el ectri c i ty . 

For small offices, Figures 5.4 through 5.8 provide an example of 

vintage, building size, climate 
As in Figures 5.1 and 5.2, we 

Variation of EUIs by vintage is shown in Figure 5.4. Although the HVAC 
intensities appear to minimally dependent upon vintage, the top right figure 
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clearly shows increasing electrification in new office buildings. 
adjustment procedure appears to modeling this trend very well, especially in 
the post-1980 buildings.(a) 

The SAE 

The top middle graph in Figure 5.5 clearly shows how heating and cooling 
requirements per square foot (HVAC) are significantly higher in very small 
buildings. 
simulations, although the level is somewhat higher the actual data. Note that 
the SAE model brings this relationship closely in line with the observed 
average intensities. 
vations in each category is shown at the top of the graph. 

increase with larger buildings (up to 50,000 ft2 in small office). 
predictions match this pattern, consistent with the high statistical signif- 
icance o f  SQFT in SAE regression shown in Figure 5.3. 

This general phenomenon is generally captured by the engineering 

In interpreting figures, note that the number of obser- 

The top right graph shows how the non-HVAC intensities as a whole 
The SAE 

(b) Figure 5.6 shows the various EUI measures by EIA climate zone. 
Climate zone one has relatively few observations and so has been combined with 
climate zone 2. 

In general, the FEDS model does a satisfactory job in tracking the 
increase air conditioning loads associated with warmer climates. 
top figure shows all three lines rising. The SAE procedure adjusts for the 

The middle 

(a) The multivariate nature of the SAE regression approach makes it dif- 
ficult to rigidly interpret this result in light of the est mated 
vintage coefficients in Figure 5.3. 
buildings is positive, but the coefficient on the 1946-1979 dummy vari-. 
able (Vl*NHVf) is slightly negative. Clearly, other variab es are also 
contributing to the positive adjustment that is shown for a 1 of the 
post-war buildings in Figure 5.4. 
The EIA climate zones are defined as follows: 

The coefficient on the post-1980 

(b) 
Zone # HDD CDD 

1 < 7,000 < 2,000 
2 5,500-7,000 < 2,000 
3 4,000-5,500 < 2,000 
4 2,000-4,000 < 2,000 
5 2,000-4,000 < 2,000 
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somewhat constant overprediction of cooling from the FEDS model. As expected, 
there is little dependency of the non-HVAC loads with respect to climate zone. 

Figure 5.7 shows the effect of weekly operating hours upon the predicted 
and actual electricity EUIs. 
jump in non-HVAC intensity for the small offices reporting continuous 
operations (168 hours/week). The SAE model employs hours as a continuous 
variable and, thus, the adjusted (dashed 1 ine) intensity rises monotonically 
as operating hours increase. 
sample that reported a continuous schedule and met the criteria for inclusion 
in the SAE estimation. 

The most striking element of the figure is the 

Note that there are only 12 buildings in the 

Employee density is the classifying variable in Figure 5.8. In this 
case, both HVAC and non-HVAC loads appears to be strongly dependent upon this 
variable. Although the FEDS model shows some dependence upon density, it is 
weak compared to the relationship exhibited by the actual intensities. 
close tracking of the adjusted EUIs to the actual EUIs is consistent with the 
high statistical significance of the employee density variables (EMP) in SAE 
regressions (Figure 5.3). 

Retail/Service 

Figure 5.9 displays the SAE regression results for the retail/service 
building type. As before, the top panel shows the adjustment coefficients for 
the HVAC portion of the total intensity. 
cients on the same variables as applied to the NHVAC end uses. 

The 

The lower panels shows the coeffi- 

In contrast to the results for small offices, the vintage coefficients 
are very strong for both SAE regressions for the retail/service building type. 
The positive coefficient on the post-1980 buildings is particularly signif- 
icant; this result is consistent with the FEDS underprediction as shown in 
Figure 5.2. 

Similar to the results for small offices, the adjustment coefficient for 
building size is not statistically significant. 
FEDS model is performing an adequate job of accounting for the greater envel- 
ope thermal losses (or gains) in smaller buildings. For non-HVAC use, the 
coefficient is negative, a turnaround from the result obtained for small 

This result suggests that the 
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Vallid cases: 
Missing cases: 
Total  SS: 
R-squared: 
Re:; i dua 1 SS : 
F(7,815): 

Val- i a b l  e 

HVf  

V2"HVf 
SWT*HVf 
CDI)*HVf 
HRS*HVf 
EMP*HVf 

- .. - - - - - - 
Vl94HVf 

Estimate 

0.641 65 1 
0.220975 
0.873499 
0.0001 13 
0.000327 
0.006385 
0.270039 

- - - - - - - - - - - .__. 

822 
0 

731061 -739 
0.369 

461606.303 
67.963 

Standard 
Er ror  

0.050813 
0.132608 
0.155872 
0.00041 2 
0.000040 
0 -001 150 
0.04035 1 

__- - - - - - - - - -  

- HVAC 

Dependent var iable:  Y 
De le t ion  method: None 
Degrees o f  freedom: 81 5 
Rbar-squared: 0.364 
Std e r ro r  o f  est: 23.799 
Probab i l i t y  o f  F: 0.000 

t -va 1 ue 

12.627577 
1 .666382 
5.603942 
0.273098 
8.079922 
5.554611 
6.692288 

- - - - - - - - - - -  
Prob 
> i t !  _ _ - _ _ _ _ _ _ _  
0.000 
0.096 
0.000 
0.785 
0.000 
0.000 
0.000 

Standardized Cor w i th  
Estimate Dep Var 

0.382477 0.516339 
0.063083 -0.034129 
0.210835 0.228690 
0.007843 -0.209140 
0.221481 0.361101 
0.158021 0.316967 
0.187355 0.364280 

. _ - _ _ _ _ _ _ _ _ _ _ _ - - - - - - _ _ _ _  

"VAC 

V a l i d  cases: 822 Dependent var i ab 1 e: Y 
Missing cases: 0 De le t ion  method: None 
Total  SS: 41 17986.090 Degrees o f  f reedm: 814 
R -:squa red: 0.341 Rbar-squared: 0.336 
Residual SS: 271 2684.786 Std e r ro r  o f  est: 57.728 
F (i3,814 ) : 52.711 Probab i l i t y  o f  F: 0.000 

Var iable 

NH'Uf 
VI'*NHVf 
V2'*NHVf 
SQFT*NHVf 
CDID*NHVf 
HRS*NHVf 
EMP*NHVf 

_ _ _ _ - - - - - _ _ _  

E 1 cMan 

Estimate 

I .561651 
0.758534 
1.566301 

- 0.001 088 
0.000228 
0.01 7705 
0.960403 

15.557902 

____-___- -  
Standard 

Er ror  

0.090108 
0.21 7646 
0.285709 
0.000296 
0.000102 
0.002084 
0.070459 

IO. 064778 

_ _ - _ - - - _ _ - _ _  t -va lue  

17.33091 4 
3.485 178 
5.482148 

-3.674593 
2.221 833 
8.494870 

13.630705 
1 .545777 

_ _ _ _ _ _ - - _ _ _ _  
Prob 
> i t !  -____-__-_.  
0.000 
0.000 
0.000 
0.000 
0.027 
0.000 
0 IO00 
0.123 

Standardized 
Estimate 

0.463837 
0.108274 
0.172768 

-0.091527 
0.056644 
0.225340 
0.335866 
0.038242 

._------------ 

Cor w i th  
Dep Var 

0.553476 
0.062594 
0.103263 

-0.007305 
0.007598 
0 -420213 
0.407253 
0.105209 

- - - - - - - - -  

~ - FIGURE 5.9. Retail/Service: SAE Regression Results for Electricity 

offices. Here the adjustment may be picking up a compositional effect of 
relatively smaller service-related buildings (e.g. , laundromats, dry cleaners) 

oads. that have high internal 

The FEDS models aga 
variation1 with regard to 

n appears to be understating the cross-sectional 
cooling degree days. The positive coefficient on CDD 

for the HIVAC adjustment regression exceeds eight. 

Finailly, the hours and employment density coefficients are positive and 
statistieally significant. 
both the HVAC and non-HVAC SAE regressions. 

The employment density adjustment is strong for 
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As might be expected, the magnitude of the coefficient for the manu- 
facturing dummy variable is somewhat greater in the retail/service than for 
small offices. Although the statistical significance is greater for the 
retai l/service sector, it is sti 1 1  not a powerful expl anatory vari ab1 e re1 a- 
tive to the factors discussed above. 

Figures 5.10 through 5.14 display the EUIs across each of the variables 
used in the SAE regression results. 
the plots clearly indicate the role of weekly hours and employment density in 
adjusting the FEDS model results. 

Goodness of Fit Measures 

The figures displaying the results of the annual SAE models (Fig- 

As for the small office building type, 

ures 5.4-5.8 and 5.10-5.14) suggest that this type of specification clearly 
improves the cross-sectional explanation of building-level EUIs. As a simple 
measure of goodness of fit, we ran simple linear regressions on the total EUI, 
using the FEDS and SAE EUI estimates as the independent variable (Equa- 
tions 5.16 and 5.17). 

E U I  = a, + a, EUIFEDS + e  

EUI = b o  + b, EUISAE + e  

(5.20) 

(5.21) 

The results of L e s e  regressions are shown in Tab z 5.3. With the 
exception of lodging, the improvement in the percentage of explained variation 
is large for every building type. 
restaurants, where the R2 increases from 0.038 to 0.502. 
coefficients is also consistent with this result. 
slope coefficient (b,) is much closer to unity and the intercept is smaller. 

Although we can take some satisfaction that the SAE models improve the 
measures of explained cross-sectional variation, the ultimate objective is to 
provide an engineering-based explanation of total EUI by building type that 
directly incorporate the general building characteristics and demographic 
variables discussed above. 

One of the largest improvements is for 
The pattern of 

In the SAE regression, the 

Although some modifications were made to the FEDS 
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TABLE 5.3. Overall Goodness o f  Fit Measures by 
Building Type, Electricity EUIs 

FEDS SAE 

Building Type N an cy, R2 B" B, R2 

Assembly 445 9.04 0.603 0.084 
Educat i on 314 13.93 0.656 0.055 

Restaurant 129 43.53 0.627 0.038 

Lodg i ng 114 31.49 0.283 0.072 
Large Office 281 52.15 0.437 0.020 
Small Office 476 36.25 0.318 0.017 
Retai 1 822 -6.10 1.715 0.133 
Warehouse 436 16.72 0.620 0.019 
Other 245 20.83 0.496 0.039 

Food Sales 65 -42.21 1.178 0.110 

Hospital 70 214.72 -0.110 0.000 

4.72 0.813 0.216 
8.085 0.768 0.208 

8.67 0.926 0.502 
18.23 0.837 0.182 
29.49 0.360 0.085 
35.70 0.530 0.056 
18.65 0.648 0.135 
3.69 0.918 0.394 
6.93 0.713 0.169 
10.08 0.718 0.147 

-0.49 1.003 0.344 

model and input assumptions on the basis of preliminary simulation results 
this process clearly can be extended and improved. To reach this goal wil 
require a longer-range effort than was afforded to this particular study. 

The full set of estimation results for the SAE regressions is shown i 
Appendix D. 

5.3 EUI ESTIMATION FOR FULL SAMPLE 

The results of the estimation in Equations (5.18) and (5.19) provide 
basis f o r  the final SAE estimates of EUIs for electricity EUIs. The predi 
values of the HVAC and non-HVAC intensities, EUIHVAC and EUINHVAC, become cor 
trol totals for the HVAC and NHVAC components from the FEDS model. 
the HVAC components, the shares of the predicted FEDS end uses for heating 
cooling, and ventilation are used. Denoting these shares as gsh, gcl, and 
gvt, the SAE estimates of the HVAC end-uses are defined as 

Thus, 
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E O  1 H V A C  
E O I  H V A C  

E U I S A E S H  = g s h  - 
E U I S A E ~ ~  = g s c  

E U I S A E ~ ~  = g v t  E U I ~ ~ ~ ~  

(5.22) 

(5.23) 

(5.24) 

The same procedure is used for the NHVAC components: 
eration, cooking, hot water, and miscellaneous electrical use. 

lighting, refrig- 

The overall study generated three full sets of EUIs by building type. 

The third set was termed the calibrated 
The first. set was produced from FEDS without adjustment. The second set are 
the SAE estimates just described. 
EUIs. The calibration was performed relative to the total building consump- 
tion as either measured from the billing data or imputed by EIA. 

5.3.1 &:a1 i nu Procedure 

The basic procedure to generate the calibrated EUIs was to proportion- 
ally scale the SAE estimates by end use to ensure that the total EUI matched1 
the EIA estimate. Application of the same scaling factor for every end use 
follows the method used by EIA in its estimation of end-use consumption for 
the residential sector. 
dure for estimating the end use breakdown for individual CBECS sample build- 
ings, it reflects the aggregate end-use proportions estimated via the SAE 
approach 

Although it cannot be recommended as the best proce- 

In the course of developing the final calibrated EUIs, instances where a 
strict proportional scal i ng procedure generated imp1 ausi bl e results were 
encountered. This occurred when there was only a small number of available 
observations for particular building types in a specific census division. 
presence of buildings with very large consumption tended to push all of the 
EUIs for some building types much higher than the national average. 

The 

To help overcome this problem, we limited the magnitude of the scaling 
Proportional scaling of each of the EUIs was 

The res-id- 
in certa'in high intensity cases. 
performed only up to a given prescribed maximum (total) intensity. 
ual consumption (again, expressed as an intensity) was then assigned to the 
mi scel 1 aneous end use category. The Val ues for the maximum intensities used 
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were identical to those employed for the screening o f  the SAE regression 
observations. As discussed in section 5.2, these intensities were calculated 
as a multiple o f  3.0 times the maximum FEDS-generated intensity for any single 
CBECS sample building within a building category (Table 5.3). 

5.3.2 Use of HVAC and NHVAC DecomDosition Estimates 

The monthly bill decomposition work generates a reasonable estimate of 
the HVAC and NHVAC consumption for a large share of the overall CBECS sample 
[i.e., the EUIHVAC and EUI "'*' from Equations (5.6) and (5.7)]. For these 
buildings in the final calibrated dataset, these values were used as control 
totals for the two categories o f  end uses. Within these categories the end 
use breakdown was generated from the engineering model as described above. 
For the remaining buildings, the predicted (SAE) values from Equations (5.18) 
and (5.19) were used as control totals for the separate categories of HVAC and 
non-HVAC end uses. 
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6.0 EUI ESTIMATION: NATURAL GAS AND OTHER FUELS 

This chapter examines natural gas EUI of six specific end uses for 
11 commercial building types identified in the CBECS. 
objectives to accomplish. 
for each building type across the various end uses: 
heating, cooking, manufacturing, and electricity generation. 
objective is to develop a model that predicts consumption for natural gas and 
other fuels. Overall, the natural gas model is used to predict annual fuel 
consumption by end use for every building reported in the CBECS. 

We have two primary 

heating, cooling, water 
The first objective is to estimate natural gas use 

The second 

6.1 METHODOLOGY 

Our preferred approach to estimate natural gas EUI was to combine sta- 
tistical methods and engineering simulations into single SAE model for each of 
the 11 building types. 
consumption to end-use specific characteristics and to the individual com- 
mercial building characteristics. 
estimated individually for heating, water heating, and cooking by building 
type. 
generation in certain building types (one of many statistical problems) 
restricted the estimation procedures feasible for these end uses. Conse- 
quently, pure statistical methods were used to capture manufacturing and 
cogeneration EUIs. And, cooling estimates were based solely on the simulated 
engineering estimates. As a result, to calculate the annual consumption for a 
specific building type, the consumption of each end use is summed to estimate 
the total consumption. 

Such a model conditions the estimates of natural gas 

Instead, SAE models were constructed and 

In addition, limited observations of cooling, manufacturing, and co- 

Section 6.1.1 discusses how we separated the weather-sensitive portion 
from the non-weather-sensitive portion of the annual energy load. Section 
6.1.2 describes our empirical estimation procedure. Section 6.2 discusses the 
results for two familiar building types, small office and retail. Section 6.3 
describes how the other fuels were estimated using the framework of the nat- 
ural gas model. 

6.1 



6.1.1 hather-Sensitive vs. Non-Weather-Sensitive Loads 

The objective o f  this subsection is to describe how the weather- 
sensitive load was separated from the non-weather-sensitive load for each 
building. The seasonal characteristics of gas use displayed in the monthly 
billing dlata provided us with a basis by which to distinguish between the base 
load (non-weather-sensitive) and non-base load (weather-sensitive) gas con- 
sumption. It was assumed that in the summer months (June, July, and August) 
that gas consumption was non- heat i ng . 
tion that. incorporated the EUIs o f  these three months to form an annual base 
load estimate. The annual base load (BL) estimate was the minimum two month 
average o f  the annualized actual energy use during the summer months. 
non-base load (NBL) was then calculated by subtracting the base load from the 
actual gas consumption.(a) As a result the actual EUI is decomposed into 
the two components, BL and NBL (Equation 6.1). 

Thus, we cal cul ated an average consump- 

The 

EUI = EO1 BL + EQI (6.11) 

where ElUI = the "actual" total natural gas consumption 

natural gas consumption 
EUINBL = our estimate of total "actual" weather-sensitive (NBL) 

EUIBL = our estimate o f  "actual 'I non-weather-sensi tive (BL) 
consumption. 

Notle that EUINBL i s  only a proxy for the proportion of the actual natural 
gas conslumption used for heating , and EUIBL is a proxy for the amount of 
actual cionsumption used for water heating, cooking, and cooling, miscella- 
neous. Natural gas consumption used for cooling was included in the EUIBL 

(a) In all, 54 cases were observed in which the annualized base load esti- 
mate was greater than the annualized non-summer consumption. 
observations were not included in the SAE regression models described in 
the next section. 

These 
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estimate as only 14 buildings within the entire regression sample set reported 
using gas for cooling and had a consumption profile that indicated cooling 

(a) use. 

The result of this process generates estimates of the base load and the 
non-base load for each building in the regression data set. 
then utilized as actual data in the empirical models discussed in sec- 
tion 6.1.2. 

6.1.2 EmDirical Models 

These values are 

Following the billing data decomposition, the next step is develop a set 
of models that can explain the cross sectional variation in the base load and 
non-base load values within a building type. As indicated previously, both 
pure statistical and SAE approaches were used to complete our modeling effort. 
The pure statistical and/or conditional demand models are described in this 
section, along with a discus'sion of the SAE models. 

Heating, water heating, and cooking coefficients were each estimated 
individually in conditional demand models. In addition, because numerous 
sample buildings included gas end use for both water heating and cooking, it 
was necessary to estimate water heating and cooking observations in a separate 
model. These models are represented i n  Equations 6.2 and 6.3. 

EUIBL =cu.D. 1 1  + ei i = wh,ck,whck (6.3) 

(a) Of the 14 buildings with observed cooling use of natural gas, 10 had 
higher monthly intensities during the summer than the annual average and 
thus, were excluded from the regression analysis. The other four 
buildings with cooling were included in the regression analysis, but are 
judged to have negligible effect on the estimated SAE models (see 
Section 6.1.2). See page 6.7 for additional discussion related to gas 
cool i ng . 
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where Dsh, Dwh, Dck, and Dwhck are categorical variables (1 indicating the 
presence of an end use, 0 otherwise) for heating, water heating, cooking, and 
the combination of water heating and cooking, respectively; and ei is the 
estimated error terms. The models in Equation 6.3 were estimated with only 
water healting, only cooking, and only the combination of water heating and 
cooking present (over any of the seven end uses) in the regression subsets. 
Then, observations that included heating were added to the individual subsets 
of data alnd the models were re-estimated. Thus, we have two sets of regres- 
sion coefficients for each model within each of the 1 1  building types; one set 
dependent. only on the buildings that reported consumption of that end use and 
no other consumption; and another set dependent on each end use alone or each 
end use with only heating. The former set is presented in a table containing 
the conditional demand coefficients in Appendix D. 

Again, the initial approach examined was to jointly estimate water 
heating c:onsumption, cooking consumption, and water heating and cooking 
consumption, rather than individually estimate the levels of consumption as 
indicated in Equation 6.3. Ideally, in the initial model the sum of the water 
heating c:oefficient and the cooking coefficient should be equal to the water 
heating aind cooking coefficient (i.e., one may expect an additive relationship 
between water heating consumption and cooking consumption, and that of water 
heating aind cooking consumption). 
did not c:onfirm this relationship and were inconclusive overall. 
quently, each end use was estimated individually as specified in Equation 6.3. 

The results o f  the initial model estimates 
Conse- 

The models and coefficients generated in Equations 6.2 and 6.3 provide 
preliminary information regarding the EUIs. 
mates, SAE models were defined for heating, water heating, cooking, and water 
heating and cooking. The SAE models for water heating, cooking, and water 
heating and cooking (Equation 6.4) are defined by simply replacing the 
categorical variables with FEDS engineering estimates. 

To further refine these esti- 

EUIBL = &EUIFEDS, + ei i = wh,ck,whck ( 6 . 4 )  
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where the EUIFEDSi are the simulated engineering estimates for water heating, 
cooking, and the combination of water heating and cooking, respectively, and 
ei is the estimated error terms. For all building types, these estimates 
included each end use alone or each end use combined with observations of 
heating. In addition, for the building type Retail we also estimated each end 
use alone (e.g., water heating and no other end use observed). 
building type we had sufficient observations to estimate the end uses with and 
without heating present. Furthermore, we observed that there were significant 
differences between the two sets of water heating coefficients. After examin- 
ing a wide variety of model specifications for heating, we settled on a final 
heating model. This model is significantly different than Equation 6.2. A 

detailed description o f  the heating model is provided below. 

For this 

L 

Similar to the SAE model for HVAC electricity consumption, the adjust- 
ment of the engineering-based heating EUI was hypothesized to depend upon the 
vintage of the building, square footage, heating degree days, weekly operating 
hours, and employment density. This model is shown in Equation 6.5. 

EOINBL = (p0 + plDvl + &DV2 + kSQFT 
+ P,HDD + ~ H R S  + &EMP)EUIFEDS~~ + e 

where EUIFEDSSh = the engineering heating values 

= 1 if the year built was between 1946 and 1979, 0 otherwise 

= 1 if the year built was between 1980 and 1989, 0 otherwise 
Dvl 

DV, 
SQFT = building size (thousands of ft2) 

HDD = heating degree days 

HRS = weekly operating hours 

EMP = employment density (employees/100 ft'). 

A variety of specifications were tested with variations of these major 
variables. For the SQFT, HDD, HRS, and EMP variables, specifications using 
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e i ther  dummy (categorical)  variables or continuous variables were tes ted.  A s  

for  e l ec t r i c i ty ,  the continuous form of the variables generated higher percent- 
ages of expl ai ned vari ance. 

As previously indicated, many buildings in the CBECS reported natural 
To report separate water 

To accomplish this task, a 

gas end use fo r  both water heating and cooking. 
heating and cooking EUIs i t  was necessary t o  establish a re l iab le  methodologry 
tha t  prorates water heating and cooking shares. 
condi t i orial demand model (Equati on 6.6) was constructed. 

Eul  = @shDsh + Dsc+ %hDwh + %kDck %hckDwhck + %t Dot + e (6.6) 

vari ab1 es fo r  heat 
cooking, and other,  

where Dsh, Dsc Dwh, Dck, Dwhck, Dot are categorica 
ing, water heating, cooking, water heating and 

ng, cool-. 
respec- 

t ively.  Dot consists of manufacturing or co-generation. The water heating 
share i s  then approximated by ~w,.,/(ol,h+ol,k), while the cooking share i s  
approximated by a c k / ( a w h i a c k ) ( a ) .  

coefficient flwhck, estimated i n  the SAE version of Equation 6.4, t o  create  the 
coefficients tha t  share out water heating from cooking use: 

Each of these shares are mu1 tip1 ied by the 

%h 

(%h + %k) 
Pwhwhck = Pwhck 

%k 

(%h + %k) 
pckwhck = h h c k  

(6.7) 

(6.8) 

Maniufacturi ng and co-generati on were estimated by conditional demand 
models. 
two end iuses. The model i s  presented i n  Equation 6.9. 

This i s  because engineering estimates were n o t  simulated fo r  these 

(a )  Because of limited observations the coefficients f o r  t h i s  share r a t io  
were taken from Equation 6.4 for  Hospitals and Lodging. 
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EUI = aNB,EUIFE~sNBL + U~,EUIFEDS~~ + p,,,,,~"~ + p c p C g  + e 

where EUIFEDSNBL is heating and cooling, and EUIFEDSBL is water heating and 
cooking. Given this model specification, the resulting coefficients are condi- 
tional average values of manufacturing and co-generation that account for both 
base load and non-base load EUIs. 

Cooling was estimated directly from the FEDS simulated estimates. 
decided to use FEDS estimates because only 14 sample observations suggested 
any measurable cooling with natural gas, based on inspection of the monthly 
profiles of gas usage.(a) 

We 

Energy consumption for an individual building was allocated to the 
miscellaneous category in several cases. One common case occurred when no end 
use was reported, but positive natural gas consumption was recorded. Another 
case transpired when the only end use that was reported was heating, and there 
was non-zero base (i .e., summer) consumption. In Equation (6.6), the base 
load EUIs are regressed on a set of end uses that include heating. 
ing categorical variable, Dsh, identifies buildings with heating as the only 
end use requiring natural gas. 
of summer consumption, it is expected that the conditional coefficient ash 

should be insignificant and near zero for the base load EUI. 
was not necessarily the case and, consequently, this average value was 
allocated to miscellaneous (ms). In addition to miscellaneous allocations, 
Table 6.1 provides a summary of the EUI allocations to specific end uses. 

The heat- 

Because the base load is defined on the basis 

However, this 

A natural gas model is estimated for each of the 11 building types. 
Within each building type, the annual consumption of natural gas is the sum of 
the predicted values from each of the end use models (i.e., the coefficients 
for heating (sh), water heating (wh), cooking (ck), and w 

(a) 102 buildings with suitable natural gas billing data 
for cooling. However, except for the 14 buildings c 
cases revealed either no increase in natural gas use 

ter heating and 

months or gas usage was negligible during these months. 
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TABLE 6.1. Summary of E U I  Allocations to Specific End Uses 

Gas ciinsumption reported but  no 
end uses reported. 

Base 'load heating use estimated 
i n  Equation 6.6. 

End Uses Effected 
sh wh ck ms - - - -  

X 

Adjust the wh only  c o e f f i c i e n t s  
f o r  seasonal i t y  (from base load 
t o  noli-base load) 

x x  

Adjust t he  ck on ly  c o e f f i c i e n t s  
f o r  seasonali ty (from base load 
t o  noli-base load) 

Decompose whck use i n t o  wh 
consumption and ck consumption. 

X X 

x x  

Al loca t i on  Process 

Consumption assigned t o  
m i  scel 1 aneous. 

Consumption assigned t o  
m i  scel 1 aneous. 

The wh only c o e f f i c i e n t  was adjusted 
forNi@ason i t y  such t h a t  
EUI /EUIa'c1.5. The residual EUIs 
were then assigned t o  heating. 

The ck only  c o e f f i c i e n t  was adjusted 
i t y  such t h a t  

. The res idual  EUIs 
were then assigned t o  heating. 

The whck c o e f f i c i e n t  i s  prorated t o  
share out wh from ck as shown i n  
(6 .7 )  and (6.8). 

cooking (whck) are multiplied by the FEDS engineering values and/or continuous 
structural var ables to forecast EUIs) .  In the case of cooling (sc), the FEDS 

value were not statistically adjusted so the adjustment coefficient is identi- 
cally one. For manufacturing (mf) and co-generation (cg), the coefficients are 
conditional average values which, when multiplied by the appropriate categori- 
cal variables, provide the desired estimate. The final model for each of the 
building types is shown in Equation 6.10. 

where EUISh, EUIWh, EUIck, EUImf, EUIcg, and EUIms are predicted EUIs for heat- 
ing, water heating, cooking, manufacturing, and miscellaneous, respectively. 

Following the procedure used for the electricity estimation, any nega- 
tive value which occurred as a result o f  a negative regression coefficient was 
set to one. 
end uses to the total consumption in the CBECS public use files. 
calibrated set of EUI  estimates were gleaned from the SAE estimates in the 

Assignment of the positive value makes it possible to scale the 
A final 
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same manner as described in Chapter 5. A complete list of the coefficients 
generated from the conditional demand and SAE models for each building type 
are presented in Appendix D. 

6.2 EMPIRICAL RESULTS 

The results presented in the following figures contain the coefficients 
resulting from the conditional demand models and the SAE models for Small 
Office and Retail building types. 

6.2.1 Small Office 

The top table in Figure 6.1 contains the coefficients o f  the conditional 
demand model for buildings classified in the Small Office category. 
values are conditional (i.e., the average EUIs of each end use given consump- 
tion o f  that end use is observed in a building). The conditional E U I  (kBtu/ 
ft') for heating (sh) is 47.17, water heating (wh) is 11.73, cooking (ck) is 
8.05, and water heating and cooking (whck) is 18.36. For Small Office note 
that the coefficients among water heating consumption and cooking consumption 

These 

and that of water heating and cooking consumption are nearly additive. This 
additive relationship was an exception, not a rule, as it did not hold consis- 
tently f o r  all the other building types. Manufacturing (mf) is assigned the 
value 1.00, as the regression coefficient was negative. The conditional 
average co-generat i on (cg) 1 oad was estimated at 39.35 and mi scel 1 aneous (ms) 
load at 8.40. 

The second table in Figure 6.1 shows the coefficients that adjust the 
Two sets of coeffi- FEDS engineering estimates to the observed responses. 

cients are reported for each end use. The two end uses separated base load 
coefficients from non-base load coefficients. Water heating shows a larger 
coeff i ci ent for non- base 1 oad consumption re1 at i ve to base 1 oad consumption. 
There is no change in cooking. 

The bottom table presents a detailed description of the coefficients 
and test statistics of the SAE heating model. In particular, notice that the 
only significant coefficient is HRS (weekly operating hours) with a 
t-statistic of 2.77. Referring to Figures 5.4-5.8, the plots presenting total 
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Coridi t i onal Demand 1 Small Office sc 1 wh ck 1 whwhj:k I 
Adjustment C o e f f i c i e n t s  
Base1 oad 1.00 1.74 1.74 1.42 2.31 
Non-Basel oad 1.00 1.92 1.74 1.42 2.31 

sh wh ck whck mf cg ms 
47.17 11.73 8.05 18.36 1.00 39.35 8.40 

i d  cases: 293 Dependent variable: EU I NBL 
ssing cases: 0 Deletion method: None 
t a l  SS: 875082 -801 Degrees of freedom: 286 

R- squared: 0.135 
Residual SS: 757073.672 
F(7,286) : 6.369 

Variable 

SHf 
Vl*SHf 
V2*SHf 
SQFT*SHf 
HDD*SHf 
HRS*SHf 
EMP*SHf 

- - - - - - - - -  
Standard 

Estimate Error 

0.154883 0.256940 
-0.099061 0.112960 
-0.165530 0.181919 
0.000009 0.000006 
0.000051 O.OOOD33 
0.005704 0.002057 
0.012550 0.027093 

. . . . . . . . . . . . . . . . . . . . . . . . . .  

Rbar-squared: 0.117 
Std error of est: 51.450 
Probabil i ty of F: 0.000 

Prob Standardized 
t-value > i t !  Estimate 

0.602796 0.547 0.132741 
-0.876958 0.381 - 0.064254 
-0.909913 0.364 -0.048885 
1.407646 0.160 0.073224 
1.543854 0.124 0.288402 
2.772820 0.006 0.283858 
0.463219 0.644 0.037024 

__-______-__----________________________ 
Cor ui t h  
Dep Var 

0.6741 19 
0.509373 
0.206668 
0 -432345 
0.669252 
0.66031 7 
0.558383 

- - - _ _ _ _ _ _  

- FIGURE 6.1. Small Office: SAE Regression Results f o r  Natural Gas 

g a s  intens 
any o f  the 
c r o  s s - sect 

t y  and gas  heat i n t e n s i t y  e x h i b i t  r e l a t i v e  
b u i l d i n g  c h a r a c t e r i s t i c s  except  f o r  weekly 
onal graph o f  gas  heat t o  weekly ope ra t ing  

y l i t t l e  s e n s i t i v i t y  t o  
ope ra t ing  hours. The 
hours shows t h a t  the SAE 

model a d j u s t s  the FEDS hea t ing  va lues  s i g n i f i c a n t l y  f o r  bu i ld ings  ope ra t ing  on 
a con t  i nuious schedul e (168 hrs/week) . 

In aiddition t o  observing the p red ic t ed  values o f  the SAE model, we 
examined the seasonal v a r i a t i o n s  of the FEDS va lues  t o  the actual consumption. 
In Figure  5.1 the EUIs (kBtu/Sq. F t . )  a r e  p l o t t e d  a g a i n s t  the monthly va lues  
of the ac:tual n a t u r a l  gas  and FEDS. We see t h a t  the FEDS model c a p t u r e s  t h e  
seasonal changes i n  the ac tua l  EUIs of  na tu ra l  gas .  O f  p a r t i c u l a r  interest is  
the sha rp  increase i n  EUIs exh ib i t ed  i n  February apparent ac ross  the bu i ld ing  

6.10 



types. This a direct result of mild January weather and a severe cold spell 
in February. 
ing degree days (HDD) for January and February are 943 and 734 respectively. 
The HDD for January and February in 1989 are 808 and 857 respectively. 

To put this phenomena into perspective the 56-year average heat- 

6.2.2 Retail 

The top table in Figure 6.2 conta 
demand model for buildings classified 

ns the coeff 
n the Retail 

cients of the conditional 
category. The conditional 

EUI (kBtu/ft2) for heating (sh) is 44.53. 
cooking, and water heating and cooking (including heating end use) are 28.10, 
7.83, and 21.09, respectively. Likewise, the EUIs for water heating, cooking, 
and water heating and cooking alone are 51.55, 6.92, and 13.21, respectively. 
We speculate that the differences between the two water heating EUIs are due 
to the presence of laundromats in the sample. These laundromats used natural 
gas primarily for water heating with no discernable heating use present. For 
Retail, note that the coefficients among water heating consumption and cooking 
consumption and that of water heating and cooking consumption are not addi- 
tive. As previously indicated, this can be attributed to, among other 
factors, the heterogeneity of buildings within a building type. The condi- 
tional average EUI for manufacturing (mf) is 35.51, co-generation (cg) is 
45.63 and miscellaneous (ms) is 9.97. 

The EUIs for water heating, 

The second table in Figure 6.2 shows the coefficients that adjust the 
FEDS engineering estimates to the observed responses. 
cients are reported for each end use. These end uses separate base load 
coefficients from non-base load coefficients. In addition, for the base load 
adjustment, coefficients with and without heating present are reported. Note 
that without heating present, the water heating coefficient is larger. 

Three sets of coeffi- 

The bottom table presents a detailed description o f  the coefficients 
and test statistics of the SAE heating model. In contrast to Small Office, 
notice that the weekly operating hours (HRS) coefficient is insignificant and 
the three coefficients for Dvl, Dv2, and EMP (vintage, and employment density 
variables) are significant. Referring to Figures 5.10-5.14 in Chapter 5, the 
plots presenting gas heat intensity show that the SAE predicted values are 
very sensitive to the vintage and employment density variables. 
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I sh I wh I ck I whck I mf I cg I ms 
Coeff i ci ents 

44.53 28.10 7.83 21.09 35.51 45.63 9.97 
NA 51.55 6.92 13.21 35.51 45.63 9.97 

Retail/Service I sc I wh I ck 

Basel oad 1.00 4.15 20.57 
(w/Heating) 
Basel oad 1.00 9.71 19.52 
(wo/Heating) 
Non-Baseload 1.00 8.05 10.45 

whck 
wh ck 

13.07 5.08 

14.61 5.68 

4.17 1.62 

Valid cases: 508 Dependent variable: E U I ~ ~ ~  
Missing cases: 0 Deletion method: None 
Total SS: 1459387.762 Degrees of freedom: 501 
R - squared : 0.243 Rba r - squared : 0.234 
Residual SS: 1 1051 63.083 Std error of est: 46.967 
F(7,501): 22.940 Probabil i ty of F: 0.000 

Variable 

SHf 
VI *SHf  
V2*SHf 
SPFT*SHf 
HDD*SHf 
HRS*SHf 
EMP*SHf 

- - - - - - - - - - - - -  Estimate 

0.21 8748 
0.212348 
0.404799 
0.000000 
0.000007 
0.000661 
0.228649 

---..------ 
Standard 

Error 

0.216493 
0.086758 
0.157539 
0.000000 
0.000028 
0.001640 
0.028192 

. _ _ _ _ _ _ _ - - _ - _  
t -va 1 ue 

1.010417 
2.447599 
2.569507 
0.296563 
0.270558 
0.403292 
8.1 10453 

_ _ _ _ _ - _ - _ _ _ _  
Prob 
> I t (  - - - - - - - - -  
0.313 
0.015 
0.010 
0.767 
0.787 
0.687 
0.000 

Standardized 
Estimate 

0.173743 
0.129710 
0.090709 
0.009388 
0.040597 
0.034329 
0.383855 

_ _ - - _ _ _ _ - _ _ _ _ -  
Cor with 
Dep Var 

0.656822 
0.533204 
0.279104 
0.120057 
0 -65 1 140 
0.627732 
0.667624 

- - - - - - - - -  

- FIGIJRE 6.2. Retail/Service: SAE Regression Res.ults for Natural Gas 

A comparison of the monthly EUIs  (kBtu/Sq. Ft.) of FEDS and the actual 
consumption is presented in Figure 5.2. As in the Small Office category, the 
FEDS modlel appears to capture the seasonal changes natural gas consumption. 
In fact, for all the building categories except Hospitals the FEDS model 
appears to have sufficiently captured the seasonal patterns of natural gas 
consumption. 
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6.3 OTHER FUELS 

We used the framework established from estimating natural gas consump- 
The other fuel tion to predict energy consumption of other energy sources. 

types examined were fuel oil, district steam, and district hot water. 
District steam and district hot water were combined into a single energy 
source and will be referred to as steam. To predict fuel oil and steam con- 
sumption for each building in the 11 building types the response coefficients 
of the natural gas models were used as proxies. This model is displayed in 
Equation 6.11. 

EUI = EUISh + EUIFEDSSC + EUIWk + EUIck + 

EUImf + EUICg + EUImS 
(6.11) 

where EUIsh, EUIWh, EUIck, EUImf, EUICg, and EUIms are predicted fuel oil or 
steam EUIs for heating, water heating, cooking, manufacturing, co-generation 
and m scel 1 aneous , respectively . 

t is recognized that using natural gas coefficients for proxies in the 
estimation process for fuel oil and steam EUIs was not the ideal method by 
which one should predict energy consumption. 
data difficulties made this approach the most feasible. 

However, time constraints and 
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7.0 SUMMARY OF E U I  ESTIMATES 

This chap te r  provides a summary of the E U I  e s t i m a t e s  from the method- 
ology d i scussed  i n  the previous  two chap te r s .  
end use d i saggrega t ion  f o r  a l l  bu i ld ings .  Subsequently, we provide the 
na t iona l  average E U l  e s t i m a t e s  by bu i ld ing  type .  

We first focus  on the ove ra l l  

7.1 RESULTS FOR ALL BUILDINGS 

Table 7.1 shows the s tandard  p resen ta t iona l  format f o r  the E U I  es t i -  
mation results. 
sample. 
base used i n  the es t ima t ion  methodology, 63.19 b i l l i o n  square  feet . (a)  

The t a b l e  a p p l i e s  t o  an aggregation o f  the full 1989 CBECS 
The t o p  of the t a b l e  shows the c a l c u l a t e d  f l o o r s p a c e  from the d a t a -  

The t o p  panel o f  Table 7.1 shows the fuel s h a r e s  f o r  the va r ious  end 
uses i n  terms of  f loo r space .  T h u s ,  f o r  example, bu i ld ings  con ta in ing  about 
24 percent  o f  commercial f l oo r space  use e l e c t r i c i t y  f o r  space  hea t ing .  The 
fuel s h a r e s  i n  this t a b l e  d i f f e r  t o  some degree from those  der ived  from the 
CBECS p u b l i c a t i o n s .  
FEDS a s  having a p o s i t i v e  consumption is  en te red  as part o f  the fuel sha re  
c a l c u l a t i o n .  In the CBECS, bu i ld ings  r e p o r t  whether a fuel is  used f o r  
hea t ing  o r  cool ing;  according t o  the FEDS model some of these bu i ld ings  may 
no t  have a c t u a l l y  consumed the fuel f o r  this purpose dur ing  1989. 

For this t a b l e ,  on ly  the f loo r space  t h a t  was modeled by 

W i t h  the cavea t  t h a t  on ly  nonzero consumption i s  cons idered ,  the fuel 
s h a r e s  f o r  hea t ing ,  cool ing ,  gas  cooking, and water hea t ing  a r e  based on the 
responses  from the CBECS. For the o t h e r  end uses, the E U I s  were based on 
average va lues  t h a t  were used i n  o r  modeled by the FEDS model f o r  a l l  but a 
few CBECS sample bu i ld ings .  

( a )  T h i s  t o t a l  d i f f e r s  s l i g h t l y  from the published va lue  o f  63.184 b i l l i o n  
( E I A  1992). For a small number of bu i ld ings ,  we used the f loo r space  
from E I A ’ s  p u b l i c  use f i l e ,  r a t h e r  than the o r i g i n a l  d a t a  used by E I A .  
E I A  masks the f l o o r s p a c e  values t o  a small degree t o  reduce the l i k e l i -  
hood t h a t  any s i n g l e  bu i ld ing  can be i d e n t i f i e d  by a user o f  the pub l i c  
use f i l e .  
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-- TABLE: 7.1. Standard Presentational Format for EUI Estimation Results 

All Buildings 

Total F1 oorspace (Bi 1 1  ion ft2) : 63.19 

Fuel Shares by End Use 
(fraction of floorspace with usage > 0) 

Heat Cool Vent Light Refr Cook H Wtr Misc 
El ec 0.24 0.65 0.97 0.97 0.97 0.97 0.34 0.97 
Gas 0.57 0.00 0.00 0.00 0.00 0.23 0.40 0.41 
Oi 1 0.14 0.00 0.00 0.00 0.00 0.00 0.03 0.04 
D.H. 0.09 0.01 0.00 0.00 0.00 0.01 0.07 0.00 

Conditional Intensities for All Buildings 

Heat Cool Vent Light Refr Cook H Wtr Misc 
El ec 6.24 6.86 4.53 16.71 3.04 0.91 1.13 13.46 
Gas 36.38 33.19 0.00 0.00 0.00 15.44 12.40 8.84 
Oi 1 35.44 1.40 0.00 0.00 0.00 31.80 12.17 8.55 
D.H. 65.45 19.59 0.00 0.00 0.00 12.92 29.85 96.26 

Average Intensities for All Buildings 

Heat Cool Vent Light Refr Cook H Wtr Misc Total 
El ec 1.52 4.46 4.40 16.18 2.96 0.88 0.38 13.10 43.88 
Gas i!0.63 0.07 0.00 0.00 0.00 3.54 4.92 3.62 32.78 
Oi 1 4.84 0.00 0.00 0.00 0.00 0.07 0.41 0.32 5.65 
D.H. 5.89 0.27 0.00 0.00 0.00 0.19 2.06 0.85 9.26 

The end uses for which we did not use the specific CBECS information on 
As discussed in Appendix A:, end use are refrigeration and electric cooking. 

these end uses (together with miscellaneous) are modeled basically as average 
intensities that apply to all buildings within a given building type.(a) 

Accordingly, since these end uses are assumed to be present in nearly 
every building, the fuel shares (saturations) are near 1.0. This treatment 
causes nio difficulty if the EUIs are used as building averages, although it 
will lead to some error for specific buildings. 

(a) Lighting and ventilation are also assumed to be present in nearly all 
buildings and depend upon a number of CBECS variables to determine their 
intensity. 
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that the EUIs ca 
equi Val ent 1 eve1 
EUI for electric 
heated buildings 
that electricity 

end use. When examining these intensities by fuel, one should 

Conditional EUIs are shown in the second panel of the table. These 
intensities are the average values for all buildings that contain the specific 

keep in mind 
not be expected to represent amount of fuel t deliver an 
of service to a given building. For example, the conditional 
ty is significantly lower than gas or oil. E ectrically 
are generally in warmer areas of the country. Note, too, 
is expressed on a site basis (3412 Btu/kWh), and that elec- 

tric heat pumps would deliver more heat per Btu of input energy than gas or 
oil systems. 

Some of the disparity between the electric and gas intensities for 
cooking and hot water may stem from their different estimation methodologies 
as described in the previous two chapters. 
that the intensities are greater for gas as compared to electricity. 
buildings with high demands for these end uses (e.g., restaurants, laundro- 
mats, hospitals) gas is the less expensive fuel to utilize. Nevertheless, as 
we discuss in the next chapter, additional work may be required to better 
rationalize the differences in EUIs found in this study. 

However, the data strongly suggest 
For 

The third panel in Table 7.1 shows the average intensities for each fuel 
and end use combination. 
floorspace. Thus, the values in this panel are simply the conditional EUIs 

The averaging is done across the entire stock of 

multiplied by the fuel shares in the top panel. 

7.1.1 End Use Shares 

The values of the average intensities can be 
For electr tions of end use consumption by fuel. 

used to 
city, 1 

determine the frac- 
ghting is largest 

end use, comprising about 37% (16.184/43.881) of total consumpti on. Mi scel- 
laneous uses (office equipment, task lighting, etc.) make up the next largest 
portion o f  electricity consumption at around 30%. HVAC consumption is esti- 
mated to be less than a quarter o f  total electric consumption. 

As would be expected, heating is principal use for natural gas and oil. 
However, over one-third of natural gas use is estimated to be for non-heating 
end uses. 
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Figures 7.1 and 7.2 display the end use shares of commercial consumption 
after aggiregation across fuels. Figure 7.1 shows the distribution as expres- 
sed in site or delivered energy. On this basis, heating is the largest use of 
energy in1 commercial buildings, accounting for nearly 36% of total consump- 
tion. Miscellaneous and lighting are the next largest categories, with a com- 
bined conlsumption slightly more than that for heating. 

Miiscellaneous (1 9.5%) 

Hot VVater (8.5%) 

Cooking (5.1 %) 
Refrigeration (3.2%) 

Lighting (1 7.7%)’ 

FIGURE 7.J. Estimated Distribution of End-Use Energy Consumption in U.S. 
Commercial Buildings, Delivered Energy Basis 

Figure 7.2 shows the composition of energy as expressed in primary 
energy. On this basis, electricity is converted to Btu by a factor of 11,500 
Btu/kWh Ito account for the generation and transmission losses associated with 
electricity. 
end use with 28% of total energy consumption. 
follows close behind with a 25% share. 
primary energy use, with heating comprising a little more than half of this 
consumption. 

On a primary energy basis, lighting becomes the largest single 

HVAC consumption is about a third o f  

Miscellaneous equipment use 

7.1.2 GomDarison with Current EIA Estimates 

A natural question is how the new EUI estimates and resulting end use 
distribution compare with the values currently being used by EIA. 
level, Table 7.2 compares the current composition of end uses by fuel with 
those published by EIA in the Annual Enerqv Outlook 1993 (EIA 1993). 

At a broad 
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Miscellaneous (25.0% 

.- ._. _- 

7.9%) 

(7.6%) 

Lighting (27.9%) 

FIGURE 7.2. Estimated Distribution of End-Use Energy Consumption in U.S. 
Commercial Buildings, Primary Energy Basis 

TABLE 7.2. Comparison of EUIs: Current Study 
Versus 1993 Annual Enerqv Outlook 

Current Study AEO 1993 
(for 1989) (for 1990) 

QBtu (%I QBtu (%I 
Electricity 

Space Heating 0.10 3.5% 0.52 18.1% 
Cool ing 0.28 10.2% 0.73 25.4% 
Lighting 1.02 36.9% 1.14 39.7% 
Other 1.37 49.5% 0.48 16.7% 

Total 2.77 100.0% 2.87 100.0% 

Natural Gas 
Space Heating 1.30 62.9% 1.80 65.2% 
Cool i ng 0.00 0.2% 0.21 7.6% 
Other 0.76 36.9% 0.75 27.2% 

Total 2.07 100.0% 2.76 100.0% 

Oi 1 (distil 1 ate) 
Space Heating 0.31 85.8% 0.45 91.8% 
Other 0.05 14.2% 0.04 8.2% 

Total 0.36 17.2% 0.49 17.8% 

In looking at the table, emphasis should be placed upon the percentage 
distribution of end uses rather than the absolute consumption figures. The 
Annual Enerqv Outlook (AEO) estimates for 1990 are shown in column three of 
Table 7.2. 
mates for total consumption by fuel are calibrated to a different source 

Besides the one year difference in comparison years, the AEO esti- 
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(State Enlerqv Data ReDort) and would not match CBECS in any event. 
crepancy is particularly high for gas and oil. 
ences betlween these sources are discussed in Appendix C of the consumption and 
expenditures report for the 1989 CBECS (EIA 1992). 

The dis- 
Some reasons for the differ- 

The table clearly shows some significant differences in the end use 
compositilon of electricity currently modeled by EIA and the estimates from the 
current study. Space conditioning consumption is substantially lower than the 
AEO figure, based on the estimation procedure applied to the 1989 CBECS. 
Heating is about one-fifth of the AEO estimate, while cooling is less than 
half. 
significantly more electricity consumption for miscellaneous (non-HVAC and 
1 ighting) uses within commercial buildings. 

Lighting consumption is about the same. The current study finds 

On a strictly percentage basis, the composition of natural gas usage is 
roughly comparable, with the exception of space cooling. This may be somewhat 
misleading since the AEO estimate for "other" incorporates gas usage classi- 
fied under commercial sales but not consumed within commercial buildings. On 
the other hand, the estimate shown in column one of Table 7.2 does not include 
gas used by central physical plants providing district heating or cooling to 
commerci a1 complexes. 

As discussed in chapter 6, gas consumption for absorption cooling 
appears to insignificant in the sample of buildings covered by the 1989 CBECS. 
The current AEO estimate, suggesting nearly 8% of gas consumption is used for 
cooling must be based on other information outside the CBECS or is substan- 
ti a1 1 y overestimated . 

Other than fuel differences in total consumption, the end use 
composition in for distillate fuel oil is comparable between the two sources. 
Space heating is the dominant use of oil within commercial buildings. 

7.2 U L T S  BY BUILDING TYPE 

Table 7.3 shows the calibrated EUIs for each building type. The format 
is identical to that discussed for Table 7.1. 



TABLE 7.3. Cal ib ra ted  EUIs f o r  B u i l d i n g  Types 1 through 11 

E l  ec 
Gas 
O i  1 
D.H. 

E l  ec 
Gas 
O i  1 
D.H. 

B u i l d i n g  Type 1: Assembly 

Tota l  Floorspace ( B i l l i o n  ft2): 6.91 

Fuel Shares by End Use 
( f r a c t i o n  o f  f loorspace w i t h  usage > 0) 

Heat Cool Vent L i g h t  Ref r  Cook 

0.25 0.66 0.99 0.99 0.99 0.99 
0.59 0.00 0.00 0.00 0.00 0.19 
0.14 0.00 0.00 0.00 0.00 0.00 
0.12 0.00 0.00 0.00 0.00 0.00 

Condi t ional  Energy I n t e n s i t i e s  (kBtu / f t2 )  

Heat Cool Vent L i g h t  Ref r  Cook 

11.19 5.46 3.69 9.20 1.64 0.11 
32.93 12.93 0.00 0.00 0.00 13.85 
30.79 0.00 0.00 0.00 0.00 0.00 
54.23 23.07 0.00 0.00 0.00 0.56 

Average Energy I n t e n s i t i e s  ( kBtu/ f t2)  

H Wtr 

0.27 
0.45 
0.05 
0.09 

H Wtr 

0.77 
4.24 
5.79 
6.57 

M i  sc 

0.99 
0.40 
0.00 
0.00 

M i  sc 

5.92 
2.81 
3.92 

107.50 

Heat Cool Vent L i g h t  Ref r  Cook H Wtr Misc Tota l  

Elec 2.77 3.62 3.66 9.11 1.62 0.11 0.21 5.86 26.95 
Gas 19.46 0.00 0.00 0.00 0.00 2.63 1.92 1.13 25.15 
O i  1 4.21 0.00 0.00 0.00 0.00 0.00 0.30 0.03 4.55 
D.H. 6.31 0.05 0.00 0.00 0.00 0.00 0.60 0.17 7.13 
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E l  ec: 
Gas 
O i  1 
D.H. 

E l  ec: 
Gas 
O i  1 
D.H. 

TABLE 7.3. (contd) 

B u i l d i n g  Type 2: Education 

Tota l  F1 oorspace ( B i  11 i o n  ft') : 8.08 

Fuel Shares by End Use 
( f r a c t i o n  o f  f loorspace w i t h  usage > 0) 

Heat Cool Vent L i g h t  Ref r  Cook 

0.13 0.51 1.00 1.00 1.00 1.00 
0.69 0.00 0.00 0.00 0.00 0.42 
0.20 0.00 0.00 0.00 0.00 0.00 
0.12 0.06 0.00 0.00 0.00 0.00 

Condi t ional  Energy I n t e n s i t i e s  (kBtu / f t2 )  

Heat Cool Vent L i g h t  Ref r  Cook 
9.35 4.24 3.00 14.15 1.28 0.09 
42.30 0.00 0.00 0.00 0.00 15.40 
41.87 0.00 0.00 0.00 0.00 0.45 
62.63 17.94 0.00 0.00 0.00 2.28 

Average Energy I n t e n s i t i e s  ( kBtu / f t2 )  

H Wtr 

0.19 
0.61 
0.07 
0.12 

H Wtr 
1.10 
3.02 
3.95 
21.68 

M i  sc 

1 .oo 
0.48 
0.01 
0.00 

M i  sc 
4.71 
5.17 
5.96 

108.19 

Heat Cool Vent L i g h t  Ref r  Cook H Wtr Misc Tota l  
E l  ec 1.25 2.17 2.99 14.14 1.28 0.09 0.20 4.71 26.83 
Gas 219.30 0.00 0.00 0.00 0.00 6.41 1.85 2.49 40.04 
O i  1 8.42 0.00 0.00 0.00 0.00 0.00 0.29 0.07 8.78 
D.H. 7.68 1.04 0.00 0.00 0.00 0.00 2.65 0.11 11.50 

B u i l d i n g  Type 3: Food Sales 

Tota l  Floorspace ( B i l l i o n  ft'): 0.79 

Fuel Shares by End Use 
( f r a c t i o n  o f  f loorspace w i t h  usage > 0) 

Heat Cool Vent L i g h t  Ref r  Cook H Wtr 
E l  ec: 0.14 0.85 1.00 1.00 1.00 1.00 0.60 
Gas 0.60 0.00 0.00 0.00 0.00 0.26 0.33 
O i  1 0.23 0.00 0.00 0.00 0.00 0.00 0.00 
D.H.. 0.01 0.00 0.00 0.00 0.00 0.00 0.01 

M i  sc 
1.00 
0.32 
0.00 
0.00 
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E l  ec 
Gas 
O i  1 
D.H. 

TABLE 7.3. (contd) 

Condi t ional  Energy I n t e n s i t i e s  (kBtu/ f t2)  

Heat Cool Vent L i g h t  Refr  Cook H Wtr 
E l  ec 2.27 23.58 10.12 23.42 56.46 11.39 2.84 
Gas 28.48 0.00 0.00 0.00 0.00 59.96 3.28 
O i  1 30.21 0.00 0.00 0.00 0.00 0.00 0.00 
D.H. 94.70 0.00 0.00 0.00 0.00 0.00 0.86 

Average Energy I n t e n s i t i e s  (kBtu/ f t2)  

Heat Cool Vent L i g h t  Refr  Cook H Wtr Misc 
0.31 19.95 10.12 23.42 56.46 11.39 1.69 9.59 

M i  sc 
9.59 
2.11 
0.00 
0.00 

Tota l  
132.92 

17.01 0.00 0.00 0.00 0.00 15.68 1.07 0.68 34.44 
6.99 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.99 
1.12 0.00 0.00 0.00 0.00 0.00 0.01 0.00 1.13 

E l  ec 
Gas 
O i  1 
D.H. 

E l  ec 
Gas 
O i  1 
D.H. 

B u i l d i n g  Type 4: Food Service 

Tota l  F1 oorspace ( B i  11 i o n  ft') : 1.17 

Fuel Shares by End Use 
( f r a c t i o n  o f  f loorspace w i t h  usage > 0) 

Heat Cool Vent L i q h t  Refr  Cook H Wtr 
0.25 0.87 1.00 c o o  1.00 1.00 
0.65 0.00 0.00 ,O.OO 0.00 0.64 
0.14 0.00 0.00 0.00 0.00 0.00 
0.03 0.00 0.00 0.00 0.00 0.01 

Condi t ional  Energy I n t e n s i t i e s  (kBtu/ft2) 

Heat Cool Vent L i g h t  Ref r  Cook 
4.94 18.87 11.01 23.05 13.67 14.87 
44.69 64.60 0.00 0.00 0.00 79.68 
60.62 0.00 0.00 0.00 0.00 21.42 
31.52 0.00 0.00 0.00 0.00 16.88 

Average Energy I n t e n s i t i e s  ( kBtu/ft ' )  

0.29 
0.52 
0.03 
0.03 

H Wtr 
8.03 
41.78 
68.03 
8.09 

M i  sc 
1.00 
0.54 
0.00 
0.00 

M i  sc 
13.99 
13.15 
0.00 
0.00 

Heat Cool Vent L i g h t  Refr  Cook H Wtr Misc Tota l  
E l  ec 1.24 16.36 11-01 23.05 13.67 14.87 2.36 13.99 96.54 
Gas 29.27 0.16 0.00 0.00 0.00 51.28 21.89 7.07 109.67 
05 1 8.40 0.00 0.00 0.00 0.00 0.17 2.19 0.00 10.77 
D.H. 1.00 0.00 0.00 0.00 0.00 0.19 0.26 0.00 1.45 
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TABLE 7.3. (contd) 

B u i l d i n g  Type 5: Hospi ta l  

Tota l  F1 oorspace ( B i  11 i o n  ft') : 1.62 

Fuel Shares by End Use 
( f r a c t i o n  o f  f loorspace w i th  usage > 0) 

Heat Cool Vent L i g h t  Refr  Cook H Wtr Misc 

Gas 0.72 0.00 0.00 0.00 0.00 0.51 0.50 0.54 
O i  1 0.56 0.02 0.00 0.00 0.00 0.05 0.05 0.38 
D.H. 0.16 0.01 0.00 0.00 0.00 0.25 0.29 0.06 

E l  ec 0.13 0.89 1.00 1.00 1.00 1.00 0.10 1.00 

Condi t ional  Energy I n t e n s i t i e s  (kBtu/ f t ' )  

Heat Cool Vent L i g h t  Refr  Cook H Wtr M i  sc 
E l  ec 8.82 20.20 11.39 38.48 3.27 2.89 14.12 8.06 
Gas 33.87 37.17 0.00 0.00 0.00 34.82 86.34 38.04 
O i  1 6.96 0.41 0.00 0.00 0.00 53.47 33.88 4.86 
D.H. 82.52 12.76 0.00 0.00 0.00 16.97 94.35 156.58 

Average Energy I n t e n s i t i e s  (kBtu/ft ' )  

IHeat Cool Vent L i g h t  Refr  Cook H Wtr Misc Tota l  
E l  ec 1.11 17.88 11.39 38.48 3.27 2.89 1.39 8.06 84.47 
Gas 24.25 0.23 0.00 0.00 0.00 17.88 43.00 20.45 105.130 
O i  1 :3.89 0.00 0.00 0.00 0.00 2.63 1.66 1.82 10.01 
D.H. 12.93 0.13 0.00 0.00 0.00 4.28 27.40 8.93 53.67 

B u i l d i n g  Type 6: Lodging 

Tota l  Floorspace ( B i l l i o n  ft'): 3.48 

Fuel Shares by End Use 
( f r a c t i o n  o f  f loorspace w i t h  usage > 0) 

Heat Cool Vent L i g h t  Refr  Cook H Wtr Misc 
E l  ec 0.38 0.71 1.00 1.00 1.00 1.00 0.16 1.00 
Gas 0.58 0.00 0.00 0.00 0.00 0.45 0.58 0.40 
O i  1 0.07 0.00 0.00 0.00 0.00 0.00 0.05 0.03 
D.H. 0.17 0.02 0.00 0.00 0.00 0.07 0.15 0.03 
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TABLE 7.3. (contd) 

Condi t ional  Energy I n t e n s i t i e s  (kBtu / f tZ )  

Heat Cool Vent l i g h t  Ref r  Cook H Wtr Misc 
E l  ec 8.66 6.88 5.83 13.49 4.53 3.96 9.62 2.20 
Gas 40.17 0.00 0.00 0.00 0.00 14.49 36.84 7.02 

D.H. 81.14 4.30 0.00 0.00 0.00 5.21 60.70 73.47 
I O i  1 25.58 0.00 0.00 0.00 0.00 0.00 22.21 2.84 

I Average Energy I n t e n s i t i e s  (kBtu/ f t2)  

Heat Cool Vent L i g h t  Refr  Cook H Wtr Misc Tota l  
I E l  ec 3.29 4.86 5.83 13.49 4.53 3.96 1.52 2.20 39.67 

Gas 23.23 0.00 0.00 0.00 0.00 6.49 21.32 2.83 53.87 
O i  1 1.69 0.00 0.00 0.00 0.00 0.00 1.09 0.09 2.87 
D.H. 13.83 0.08 0.00 0.00 0.00 0.39 9.21 2.42 25.93 

B u i l d i n g  Type 7: Large O f f i c e  

Tota l  F1 oorspace ( B i  11 i o n  ft') : 6.96 

Fuel Shares by End Use 
( f r a c t i o n  o f  f loorspace w i t h  usage > 0) 

Heat Cool Vent L i g h t  Ref r  Cook H Wtr Misc 
E l  ec 0.31 0.86 1.00 1.00 1.00 1.00 0.42 1.00 
Gas 0.54 0.00 0.00 0.00 0.00 0.32 0.34 0.44 
O i  1 0.15 0.00 0.00 0.00 0.00 0.00 0.03 0.13 
D.H. 0.29 0.04 0.00 0.00 0.00 0.02 0.17 0.02 

Condi t ional  Energy I n t e n s i t i e s  (kBtu/ f t2)  

Heat Cool Vent L i g h t  Refr  Cook H Wtr Misc 
E l  ec 5.69 6.96 16.43 21.71 2.52 0.21 0.37 19.48 
Gas 13.22 47.78 0.00 0.00 0.00 1.96 7.43 4.75 
O i  1 13.17 0.64 0.00 0.00 0.00 0.00 7.65 1.98 
D.H. 42.77 21.45 0.00 0.00 0.00 5.29 12.76 74.47 

Average Energy I n t e n s i t i e s  (kBtu/ f t * )  

Heat Cool Vent L i g h t  Refr  Cook H Wtr Misc Tota l  
E l  ec 1.74 6.00 16.39 21.66 2.51 0.21 0.16 19.43 68.09 
Gas 7.20 0.23 0.00 0.00 0.00 0.62 2.55 2.08 12.68 
O i  1 2.01 0.00 0.00 0.00 0.00 0.00 0.20 0.25 2.47 
D.H. 12.20 0.87 0.00 0.00 0.00 0.12 2.21 1.52 16.92 
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E l  ec: 
Gas 
O i  1 
D.H. 

E l  ec: 
Gas 
O i  1 
D.H. 

TABLE 7.3. (contd) 

Bu i l d ing  Type 8: Small O f f i c e  

Tota l  F1 oorspace ( B i  11 i o n  ft2) : 5.28 

Fuel Shares by End Use 
( f r a c t i o n  o f  f loorspace w i t h  usage > 0) 

Heat Cool Vent L i g h t  Refr  Cook 
0.46 0.90 1.00 1.00 1.00 1.00 
0.55 0.00 0.00 0.00 0.00 0.02 
0.06 0.00 0.00 0.00 0.00 0.00 
0.04 0.00 0.00 0.00 0.00 0.00 

Condi t ional  Energy I n t e n s i t i e s  ( kB tu / f t 2 )  

Heat Cool Vent L i g h t  Refr  Cook 
6.50 8.77 4.11 24.13 3.43 0.28 
45.96 37.53 0.00 0.00 0.00 1.97 
73.49 3.94 0.00 0.00 0.00 0.00 
221.66 23.24 0.00 0.00 0.00 6.34 

Average Energy I n t e n s i t i e s  ( kBtu / f t2 )  

H Wtr 
0.52 
0.32 
0.02 
0.02 

H Wtr 
0.97 
7.10 
9.95 
14.24 

M i  sc 
1 .oo 
0.38 
0.01 
0.00 

M i  sc 
18.18 
9.40 
12.98 

222.03 

Heat Cool Vent L i g h t  Refr  Cook H Wtr Misc Tota l  
E l  ec 2.99 7.92 4.11 24.13 3.43 0.28 0.51 18.18 61.55 
Gas 25.19 0.21 0.00 0.00 0.00 0.05 2.27 3.54 31.25 
O i  1 4.71 0.00 0.00 0.00 0.00 0.00 0.19 0.19 5.09 
D.H. 9.23 0.05 0.00 0.00 0.00 0.01 0.33 0.64 10.27 

Bu i ld ing  Type 9: Reta i l /Serv ice  

T o t a l  F1 oorspace ( B i  11 i o n  ft') : 12.37 

Fuel Shares by End Use 
( f r a c t i o n  o f  f loorspace w i t h  usage > 0) 

Heat Cool Vent L i g h t  Refr  Cook H Wtr 
E l  ec 0.29 0.76 1.00 1.00 1.00 1.00 0.47 
Gas 0.60 0.00 0.00 0.00 0.00 0.23 0.35 
O i  1 0.11 0.00 0.00 0.00 0.00 0.00 0.02 
D.H. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

M i  sc 
1 .oo 
0.43 
0.02 
0.00 
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TABLE 7.3. (contd) 

Condi t ional  Energy I n t e n s i t i e s  (kBtu/ f t2)  

Heat Cool Vent L i g h t  Refr  Cook H Wtr M i  sc 
E l  ec 3.51 5.38 2.11 16.25 1.00 0.35 0.68 19.34 
Gas 38.70 21.62 0.00 0.00 0.00 7.17 13.36 9.38 
O i  1 50.17 4.35 0.00 0.00 0.00 0.00 16.65 15.77 
D.H. 23.03 135.96 0.00 0.00 0.00 0.00 3.62 63.23 

Average Energy I n t e n s i t i e s  ( kBtu / f t2 )  

Heat Cool Vent L i g h t  Refr  Cook H Wtr Misc Tota l  
E l  ec 1.00 4.11 2.11 16.23 1.00 0.35 0.32 19.32 44.44 
Gas 23.21 0.10 0.00 0.00 0.00 1.66 4.67 4.02 33.67 
O i  1 5.49 0.00 0.00 0.00 0.00 0.00 0.36 0.24 6.10 
D.H. 0.18 0.08 0.00 0.00 0.00 0.00 0-03 0.23 0.52 

Bui 1 d ing  Type 10: 

Tota l  F1 oorspace ( B i  11 i o n  ft') : 

Warehouse 

9.26 

Fuel Shares by End Use 
( f r a c t i o n  o f  f loorspace w i t h  usage > 0) 

E l  ec 
Gas 
O i  1 
D.H. 

E l  ec 
Gas 
O i  1 
D.H. 

Heat Cool Vent L i g h t  Ref r  Cook 
0.16 0.34 0.94 0.95 0.95 0.95 
0.49 0.00 0.00 0.00 0.00 0.01 
0.13 0.00 0.00 0.00 0.00 0.00 
0.02 0.00 0.00 0.00 0.00 0.00 

Condi t ional  Energy I n t e n s i t i e s  (kBtu/ f t2)  

Heat Cool Vent L i g h t  Refr  Cook 
5.27 1.89 0.40 11.67 2.74 0.15 
36.02 0.00 0.00 0.00 0.00 0.36 
37.33 0.00 0.00 0.00 0.00 0.00 
131.44 0.00 0.00 0.00 0.00 0.00 

Average Energy I n t e n s i t i e s  ( kBtu / f t2 )  

H Wtr 
0.34 
0.31 
0.01 
0.00 

H Wtr 
0.34 
1.49 
11.88 
0.87 

M i  sc 
0.95 
0.36 
0.02 
0.00 

M i  sc 
10.98 
11.81 
50.74 
127.19 

Heat Cool Vent L i g h t  Ref r  Cook H Wtr Misc Tota l  
E l  ec 0.82 0.64 0.37 11.06 2.61 0.14 0.12 10.46 26.23 
Gas 17.62 0.00 0.00 0.00 0.00 0.00 0.47 4.19 22.28 
O i  1 4.76 0.00 0.00 0.00 0.00 0.00 0.13 0.87 5.76 
D.H. 2.68 0.00 0.00 0.00 0.00 0.00 0.00 0.88 3.57 
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TABLE 7.3. (contd) 

B u i l d i n g  Type 11: Misc. Bu i ld ings  

E l  ec: 
Gas 
O i  1 
D.H. 

E l  ec: 
Gas 
O i  1 
D.H. 

Heat 
E l  ec 0.49 
Gas 18.04 
O i  1 4.19 
D.H. 4.79 

Tota l  F1 oorspace ( B i  11 i o n  ft2) : 7.29 

Fuel Shares by End Use 
( f r a c t i o n  o f  f loorspace w i t h  usage > 0) 

Heat Cool Vent L i g h t  Refr  Cook 
0.15 0.48 0.84 0.81 0.84 0.84 
0.43 0.00 0.00 0.00 0.00 0.16 
0.09 0.00 0.00 0.00 0.00 0.00 
0.07 0.00 0.00 0.00 0.00 0.00 

Condi t ional  Energy I n t e n s i t i e s  ( kB tu / f t 2 )  

Heat Cool Vent L i g h t  Refr  Cook 
3.32 5.22 0.61 18.68 1.91 0.15 
42.19 0.00 0.00 0.00 0.00 4.36 
47.07 0.00 0.00 0.00 0.00 0.00 
68.39 67.93 0.00 0.00 0.00 80.58 

Average Energy I n t e n s i t i e s  ( kB tu / f tZ )  

Bldg. 

Assembly 
Education 
Food Sales 
Food Serv. 
Hospital 
Lodging 
Lrg. Of f ice  
Sml. Of f ice  
RetaiUServ 
Warehouse 
Misc. Bldgs 

l y p e  

H Wtr 
0.26 
0.28 
0.03 
0.03 

H Wtr 
0.38 
10.28 
19.02 
48.77 

M i  sc 
0.84 
0.33 
0.03 
0.00 

M i  sc 
22.45 
11.26 
12.07 
59.00 

Cool Vent L i g h t  Refr  Cook H Wtr Misc T o t a l  
2.51 0.51 15.07 1.61 0.13 0.10 18.87 39.28 
0.00 0.00 0.00 0.00 0.69 2.87 3.76 25.36 
0.00 0.00 0.00 0.00 0.00 0.57 0.36 5.12 
0.08 0.00 0.00 0.00 0.32 1.42 0.54 7.15 

TABLE 7.4. Cool ing EUIs by B u i l d i n g  Type 

f t 2  
( b i l . 1  - % 
6.91 10.9% 
8.08 12.8'k 
0.79 1.2% 
1.17 1.9% 
1.62 2.6% 
3.48 5.5% 
6.96 .I1 .O% 
5.28 8.4% 
12.37 19.6% 
9.26 14.6% 
7.29 11.5% 

A l l  Buildings 63.21 100.0% 

Conditional 
Cooling EUI 
C kB tu/Sa . F t 1 

5.46 
4.24 
23.58 
18.87 
20.2 
6.88 
6.96 
8.77 
5.38 
1.89 
5.22 

6.86 

Average 
Cooling EUI 
(kBtu/Sa.Ft) 

3.62 
2.17 
19.95 
16.36 
17.88 
4.86 
6.00 
7.92 
4.11 
0.64 
2.51 

4.46 

Elec 
Consnp. 
JTBtu1 - % 
25.0 8.9% 
17.5 6.2% 
15.8 5.6% 
19.1 6.8% 
29.0 1 0 3  
16.9 6.0% 
41.8 14.8% 
41.8 14.8'k 
50.8 18.0% 
5.9 2.1% 
18.3 6.5% 

281.9 100.0% 
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Although any number of comparative examinations of EUIs at the building 
type level can be performed, we focus here on (electric) cooling and natural 
gas heating. 
building type. The conditional intensities are shown in column three and t 
average intensities are shown in column four. 

Table 7.4 clearly indicates that as far as cooling is concerned, there 
Space cool 

Table 7.4 summarizes the intensities for electric cooling by 

are substantial differences in intensity across building types. 
intensities are very high in three building types: 
and hospitals. 
total floorspace in the commercial sector, but contribute to over 20% of the 
cool i ng consumption. 

food sales, food service, 
These three building types account for just over 5% of the 

The picture is somewhat different for gas heating. With the exception 
of large offices, Table 7.5 shows that natural gas heating intensities are 

from one another. generally within 20 to 40% 

The right most column 
buildings using gas as pub 

TABLE 7.5. N 

BLdg. 
Type 

Assembly 
Education 
Food Sales 
Food Serv. 
Hospital 
Lodging 
Lrg. Of f ice  
Sml. Of f ice  
Retail/Serv 
Uarehouse 
Wisc. BLdgs 

in Table 7.5 shows the total intensities for 
ished by EIA (Table 38, EIA 1992).(a1 Although 

tural Gas Intensities by Building Type 

f t2 
{ b i l . )  

6.91 10.9% 
8.08 12.8% 
0.79 1.2% 
1.17 1.9% 
1.62 2.6% 
3.48 5.5% 
6.96 11.0% 
5.28 8.4% 

12.37 19.6% 
9.26 14.6% 
7.29 11.5% 

Conditional 
Gas Heat EUI 
JkBtu/Sq. F t )  

32.9 
42.3 
28.5 
44.7 
33.9 
40.2 
13.2 
46.0 
38.7 
36.0 
42.2 

Total 
Gas EUI 

( kB tu/Sq . F t )a 

40.4 
48.7 
49.9 

156.6 
116.5 
73.9 
33.0 
33.0 
47.5 
40.3 
NA 

A l l  Buildings 63.21 100.0% 36.4 50.5 

(a) Published figures from EIA (1992).  

(a) Converted to kBtu from thousand ft3. 
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the bui 1 ding types are not exactly comparable throughout , (a )  the Val ues 
clearly indicate that the dramatic differences in intensities in the EIA 
report reflect more the differences in non-heating consumption as opposed to 
heating. This is particular true for the food service and hospital building 
types. 

(a) Hospitals in the EIA aggregation are actually part of a somewhat larger 
health care classification that include out-patient facilities. Thus, 
the value shown in the last column is for health care. In this study 
out-patient facilities are included with offices. For offices, we show 
the average EIA value for all offices, not distinguishing by large and 
small. 
mi scel 1 aneous bui 1 di ng category. 

Finally, there is no single pub1 ished value corresponding to the 
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8.0 EXTENSIONS OF THE CURRENT ANALYSIS 

This final chapter explores a number of extensions and refinements to 
the work described in this report. 
The first is to further develop the SAE procedures to improve the accuracy of 
the EUI estimates, especially for NHVAC and non-heating end uses. The second 
is to undertake additional modifications of the input assumptions in FEDS to 
develop an improved linkage between the model outputs and the billing data 
from the CBECS. Beyond the goal of contributing to improved EUI estimates, 
this second activity would yield other substantial benefits to energy modeling 
and planning activities within DOE. 

This work falls under two general areas. 

8.1 IMPROVEMENT OF SAE PROCEDURES 

The work undertaken during this study represents one of the most ambi- 
tious attempts to utilize an building engineering model, along with monthly 
billing data, as a means of estimating end use consumption for a national 
sample of commercial buildings. The billing decomposition procedure provides 
a good method o f  separating HVAC consumption from non-HVAC usage. The SAE 
models developed in this study help explain about twice the cross-sectional 
variance of annual EUIs as compared to results from the engineering model 
alone. 
by EIA to estimate consumption in buildings where no billing data can be 
obtained. 

The regression fits of the model are sufficiently accurate to be used 

Nevertheless, the study still leaves a number of unresolved issues. 

In some cases, 
Many of these were not anticipated at the outset of the project; others we 
felt we could address with more rigorous data screening. 
attempts were made to develop more satisfactory solutions, but the work could 
not be completed due to schedule and budget considerations. 

Some of the issues can be addressed with more recent versions of FEDS 
that became available after the estimates in this study were required. 
may involve a more stringent data validation approach by EIA to ensure that 
seasonal patterns of energy consumption are consistent with the reported end 
uses. 

Others 
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8.1.1 Bore Detailed SAE Models for Electricity 

Perhaps the area with the highest priority for additional analysis con- 
cerns more detailed SAE models for electricity. 
refine the individual end-use estimates within the broad HVAC and non-HVAC 
control lestimates. 

Such models would be used t o  

On the HVAC side, additional work may be beneficial to refine the esti- 
mates of electric space heating. 
ments were made to the FEDS electric heating in two building types. 
monthly intensity plots in Appendix D suggest that the heating estimates are 
reasonable on a building type basis. 
dure would likely improve the heating estimates for subsets within building 
types. 

As discussed in chapter 5, separate adjust- 
The 

Nevertheless, a more rigorous SAE proce- 

The FEDS model made some changes in the way it treats ventilation demand 
in the core zones of buildings. 
helpful for buildings that are likely to use constant (as opposed to cycling) 
ventilation control. This work may allow us to construct an SAE model that 
can emplcoy the billing data to provide separate adjustment coefficients for 
ventilation and cooling. 

Some additional simulations would also be 

O f  higher priority is additional analysis directed to the non-HVAC end 
uses, particularly electric water heating. The current estimates reflect am 
asymmetry of approaches appl ied to electric versus natural gas water heating. 
The gas (water heating E U I  estimates have a more direct linkage to the CBECS 
data than do the electricity estimates. 

Some regression work was undertaken to estimate separate adjustment coef- 
ficients for non-HVAC end uses, but the results were unsatisfactory. 
adjustment coefficients for lighting were significantly less than one, and the 
coefficients for hot water and miscellaneous equipment were often much greater 
than one. Some preliminary effort to account for an errors-in-variables prob- 
lem (see section 4.3) was undertaken (using an instrumental variables 
approach), but insufficient time was available to thoroughly test this 
procedure. 

The 
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Any future efforts to provide a better empirical framework for the NHVAC 
end-use estimates will also benefit from recent improvements in the FEDS 
domestic hot water model. 
which total water heating demands are calculated for some building types. 

8.1.2 Non-Heatins E U I s  for Natural Gas 

These improvements, in part, changed the basis on 

Additional study is warranted to refine the estimates for the non- 
heating EUIs for natural gas. The bill decomposition procedure used in this 
effort provides a reasonable basis for separating heating consumption from 
these other uses, but the procedure to split the non-heating uses can be 
further improved. 

One area that can contribute to more accurate EUIs is to develop a means 
of rationalizing the monthly patterns of gas consumption with the reported end 
uses. 
number of buildings that report no heating use of gas, but whose gas bills 
display a seasonal pattern that strongly suggests that gas is used for heat- 
ing. 
report only heating consumption, but show consumption throughout the summer. 

A s  mentioned 

As discussed in chapter 6, the 1989 CBECS contains a considerable 

On the other hand, there are also a large number of buildings that 

Two other end uses appear to manifest a similar problem. 
in chapter 6, only about a dozen buildings (out of more than 100) which 
reported gas use for cooling showed any significant increase in summer gas 
consumption. 
with respect to actual consumption. 
positive response to the cogeneration question from the CBECS indicates the 
presence of a backup system or a system that is used only occasionally. 

The data concerning cogeneration also seems to be inconsistent 
For many buildings it appears that a 

These problems can best be addressed by E I A  as part of its data consis- 
tency checking procedures. It will probably involve additional follow-up 
questions to survey respondents to rationalize the observed billing consump- 
tion patterns. 

From the statistical modeling aspect, additional observations would be 
helpful. 
ing activities makes the assumption of additivity of end-use consumption (a 

As we discussed in chapter 6, we believe the heterogeneity of build- 

key element of the cond tional demand estimation approach) tenuous. This 
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places a 
re1 i abi 1 
the 1989 

premium on observations for which a single end use is present 
ty of these estimates could be enhanced with pooling the resu 
with those from the 1986 and 1992 surveys. 

8.1.3 &proved Treatment of Hiqh Intensity Cases 

An unresolved problem in analyzing the CBECS is how to treat high 

The 
ts o f  

inten- 
sity cases. 
buildings that displays total EUIs that are 20, to as many as 50, times the 
mean intensity within a single building type. 

As in previous surveys, the 1989 CBECS contains a number of 

A requirement of this study and many other analyses of the CBECS 
requires calibration with the published fuel consumption total. Since these 
buildings; are used in the calculation of total consumption and building aver- 
age intensities, they cannot be simply omitted from the entire analysis. 

In this study, an allocation of end uses was made for these cases, but 
as discussed in sectiovl 5.3, they were omitted from the SAE regression models. 
The criteria for what represents a high intensity case was based upon a judgi- 
mental ly determined mu1 ti pl e of the FEDS model output. (a )  

Unfortunately, in allocating fuel usage by end use, we are still ham- 
pered by lack of any empirical basis for the causes for the extremely high 
intensities. In the present study, we assumed that any consumption over the 
FEDS-defined limit fell into the miscellaneous equipment category. 

Future work should be devoted in exploring available audit data sets anid 
perhaps in reinterviewing CBECS sample buildings to attempt to generalize some 
basic reasons for this phenomenon. 

From an energy policy perspective, it is important to know whether a 
majority of these cases stem from, say, a poorly controlled HVAC system or are 
due to energy-intensive equipment not normally found in a typical building. 

(a) For the cross-section time series SAE work, we developed a two-stage 
estimation procedure that used a purely statistical basis for identifying 
high intensity outliers. Observations with errors whose studentized t- 
values were greater than three were omitted from a second stage 
regression. 
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Clearly, more information about these buildings could prove highly useful in 
deciding whether to target the population of such buildings for cost-effective 
conservation improvements. 

8.2 IMPROVE THE ACCURACY OF THE FEDS ENGINEERING MODEL 

A second set of activities relates to modifying the input assumptions in 
the FEDS model to better represent the consumption behavior of the buildings 
in the CBECS. 
SAE procedures as used in this study. 
calibrated to the CBECS would be a powerful tool to examine market potentials 
in the commercial sector for new building-related technologies. 

In essence, this activity would reduce the importance of the 
A building simulation model that was 

Even using the monthly bill decomposition study used in this study, the 
current approach still relies heavily upon a SAE methodology. Predicted 
energy consumption for end uses or combinations of end uses are used as inde- 
pendent variables a regression model to explain total consumption. The coef- 
ficient on each end use provides a measure of how much the predicted estimate 
should be adjusted to best fit the observed total consumption data. 

One alternative approach varies strategic parameters within the building 
simulation model to best fit the observed total energy consumption f o r  each 
bui7ding in the sample. This approach is called the building-specific engi- 
neering calibration. 
that it can be embedded within an optimization framework suitable for data 
fitting. 
lead to specifications requiring nonlinear optimization methods. 

This requires modifying the building simulation code so 

The end-use interactions within the building simulation models will 

The calibrated engineering model approach has the advantage that it can 
address envelope-HVAC interactions in a more consistent manner. 
adjusting the thermal conductivity o f  the shell (UA) as part of the calibra- 
tion procedure will affect both heating and cooling loads. 
lost in the SAE models, where the estimated coefficients on the predicted 
heating and cooling consumption incorporate a variety of errors, including 
envelope characteristics, system type, and plant efficiency. The current 

For example, 

This feature is 
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study, in fact, leaves a nagging question in this regard. The SAE procedure 
reduced the FEDS-generated estimates of cool i ng consumption whi 1 e increasing 
the 1 oads for mi scell aneous uses. 

In aiddition to improving the technical foundation for EUI estimates, the 
results of such work would lay the groundwork for a powerful analytical tool 
to examine conservation potenti a1 in the commerci a1 sector. For example, more 
efficient lighting technologies could be examined across the entire commercial 
building population as represented by the CBECS. The tool could be used to 
develop more accurate estimates of aggregate heating and cooling loads that 
will cover the full range of building types within the commercial sector. 
latter application would rectify some the existing problems in using only 
office and retail prototypes to represent the commercial building stock. 
tool could also employ the range of retrofit options that have already been 
incorporated as part o f  the overall FEDS model . ( a )  

The 

This 

A1 though a bui 1 di ng-speci f i c cal i brati on procedure has strong appeal 
from a building modeling perspective, the current study also indicates the 
potential for additional calibration work that could be applied on a cross- 
section basis. 
number of modifications that could be made to FEDS model. Future work would 
extend the engineering simulation work to yield FEDS results that better 
correlate with the billing data on a cross-section basis. 
work would build upon the present approach without going to a building- 
specific optimization framework. 

Time and resource constraints in the current study limited the 

In essence, this 

Several areas appear promising for this type of analysis. One would 
involve more experimentation with various ventilation strategies that may 
better represent the stock of a particular building type 
characteristic for which little CBECS-specific information exists). 

(ventilation is a 
A second 

(a) This study made use only of the loads calculation routines of the 
overall FEDS models. Another set of routines is used to search for 
optimal (in a life-cycle cost context) combinations of retrofit options 
for any given set of characteristics defining a single building. 

8.6 



area would attempt to improve the influence of building schedule on energy 
consumption; the SAE results suggested a strong role for weekly operating 
hours in the regression analysis. 

The goal of this effort would be to calibrate the engineering model in a 
way such that any after-the-fact statistical adjustment will not significantly 
improve the model's explained variance of the cross-sectional energy intensi- 
ties. After this objective has been reasonably met, we will have more confi- 
dence that we have a good engineering-based foundation for the observed energy 
consumption. 

From that point, we can use the model as we would any set of prototypi- 
cal buildings to perform "before" and "after" simulations with various 
engineering parameters. Thus, as mentioned above as an example, we might 
investigate market potential of improved lighting technologies across the 
entire sample of commercial buildings. As compared to most studies using 
prototypical buildings, the FEDS simulations with these buildings would start 
from a base1 ine that matches historical electricity and gas consumption levels 
on a national basis by building type. 
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APPENDIX A 

IMPUTATION OF FEDS INPUT PARAMETERS FROM CBECS SURVEY DATA 

The FEDS Level 1 building model was intended to minimize the input 
required from a user. 
inferred or calculated based on the nominal set of characteristics provided by 
user input. A major task in the development of the CBECS end use estimation 
system will be the incorporation of the data available from the CBECS survey 
into the existing FEDS building defaults module. 

Therefore, most of the building characteristics are 

Sources for the inferences about the building characteristics are: 

- Results of regressions on NBECS(a) data 
- Delph' committee decisions 

ELCAPtb) commercial and resi entia1 tudies - A priori knowledge (ASHRAE(cv, DOE2(e) defaults, etc.. .) 

A major source of building characteristics for typical applications of 
FEDS come from a series of regressions made on data from the NBECS data base. 
The methodology used to develop these results is described in Appendix B. 
this study, however, most of these characteristics for each sample building 
are taken directly from the 1989 CBECS. 
1989 survey dropped questions that were asked in 1986, the regression-based 
inferences are still used. 

For 

However, in a few instances where the 

A second source used was the decisions of a group of experienced 
building engineers, dubbed the "Delphi" committee (after the pagan Greek 
oracle). Load shape and installed capacity data from the ELCAP commercial and 
residential monitoring studies provided information for lighting and equipment 
characteristics. Finally, much of the weather and building thermal 

( a )  Nonresidential Building Energy Consumption Survey. 
used. 

Data from 1986 was 

(b)End Use Load and Consumer Assessment Project (now known as REMP--Regional 
toring project funded by End Use Monitoring Program), a 1 arge, ongoing, mon 

BPA. 

(')American Society of Heating, Refrigeration and A 

(d)National Oceanic and Atmospheric Admini stration 

r conditioning Engineers 

(e)  DOE2 is a detailed hourly building energy simulation program with in depth 
HVAC system modeling capabilities. 
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characteristics is based upon "a priori" knowledge, i .e., industry handbooks 
(ASHRAE Fundamentals), and other sources (DOE2 defaults, etc.). 

Default characteristics are derived for the following areas: 

Building Geometry 
Building Envelope Thermal Characteristics 
Weather Variables 
ASHIRAE Solar and Thermal Storage Factors 
Energy Using Equipment Descriptions 
HVPC Operational Characteristics 

A . l  BUIL.DING GEOMETRY 

Assumptions relating to building geometry are: 

s haLpe 
aspect ratio 
orientation 
ceiling height 
floor to floor height 
number of stories 
window-to-wall ratio 
HVAC zoning strategy 

The building shape is assumed to be a rectangular cube, oriented on a 
The aspect ratio is defined as the ratio of the 

If it is greater than one, then the long side of the rectangle will be 

north-south pointing axis. 
length of the north-south facing walls to the length of the east-west facing 
walls. 
facing north-south. Otherwise, the long side will face east-west. This 
aspect ratio is used to obtain differences in building envelope areas and 
surface to volume ratios for different HVAC zones. 
biasing the solar gains calculation, the envelope areas are normalized to 
average areas for all the exterior zones before this calculation is made. 

However, in order to avoid 

The 1989 CBECS did not obtain information about the percent o f  window 
area, so the window to wall ratio is calculated from the 1986 NBECS regression 
results. The exception to this is for buildings with the "Window or vision 
glass" wall construction type. In order accurately reflect the effect of 
solar gains for buildings with this wall construction type, the window to wall 
ratio is calculated based on the floor-to-floor height (height, rf,oo ) and 
fl oor-to-ceil ing height (height, or-cei, ) assumptions for the buivding kype, 
and the number of stories (floory for the building (which is provided from the 
1989 CBIECS). For these buildings, the total wall area (tot.wal1) is: 
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tot.wa77 = nf7oor x heightfloor-floor x perim (1) 

where perim, the building perimeter, need not be defined for this derivation. 

For each story, the portion of the wall that will not be covering 
occupied space (and therefore will not be contributing to the solar gains) 
will be the faace between the ceilings and the floor for the next story (i.e.,  
the plenum). The area o f  this portion o f  the wall can be calculated as 
fol 1 ows : 

The ratio of the window to the gross wall area is the ratio of the net 
wall area (net.wal1) to the total wall area (tot.wal1) subtracted from one. 
Substituting equations 1 and 2, and simplifying (the perimeter and the number 
of floor variables both cancel), the window to wall ratio for buildings with 
the vision glass construction type can be calculated as follows: 

The default floor-to-floor and floor-to-ceiling heights, as well as the 
default aspect ratios, were determined for each building type by the Delphi 
committee. Table A. 1 summarizes these assumptions 

(a)It is reasonable to assume that the portion o f  the wall covering the plenum 
will be made of either opaque glass or concrete panels. 
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ThBLE A.1. Building Geometry Defaults 

Building Type 
Assembly 
Educat i on 
Food Sales 
Food Service 
Health Care 
Lodg i ng 
Mercantile/Service 
Office 
Public Order/Safety 
Warehouse 
Other Non-Resident i a1 

Aspect 
Ratio 
1.5:l 
3:l 

1.5:l 
2:l 
2:l 
4:l 
2:l 

1.5:l 
1.5:l 

2:l 
3:l 

Ceiling 
Height 
12 ft 
12 ft 
20 ft 
12 ft 
9 ft 
8 ft 
12 ft 
10 ft 
10 ft 
20 ft 
18 ft 

F1 oor-Floor 

14 ft 
14 ft 
21 ft 
16 ft 
13 ft 
9 ft 
14 ft 
14 ft 
14 ft 
20 ft 
18 ft 

Height - 

Building geometry variables, including wall, window, roof and floor 
areas, can be calculated using these assumptions. 

A. 2 BUILDING ENVELOPE THERMAL CHARACTERISTICS 

envelope components. For FEDS Level 1, doors and floors are ignored. CBECtS 
survey information about the construction materials and the presence or 
absence of insulation is used as the starting points for assumptions about the 
thermal characteristics of walls and floors. Window characteristics are 
determined from the CBECS data for the presence or absence o f  multiple panes, 
shading, and tinted or reflective films. The following sections describe the 
developnient of U-values and thermal mass levels for each type of component 
from these starting points (see the Ambient Condition Variables section for 
si gni f i c:ance of mass 1 eve1 s) . 

values are the inverse, BTU/(hr-ft -OF). 

insulation type used in walls and ceilings. 
hr-ft*-"F/Btu/inch. 

Thlermal characteristics are determined for wall, window and roof 

NOTE: All R-values in this 2ection are in units of (hr-ft'-"F)/BTU. U- 

This is the F S Level 1 default thermal resistance value 

Fiberglass insulation is a common 
It has insulation value of 3.2 

per inch o f  insulation thickness.(a Ep 

(a)Sourct2: 
Kingston, MA, 1990. 

Means Building Construction Cost Data 1991, 49th Annual Edition, 
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A.2.1 Buildinq EnveloDe Thermal Characteristics--Walls 

For FEDS Level 1, the 1986 NBECS results gave five potential wall 
construction types: 

Masonry facade over steel frame (i.e., curtain walls) 
Pre-fabricated metal panels 

Wood siding over wood frame 
Masonry facade over wood frame 
Masonry facade over masonry frame 

The 1989 CBECS survey provides the following wall construction types: 

Window or vision glass 
Decorative or construction glass 
Concrete panels 
Brick, stone, stucco or other masonry 
Wood, plastic, or metal siding, shingles or shakes 
Pre-engineered metal or 1 ight-weight metal panels 

The following steps map the 1989 CBECS wall construction types to the 
FEDS Level 1 (1986 NBECS) wall construction types: 

1. Window or vision glass, decorative or construction glass and concrete 
panels are all mapped to the masonry facade over steel frame (curtain 
wall construction). The effect of the transparent glass wall 
construction on solar gains is captured by the window to wall ratio 
calculation described in the building geometry section above. 

2. For buildings with brick, stone, stucco or other masonry construction 
types, the 1986 NBECS regression results are used to determine whether 
it i s  more likely that the wall is masonry facade over wood frame or 
masonry facade over masonry frame. 

3. Wood, plastic or metal siding, shingles or shakes are mapped to the wood 
siding over wood frame type. 

4. Pre-engineered metal or light-weight metal panels are mapped to the pre- 
fabricated metal panel type. 

Example constructions were developed from engineering judgement and 
examples and values obtained from Chapter 23 in the 1985 ASHRAE Fundamentals 
Handbook (ASHRAE 1985). Assumptions about the level o f  insulation are based 
on the age category of the building for definition of age categories), if the 
CBECS data indicates the presence of insulation. Otherwise, an air space was 
assumed where appropriate. 
type fol 1 ows . The detailed assumptions for each construction 
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Vintage: Year B u i l t  
anc i en t  < 1946 

middle age 1961-1973 

i n f a n t  1980-1984 and beyond] 

ol d 1946-1960 

youthful 1974 - 1979 

- Wood S id ins  Over Wood Frame 

The basic c o n s t i t u e n t s  of this cons t ruc t ion  type  were der ived from 
example 1 on page 23.10 i n  1985 Fundamentals: 

- Construction mater ia l  
e x t e r i o r  a i r  f i lm  
1 apped s id ing  
sheathing 
i n s u l a t i o n  o r  a i r  space 
2 x 4 wood s tud  
gypsum wall board 
i n t e r i o r  a i r  f i l m  

Between 
Framing 
R-Val ues 

0.17 
0.81 
see  Table A.2 
see Table A.3 

0.45 
0.68 

---- 

A t  
Framing 
R-Val ues 
0.17 
0.81 
see Table A.2 

4.38 
0.45 
0.68 

---- 

The R-values f o r  the sheathing and the i n s u l a t i o n  ( i f  p re sen t )  were 
assumed t o  be dependent upon t h e  age of t h e  bui ld ing .  
i n s u l a t i o n  values  were assumed t o  be: 

The sheathing and 

TABLE A . 2 .  Sheathing Values for Wood Sid ing  over Wood Frame 

Year Buii 1 t : 4 9 7 4  >= 1974 

Materi a1 : 0.5" plywood 0.5" poly bead board + 0.5" plywood 
R-va,l ue: 0.62 2.62 

TABLE A.3. Insu la t ion  Values f o r  Wood Siding over Wood Frame 

Year B u i l t :  4 9 7 4  1974- 1979 1980 - 1984 

R-Val ue: 7.0 11 .o 19.0 

I f  no in su la t ion  was p re sen t ,  the R-value of the a i r  space was assumed 
t o  be 2.0. 

Thie. t o t a l  R-values f o r  the wa l l ,  between the framing (R,) and a t  the 
framing (R,) can be expressed as :  
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Rb = 0.17 +0.81 + f R j n s u l  +0.45+0.68 (4) 

and 
Rf = 0.17 +0.81 + Rsheath 4 . 3 8  +O .45  +O .68 

Fifteen percent framing was assumed. The overall U-value of the wall 
can then cal cul ated: 

1 1 U-value,,,, = 0.85 x - + 0.15 x - 
Rb R f  

Masonrv Facade Over Wood Frame 

The basic constituents of this construction type were assumed to be: 

Construction material 
exterior air film 
4" face brick 
sheathing 
insulation or air space 
2 x 4 wood stud 
gypsum wall board 
interior air film 

Between 
Frami nq 
R-Val ues 

0.17 
0.44 
see Table 
see Table 

0.45 
0.68 

- - - -  

At 
Framing 
R-Val ues 
0.17 
0.44 

A. 2 see Table A.2 
A.3 ---- 

4.38 
0.45 
0.68 

The R-values for the sheathing and the insulation (if present) were 
assumed to be dependent upon the age of the building. The sheathing and 
insulation values were assumptions were the same as those for the wood siding 
over wood frame wall type. 

The total R-values for the wall, between the framing (R,) and at the 
framing (R,) can be expressed as: 

and 
Rf = 0.17+0.44+ Rsheath 4 . 3 8  +O. 45 +O .68 

A.7 



Fifteen percent framing was again assumed. The overall U-value of the 
wall can1 then calculated as  in equation 6. 

- Malsonrv Facade Over Masonrv Frame 

Thle basic constituents of t h i s  construction type were assumed t o  be a!; 
fol l  ows: 

- Ccinstructi on materi a1 
exter ior  a i r  film 
4" face brick 
i risul a t i  on o r  a.i r space 
8" concrete block 
0.75" ai r space 
0.75" wood furring 
gypsum wall board 
in te r ior  a i r  film 

Between 
Furring 
R-Val ues 

0.17 
0.44 
see below 
1.72 
1.01 

0.45 
0.68 

- - - -  

A t  
Furring 
R-Val ues 
0.17 
0.44 
see below 
1.72 

0.94 
0.45 
0.68 

- - - -  

The R-value for  the insulation was assumed to  be 5.32. 
was present, the R-value of the a i r  space was assumed t o  be 1.10. 

I f  no insulation 

The to t a l  R-values for  the wall, between the furring (R,) and a t  the 
fur r ing  (R,) can be expressed as: 

Rb = 0.17+0.44+ +1.72+1.01+0.45+0.68 (9) 

and 

R f  = 0.17+0.44+ Rinsul +1.72+0.92+0.45+0.68 (1Q) 

F'ifteen percent furring was assumed. 
can then calculated as  i n  equation 6. 

- Masonrv Facade Over Steel Frame 

This wall was assumed t o  be o f  the "curtain" wall type. 

The overall U-value of the wall 

The s teel  
framing was ignored i n  U-value calculations. 
assumed t o  be: 

The constituent materials were 
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Construction materi a1 R-Val ues 
exterior a i r  film 0.17 
2" l igh t  weight 
concrete panel 1.70 

insulation o r  a i r  space 
gypsum wall board 0.45 
i nteri  o r  ai r f i l m 0.68 

see Table A.3 

The R-value f o r  the insu la t ion  ( i f  present) was assumed t o  be dependent 
I f  no insulation was present, upon the age of the bu i ld ing ,  as in Table A.3. 

the R-value of the air space was assumed t o  be 2.0.  

The overall U-value for this wall type can be calculated: 

1 
0.17 +l. 70 + Rinsu, +0.45 +0.68 

U -va 7 ue,, , , = 

Prefabricated Metal Panels 

R-values for t h i s  type were based upon information i n  Table 5.C on page 
23.16 i n  1985 Fundamentals. 
dependant on the construction year of the building: 

The overall R-value and U-value is  given, 

Year B u i l t :  ~ 1 9 7 4  1974- 1979 1980 - 1984 

R-Val ue: 5.93 6.63 8.79 

U-Val ue: 0.17 0.15 0.11 

For uninsulated walls, the thermal resistance o f  the metal walls was 
assumed t o  be approximately zero. The R-value, then, was based upon a 1.5 
inch a i r  space enclosed by galvanized s teel  w i t h  a bright emissivity (see 
Table ZB, page 23.5 in 1985 Fundamentals) and horizontal heat flow. That 
value was interpolated from table 2A (p.  23.5, 1985 Fundamentals) t o  be 2.8 
Including the resistance of the indoor and outdoor a i r  films, the to ta l  R-  
value was assumed t o  be 3.65, g i v i n g  a U-value of 0.27. 

Thermal Mass Levels For Walls 

Mass levels were assigned based on the constructions assumed above. 
Descriptions of the different  levels can be found i n  table  30, page 26.35 i n  
the 1989 ASHRAE Fundamentals (ASHRAE 1989). 
insulated and uninsulated conditions for each wall type. 

The mass levels are given for  
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Mass Level 
Construction TvDe Uninsu l  ated Insulated 
Wood siding over wood frame G F 
Masonry facade over wood frame E D 
Masonry facade over masonry frame C B 
Masonry facade over s teel  frame G G 
Pre-fabricated metal panels F E 

Foir walls, A i s  the most "massive" ( i . e . ,  has the highest therma 
storage capacity) and G the l ea s t .  

A. 2.2 Bu,i 1 d i  nq Envel oDe Thermal Characteri s t  i cs- -Roofs 

Thiree FEDS Level 1 roof construction types were developed from the 1986 
NBECS resul ts :  

B u i l t  up roofing 
Metal Roof (pre-fabricated metal panels) 
Shingles 

The roof construction types i n  the 1989 CBECS surveys were: 

Wood shingles, shakes or other wooden materials 
Sllate or t i l e  shingles 
Asphalt, f iberglass or other shingles 
B u i l t - u p  
Metal surfacing 
Pllastic, rubber or  synthetic sheeting 
Concrete 

These construction types can be mapped t o  the FEDS construction types as 
fol 1 ows : 

1. Wood shingles, shakes or other wooden materials, s l a t e  or  t i l e  shingles, 
and asphalt ,  f iberglass  or  other shingles can be mapped t o  the FEDS 
s h i ngl es type. 

2. B u i l t - u p ,  p las t ic ,  rubber or  synthetic sheeting, or concrete types can 
be mapped t o  FEDS b u i l t  up roofing. A concrete type will be defaulted 
t o  the concrete roof deck assumptions. 

3. Metal surfacing will be mapped t o  the FEDS metal roof type. 

For b u i l t - u p  roofing, i t  i s  necessary t o  assume a deck material. That .  
assumptiion was based primarily upon the wall type; for  1989 CBECS concrete 
roof types, the deck type will be assumed t o  be concrete. 
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TABLE A.4. Built-up Roof Deck Materials 

Wall Construction TvDe Roof Deck Material 
Wood s i d i n g  over wood frame 
Masonry facade over wood frame 
Masonry facade over masonry frame 

Wood 
Wood 
Concrete 

Masonry facade over steel  frame Met a1 
Pre-fabricated metal panels Metal 

Example constructions were developed from prototypical constructions 
found i n  Tables 4H-4J & 4L on pages 23.23-23.26 in the 1981 ASHRAE 
Fundamentals (ASHRAE 1981). The assumptions are described below: 

B u i  1 t - u o  Roof i nq , Wood Deck 

The basic constituents of th i s  type were taken from table  41, page 23.24 
in 1981 Fundamentals (ASHRAE 1981). 

Construction material 
exter ior  a i r  film 
bui l t  up roof 
r i g i d  deck insulation 
plywood deck, 5/8" 
insulation or a i r  space 
2" x 8" ceil ing j o i s t s  
cei l ing 
in te r ior  air film 

Between 
Jo is t s  
R-Val ues 
0.17 
0.33 
4.00 
0.78 
see below 

1.70 
0.61 

- - - -  

A t  
Jo i s t s  
R-values 
0.17 
0.33 
4.00 
0.78 

9.06 
1.70 
0.61 

- - - -  

I f  insulated, the insulation R-value was assumed to  be 20.05. I f  
uninsulated, the R-value of the a i r  space was assumed t o  be 0.93. The to ta l  
R-values fo r  the roof, between the joists (R,) and a t  the j o i s t s  ( R j )  is: 

Rb = 0.17+0.33+4.00+0.78+ Rinsul +1.70+0.61 (12) 

and 

Rj = 0.17+0.33+4.00+0.78+9.06+1.70+0.61 = 16.65 (13) 

Assuming 10% framing, the overall U-value for t h i s  roof type is: 
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1 1 
U-value,,,, = 0.9 x - + 0.1 x - 

Rb Rj  

- B u i l t - u P  Roofins, Concrete Deck 

The R-values for  this construction type were taken d i rec t ly  from table 
4H, page 23.23, i n  1983 Fundamentals. The values were: 

Uninsul ated: 4.73 0.21 
Insulated: 8.90 0.11 

R-Val ue U-Val ue 

- B u i l t - u D  Roofing, Metal Deck 

The constituents for  t h i s  roof type were taken from table 45, page 23.24 
i n  the 1981 Fundamentals. The thermal resistance of the metal deck and the 
metal j o i s t s  i s  assumed t o  be approximately zero; only the value between the 
j o i s t s  is  considered. 

- Construction material 
exter ior  a i r  film 
b u i l t  up roof 
r igid deck insulation 
metal deck 
i nsul a t  i on o r  ai r space 
cei l ing 
in te r ior  a i r  film 

Between 
Jo i s t s  
R-Val ues 

0.17 
0.33 
4.00 

-0.00 
see below 
1.70 
0 .61  

If insulated, the insulation R-value was assumed t o  be 20.05. If 
uninsulated, the R-value of the a i r  space was assumed to  be 0.93. 
U-value for  this roof type i s :  

The overall 

1 
0.17 +O. 33 +4.00 + Rinsul +1.70+0.61 

U -va 7uerOOf = 

- Pre-fabricated Metal Roof 

R-values were obtained from table  4L, page 23.26, 1981 Fundamentals. 
Values wlere assumed to  be dependent upon age. 
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Year Built: 4974 1974-1979 1980-1984 
R-Val ue: 5.00 7.15 8.69 
U-Val ue: 0.20 0.14 0.32 

As with the pre-fabricated metal walls, the uninsulated R-value was 
taken to be 2.8, giving a total R-value (with air films) of 3.65 and a U-value 
of 0.27. 

Shinqle Roofs 

This roof type was prototyped as a pitched wood deck roof. The 
assumption was made that the area over the ceiling was an unconditioned, 
ventilated attic. 
rafters was considered to be based on the construction of the roof above the 
attic. 
close to the interior temperature: 

If insulation was not present, then the R-value between the 

This reflects the assumption that the temperature in the attic is very 

~ Uninsulated Shingle Roofs 

Construction material 
exterior air film 
asphalt shingle roofing 
felt building membrane 
plywood sheathing, 5/8" 
air space 
2" x 4" ceiling rafters 
wall board, foil backed 
interior air film 

Between 
Rafters 
R-Val ues 
0.17 
0.44 
0.06 
0.77 
2.17 

0.45 
0.62 

- - - -  

At 
Rafters 
R-Val ues 
0.17 
0.44 
0.06 
0.77 

4.35 
0.45 
0.62 

- - - -  

Assuming 10% framing, the overall U-value for uninsulated shingle roofs 
is: 

1 1 
3.47 6.86 

U-va7uerOof = 0.9 x - + 0.1 x - = 0.27 

When insulation is present, it is assumed it is laid on the ceiling, and 
, the R-value for the roof then becomes the R-value for the ceiling and 
I insul at ion : 
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Insulated Shingle Roofs 

Construction materi a1 R-Val ues 
inter ior  a i r  film 0.62 
insulation see table A.3 
wall board,  foi l  backed 0.45 
i nteri or  ai r f i 1 m 0.62 

- 

The R-value for the insulation is assumed t o  be age-dependant: 

TABLE A . 5 .  Insulation Values for Shingle Roofs 

Year B u i l t :  (1974 1974- 1979 1980- 1984 
R-value: 11 .o 19.0 30.0 

For insulated shingle roofs, the overall U-value can be calculated as:: 

1 
0.62 + Rinsu, +O .45 +O. 62 

ll-va 1 ue,,,, = 

- Thermal Mass Levels for  Roofs 

Thlermal mass level assignments for the roofs were based on the contents 
of table 29, page 26.34, i n  the 1989 ASHRAE Fundamentals. 

Thle mass characterist ics of roofs are dependant, i n  p a r t ,  on the 
presence or absence of suspended ceilings. 
buildingis b u i l t  a f te r  1974 had suspended ceil ings,  and tha t  those b u i l t  before 
then d i d  not .  
material. For b u i l t - u p  roofs: 

The assumption was made t h a t  a l l  

For b u i l t - u p  roofs, the mass was also dependant upon the deck 

Deck Materi a1 
Woocl 

C o nc r e  t E! 

Metal 

4 9 7 4  
2 

1974- 1979 
7 

4 10 
1 2 

1980 - 1984 
10 
1 2  
7 

For pre-fabricated metal panel roofs, the mass level was assumed t o  be 
1, regardless o f  age. For shingle roofs, the mass level was assumed t o  be 2 
unless the roof was insulated and the building was b u i l t  a f t e r  1974 ( i .e . ,  (a 
suspended ceiling was assumed t o  be present). 
assumed t o  be 7. 

In tha t  case, the level was 

A.2.3. E h i l d i n q  EnveloDe Thermal Characteristics--Windows 

For windows, the 1989 CBECS survey provides information regarding 
whether or  not multiple panes were present, whether or not  exterior shading 
was present, and whether or not  t int ing o r  ref lect ive film was on the windows. 
These three pieces of information, along with the wall construction type, were 
used as the basis of the assumptions about the window thermal character is t ics .  
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The character is t ics  o f  in te res t  included n o t  only the U-value and the thermal 
mass level,  b u t  also the shading coefficient (SC, see load calculation 
section).  
the sources from chapter 27 i n  the 1989 ASHRAE Fundamentals used. 

The assumptions are presented in the following tables,  along with 

TABLE A . 6 .  Window U-values, based on Table 13, pg. 27.16 

W i ndow Frame U-values fo r  ## panes 
Wall Construct ion Type Type Confiquration(al Sinale >Sinqle 

Wood s i d i n g  over wood frame Wood R 

Masonry over wood frame Wood R 
Masonry over masonry frame Metal C 

Masonry over steel  frame Metal C 

Pre-fabricated metal panels Metal C 

0.90 0.54 

0.90 0.54 

1.23 0.78 

1.23 0.78 

1.23 0.78 

TABLE A . 7  Window Thermal Mass Levels, based on Wall Construction Type 

Assumed Mass Level, i f  
Wall Construction TYDe F1 oori nq no shadina Dresent 
Wood siding over wood frame Wood Light 
Masonry facade over wood frame Wood Light 
Masonry facade over masonry frame Concrete Slab Heavy 
Masonry facade over steel  frame Suspended Concrete Med i um 
Pre-fabricated metal panels Wood Light 

(a) R denotes residential  type window frame: 

C denotes commercial type window frame: 
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Shading Coefficients were based on the number of panes, and the presence 
or absence of exterior shading and tinted or reflective film: 

Mu1 t ipl e 
Panes? 

No 
No 
No 
No 
Yes 
Yes 
Yes 
Yes 

Shadinq? 
Yes 
Yes 
No 
No 
Yes 
Yes 
No 
No 

Tinted or 
Reflective 

sc Film? - 
Yes 0.42 
No 0.75 
Yes 0.50  
No 0.94 
Yes 0.34 
No 0.62 
Yes 0.40 
No 0.81 

1989 ASHRAE Fundamentals 
Table No. 
25 

Paqe No. 
27.30 

25 27.30 
25 27.30 
20 27.26 
26 27.31 
26 27.31 
26 27.31 
20 27.26 

A . 3  WEAlHER VARIABLES 

FEiDS uses the following kind of weather data: 

Monthly average profiles of outdoor dry bulb temperature, clearness 
factors, and humidity ratio for model ing monthly heating and cooling 
1 oad prof i 1 es . 
Profiles for the peak heating and cooling days i n  each month to 
calculate peak heating and cooling profiles for the month. 

Profiles of the minimum (for heating} and maximum (for cooling} 
temperature for each hour, for use in the estimation of heating and 
cooling equipment capacity. 

The 65’F degree base heating and cooling degree days for determining the 
NBECS climate zone for each weather station. For the 1989 CBECS, the 
climate zone for each building is supplied by the survey data. 

All of this data is derived from 8760 hourly weather files, of the type 
used in DOE2 and BLAST simulations. 
straightforward. 
is summed for each hour throughout a month. 
by the number of days in the month to obtain the average profile: 

Calculation of the average profiles is 
The value in question (temperature, clearness or humidity} 

Then each hourly sum is divided 

where h is any single hour 
d is a day in any month 
N,, is the number of days in the month 
v i s  the value in question. 
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The peak heating and cooling profiles for each month are defined as the 
profiles for the days with the largest number of heating degree hours and 
cool ing degree hours, respectively. Heating degree hours are: 

and cooling degree hours: 

24 

For FEDS, Tbase is 65OF. 

The heating and cooling degree days are calculated using the heating and 
cooling degree hours as defined above: 

where N 
calculakgd in the same way. 

is the number of days in month m. Cooling degree days are 

Worst case design conditions are estimated by finding, for each month, 
These monthly worse case the minimum and maximum temperature for each hour. 

profiles are then compared, and the minimum and maximum profiles for the year 
are selected for the design conditions. 

A.4 SELECTION OF APPROPRIATE ASHRAE SOLAR AND THERMAL STORAGE FACTORS 

In addition to the weather data, the 8760 weather files also contain the 
latitude and longitude of the weather station. 
in the selection of the appropriate solar heat gain factors and latitude-month 
correction factors for the cooling load temperature differences used in the 
heating and cooling load calculations (see section C.4 for description of 
cal cul at i on process) . 

The latitude is of importance 
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The FED$ load calculation method is based upon the CLTD/CLF load 
estimation method described in pages 26.33-26.48 in the 1989 ASHRAE 
Fundamental s. Cool ing 1 oad temperature differences (CLTD) and cool i ng 1 oad 
factors (CLF) are obtained from look up tables, based upon appropriate 
selection criteria. 
i mpl ement at i on. 

The following sections describe those criteria and the-ir 

- CLTD for Walls, Roofs and Windows 

Wall CLTD's are selected according the mass level of the wall. Section 
A.2.1 above describes the assignment of mass levels according to wall type iind 
insulation. Wall CLTD's are selected for each orientation (north, south, east 
and west). Selection of roof CLTD's is first dependent upon whether or not a 
suspended ceiling is present. There are 13 roof mass levels for each ceiling 
condition. Section A.2.2 describes the assignment of roof mass levels. One 
set of CLTD's are given for windows. Wall CLTD's are in table 31, page 26.36; 
roof CLTD's are in table 29, page 26.34; and, window CLTD's are in table 33,  
page 26.38; all in 1989 fundamentals. 

CLTD prolfiles were calculated for the solar radiation conditions found at 40°N 
latitude on July 21. 
CLTD profiles to reflect the difference in solar conditions at different 
latitudes and during different months. The latitude-month correction factors, 
organizeld by orientation, are contained in table 32, page 26.37 in 1989 
Fundamentals. 

Latitude and Month (LM) Correction factors for Wall and Roof CLTD 

The latitude and month correction factors modify the 

- SHGF and CLF for Windows 

Solar heat gain factors for windows are available for 20"N, 24"N, 28"1N, 
32"N, 3Ei"N, 40°N, 44ON, and 48"N latitudes. For latitudes between these 
values, the SHGF should be interpolated. At each latitude, the SHGF are given 
by orientation and month. 
orientation for each of three room mass levels. Those levels are described in 
section A.2.3. The SHGF are contained in table 34, pages 26.39-26.40; CLF for 
unshadecl windows are in table 36, page 26.41; CLF for shaded windows are in 
table 39, page 26.43; all in 1989 Fundamentals. 

Window cooling load factors (CLF) are given by 

- CLF for Liqhtina, EauiDment and OccuDant Internal Gain 

The cooling load factors for these internal gains account for the 
reduction of heat that the HVAC system sees in any hour by the amount of heat 
stored -in the room mass. The CLF profiles are dependent on the hours of 
operation of the building. Profiles are available for 8, 10, 12, 14 and 16 
hours o f  operation. CLF profiles for hours of operation between these levels 
can be obtained from interpolation. For the profiles, hour 1 applies to the 
first hour of operation, not the first hour in the day (i.e., 1 am). The CLF 
profile!; for a building then have to be shifted in order to be aligned with 
the houibs of operation. Lighting CLF profiles are in tables 43-47, page 
26.45-26.46 in 1989 Fundamentals. 
page 26.47; occupant CLF profiles are in table 40, page 26.44. 

Equipment CLF profiles are in table 49, 
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For lighting CLF, additional selections must be made for the appropriate 
"a1' coefficient and "b" classification factors. The a coefficient reflects 
the effect of lighting fixture type and ventilation systems and rates on the 
thermal storage o f  heat from lighting. 
effect of room mass (floor weight in particular) and ventilation rates on the 
thermal storage. 
type : 

Building Type coefficient cl assi f icati on 
Assembly 0.55 B 
Education 0.55 C 
Food Sales 0.55 C 
Food Service 0.55 C 
Health Care 0.55 C 
Lodg i ng 0.55 C 
Mercant i 1 e/Servi ce 0.55 C 
Office 0.55 C 
Pub1 ic Order/Safety 0.55 C 
Warehouse 0.45 D 
Other Non-Resi dent i a1 0.45 D 

The b classification reflects the 

The Delphi committee assigned these factors by building 

a" 'I b 'I 

A.5 EOUIPMENT DEFAULTS 

This section first lays out the defaults for heating and cooling 
equipment. 
mi scel 1 aneous equi pment . 

The second part of the section discusses the approach for 

A.5.1 HEATING AND COOLING EOUIPMENT DEFAULTS 

Heating and Cooling Equipment Types 

The CBECS survey provides information about the primary generator 
("plant") for heating and cooling, as well as the primary heating and cooling 
fuels. The FEDS Level 1 heating equipment types are listed below: 
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TABLE A.8. FEDS Heating Equipment Types 

Baseboard 
Forced a i r  
Air source heat pump 
Water source heat pump (not selected as default)  
Radiator 
Fan Coil 

Conventional Boi 1 e r  
Conventional Furnace 
High Effic 
High Effic 
No heating 

ency Boi 1 e r  (no  
ency Furnace (not selected as default)  
equ i pmen t 

selected as default)  

1. CBECS buildings w i t h  d i s t r i c t  hot water o r  team as the primary heating fuels  are given baseboard equipment types. ( a7 

2. A CBECS heat pump heating equipment type i s  assumed t o  be an a i r  sourc:e 
heat pump. 

3 .  CBECS packaged u n i t  heating equipment is  modeled as a conventional 
furnace. 

4. CBECS space heaters and heating panels are mapped t o  the baseboard 
equipment type. 

5. Coal as the primary heating fuel i s  assumed t o  always be a conventionall 
boi 1 e r  . 

( a )  

appropriate conversion efficiency ( i . e . ,  1) would be used i n  the calculation 
of the consumption. The version of FEDS used for  CBECS does not incorporate 
detailed systems modelling; therefore, we d i d  not use the CBECS information 
regarding distribution equipment (e.g., fan coil units, radiators,  a i r  
handlers). However, we d i d  use the CBECS data about the primary generators 
(e.g., boilers,  furnaces, e tc . ) .  

The d i s t r i c t  heating equipment was modeled as baseboard so that  the 

Yes, we used the CBECS data fo r  percent f loor  space 
l i g h t i n g  equipment. 

i t  by different  types of 
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6. For CBECS buildings less than 15% heated, the no heating equipment type 
is assigned. 

The FEDS cooling equipment choices are: 

TABLE A.9. FEDS Cooling Equipment Types 

Evaporative cool er 
Packaged un i t 
Air source heat pump 
Water source heat pump (not selected as default) 
Conventional Chiller 
Absorption chiller 
Chi 1 1 ed Water Coi 1 
No cooling equipment 

Mapping is as follows: 

CBECS Evaporative cooler cooling type gets evaporative cooler equipment 
type. 

CBECS packaged unit and window/wall air conditioners are assigned to 
packaged unit equipment types. 

Chilled water cooling (district) are assigned to chilled water coil. 

1. 

2. 

3 .  

4 .  

5. 

Electric heat pump cooling type i s  air source heat pump equipment type. 

Single building electric chiller cooling type is assign conventional 
chiller equipment type. 

6. Steam, hot water, gas and other heat source absorption chiller cooling 
types are assigned absorption chiller equipment type. 

A CBECS building that is less than 15% cooled is assigned the no cooling 
equipment type. 

7.  

Cal cul ation o f  Equipment Age 

For FEDS, the estimation of the nominal efficiency of furnaces, boilers, 
conventional chillers, heat pumps and packaged units uses an assumed age of 
the equipment. The CBECS survey supplies the vintage of central chillers and 
central packaged units. If that information is missing, as well as for heat- 
ing equipment, where the vintage is not supplied, the age of the cooling 
equipment is inferred as follows: 

1. A maximum life (max.life) for the equipment is first assumed. 
furnaces and conventional chi1 lers: 

For 
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max. 7ife = 20 years 

for heat pumps and packaged units: 

max.7ife = 12 years 

for boi 1 ers : 
max. 7 ife = 40 years 

(22) 

(23) 

2. The age of the building (age,,,) is checked. 
max.life, then the equipment ade is: 

If agebldg is less than 

equip.age = agebld, (25) 

If age,,,, is greater than or equal to max.life, then: 

max. 7ife 
2 

equip.age = 

Heating Equipment Nominal Efficiency 

After the equipment age has been estimated, the efficiencies estimate 
can be made. For gas and other fuel furnaces, the equation is 

q = 0.550671 + 0.069970 x ln(20 - equip.age) (27) 

for oil furnaces: 
q = 0.570671 + 0.069970 x ln(20 - equip.age) (28) 

For boilers, the efficiency is estimated as a bi-linear function of both 
For gas and.other equipment age (in years) and equipment capacity (in watts). 

fuel boilers, the equation is: 

A. 22 



q = 0.870886 - (3.69596~10~ x equip.age) 

for coal boilers: 

q = 0.880886 - (3.69596~10~ x equip.age) 

and for oil boilers: 

(6.2348~10~ x cap,,) 

(6.2348~10~ x cap,,) 

q = 0.890886 - (3.69596~10~ x equip.age) - (6.2348~10~ x cap,,) 

For the baseboard equipment type, the efficiency is assumed to by 0.98. 
For air source heat pumps, the heating efficiency (actually a COP) is 2.6 if 
the building was built before 1980 and 3.0 f the building was built in 1980 
or later. 

Cool i ng Equi pment Nominal COP 

Conventional chiller, air source heat 
estimations are functions of equipment age. 
functions are applicable over ranges of equ 

pumps, and packaged unit COP 
For a piece of equipment, 

pment capacity. To wit: 

For conventional chillers, less than 75 tons or 2.6378 x lo5 watts 
capacity (FEDS assumes this to be a reciprocating chiller), the COP is: 

COP = 1.960181 x exp(0.018748 x (20 - equip.age)) (32) 

For capacity from 75 to 200 tons or 2.6378 x lo5 W to 7.065 x lo5 W 
capacity (again assumed to be a reciprocating chiller), the COP is: 

COP = 2.205933 x exp(0.024885 x (20 - eguip.age)) (33) 

For capacity from 200 tons to 500 tons or 7.065 x lo5 W to 1.758 x lo6 W 
capacity (assumed in FEDS to be a centrifugal chiller), the COP is: 

COP = 3.725112 + 0.118557 x (20 - eguip.age) (34) 

For capacity greater than 500 tons60r 1.758 x lo6 W capacity and less 
than or equal to 1200 tons or 4.219 x 10 W capacity (assumed t o  be 
centrifugal chiller), the COP is: 
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(35) 0.179470 COP = 2.980651 x (20 - equip.age) 

For an air source heat pump, the cooling COP is: 

0.148525 (31;) COP = 1.583302 x (20 - equip.age) 

For packaged units (window) with less than 1.5 tons or 5.274 x lo3 W 
capacity, the COP is: 

COP = 2.4325 - 0.0325 x equip.age (37) 

For packaged units with greater than or4equal to 1.5 tons or 5.274 x :lo3 
W capacity and less than 20 ton or 7.034 x 10 W capacity, the COP is: 

COP = 2.172449 + 0.013995 x (20 - equip-age) (38) 

For packaged units with a capacity grea' 
COP is: 

COP = 2.321385 + 0.01521 x 

Absorption chiller COP is assumed to be 
the COP is assumed to be 10. 

er than or equal to 20 ton, the 

20-equip. age) (39) 

0.975; for evaporative coolers, 

A . 5 . 2  MISCELLANEOUS EOUIPMENT CONSUMPTION DEFAULTS 

Mast of the information for equipment defaults was obtained from the 
REMP data for commercial buildings. For non-residential buildings, the REMIP 
data was used to obtained an average installed capacity (in watts per square 
foot) for each building type. 
occupied and unoccupied hours, are based on the average profiles for the REMP 
building types. Surrogate building types were used for FEDS non-residential 
building types not found in the REMP study. 

Utilization factors, average values for 

The surrogates were: 

- FE:DS Type REMP Surroqate 
Assembly School 
Pub1 i c Order Office 
Other Warehouse 
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Additionally, for the Health Care type, a 24-hour always 
assumed for all equipment (the FEDS prototype for health care 

on profi 
s a hosp 

Miscellaneous equipment information was broken into three sub- 
categories, food preparation, refrigeration, and other equipment. This 
down will allow future FEDS releases to treat the food preparation and 
refrigeration end uses separately for, say, food sales and food service 
ing types. 

e was 
tal). .. 

break- 

bui 1 d- 

Tables A.10 and A.ll below contain the average wa s/sq. ft. and the 
utilization factors for non-residential building types. !a\ 

TABLE A.lO. Average Installed2 Capacity by Building Type 
(W/ft 1 

Assembly 
Educat i on 
Food Sales 
Food Service 
Health Care 
Lodg i ng 
Merc. Service 
Office 
Public Order 
Warehouse 
Other 

Food Prep 
0.0043 
0.0043 
0.4606 
0.6880 
0.6880 
0.0738 
0.0143 
0.0090 
0.0090 
0.0048 
0.0038 

Refr 
0.0567 
0.0567 
5.4390 
0.6589 
0.6589 
0.1064 
0.0409 
0.1338 
0.1338 
0.0194 
0.0516 

Other 
0.0236 
0.0236 
0.3694 
0.6522 
2.0000 
0.0152 
0.0646 
0.1334 
0.1334 
0.0373 
0.0722 

(a)  Food preparation and refrigeration values for hospitals were not 
available from REMP. 
Service (see Section A . 9 ) .  

These values were assigned the values for Food 
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TABLE A . l l .  Misc. Equipment Uti1 ization Factors 

Building types 

assembly 

school 

food sales 

Food service 

hea 1 th 

lodging 

merc. service 

o f f ice  

public order 

warehouse 

other 

(dimensionless) 

Food Prep 

Unoccupied occupied 

0.0904 2.0750 

0.0904 2.0730 

0.6658 1 .2829 

0.3354 1.3987 

0.0000 0.0000 

0.3354 1 -3987 

0.2U6 1.6568 

0.6278 1.3723 

0.6278 1 -3723 

0.4057 1 -8322 

0.4057 1.8322 

Other 

unoccupied occupied 

0.2599 1 -7403 

0.2599 1.7403 

0.8033 1.0984 

0.6925 1.2603 

1.0000 1 .oooo 
0.3618 0.6048 

0 -6066 1.3932 

0.6897 1 -2625 

0.6897 1.2625 

0.7721 1.3189 

0.7618 1.2016 

Default Fraction Heat-to-Space for Internal Gains 

Refrigeration 

unoccupied occupied 

0.8487 1.1081 

0.8487 1.1081 

0.9524 1.0477 

0.8620 1 -0985 

0.0000 0.0000 

0.8620 1 -0985 

0.9204 1.0673 

0.9447 1.0655 

0.9447 1.0655 

0.9451 1.0768 J 

0.9451 1 -0768 

Engineering assumptions were made regarding the fraction o f  lighting and 
miscellaneous equipment consumption that was heat rejected to the conditioned 
space (as opposed to outside). It was also assumed that a l l  heat associated 
with outside air and occupancy was seen in the conditioned space. Table A.12 
contains the fraction heat to space by building type. 
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TABLE A.  12 Fraction Heat-to-Space by Internal Gain Type 
(d i mens i on1 ess ) 

Assembly 
Education 
Food Sales 
Food Service 
Health Care 
Lodg i rig 
Merc. Service 

Liqhts EauiDment OccuDant Outside Air 
1 .o 1 .o 1 .o 1 .o 
1 .o 1 .o 1 .o 1 .o 
1 .o 0.32 1 .o 1 .o 

Office 0.8 
Pub1 ic Order 0.8 
Warehouse 1 .o 
Other 1 .o 
Single farn, detached 1 .o 
Single fam, attached 1 .o 
multi, 2-4 units 1 .o 
multi , >= 5 units 1 .o 
mobile home 1.0 

1.0 0.58 1 .o 1.0 
1 .o 1.0 1 .o 1 .o 
1 .o 1 .o 1 .o 1 .o 
1 .o 1 .o 1 .o 1.0 

A.6 HVAC OPERATIONAL CHARACTERISTICS 

1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 

1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 

1 .o 
1.0 

1 .o 
1.0 

1 .o 
1 .o 
1 .o 
1 .o 
1 .o 

Assumptions regarding thermostat settings, night set-back warmup 
periods, peak heating and cooling day types, occupant sensible and latent heat 
gains, and the heat capacity of the building furnishings must be made in order 
to calculate the consumption due to heating and cooling. 
were based on engineering judgements, and are documented below. 

These assumptions 
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Occupancy Heat 6ai ns 

w i t h i n  a, building type. These values come from table  3, page 26.7 i n  the 1989 
Fundamental s. 

Table A.13 Occupant Sensible and Latent Heat Gains 

The assumed occupancy heat gains are based on presumed ac t iv i ty  levels 

(W/person) 

Heat Gains 
B u i l  di nq T w e  Sensi b l  e Latent 

Assembly 60 40 
Education 75 75 
Food Sales 90 95 
Food Service 75 95 
Health Care 75 75 
Lodging 75 75 
Mercantile Service 90 95 
Office 75 75 
Pub1 i c  Order 75 75 
Warehouse 100 205 
Other Non- Res i dent i a1 100 205 

Peak Day Types 

Heating and cooling peak day type selections were based upon building 
type. 
internal gains were assumed t o  be lowest; the reverse assumption was made for  
cool ing peak day type. 

lhe  peak heating day type was chosen t o  be the day type f o r  which 

The peak day types are: 
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TABLE A.14. Heating and Cooling Peak Day Types 

B u i  1 di  nu T w e  

Assembly 
Educat i on 
Food Sa le s  
Food Serv ice  
Health Care 
Lodgi ng 
Mercant i le  Serv ice  
Of f i ce  
Pub1 i c  Order 
Warehouse 
Other Non-Resi dent  i a1 

Heat i nq 
weekday 
Sunday 

weekday 
Saturday 

Sunday 
Saturday 
weekday 
Sunday 
Sunday 
Sunday 

Sunday 

Cool inq 

Sunday 
weekday 
S a t  urd ay 
weekday 
weekday 
weekday 
Saturday 
weekday 
weekday 
weekday 
weekday 

Thermostat Sett ings 

Assumptions about thermostat  s e t t i n g s  were based upon engineer ing 
judgements. The thermosta t  set po in t s  a r e  i n  the t a b l e  below. 
t h a t  the cool ing  i n  the warehouse and o t h e r  non-res ident ia l  bu i ld ing  types  is  
un i t a ry ,  hence the higher  thermostat  s e t t i n g .  

I t  i s  assumed 
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TABLE A.15. Thermostat Settings 
("F) 

Buildinq Type Heating Cooling 
Assembly 70 74 
Education 70 74 
Food Sales 70 74 
Food Service 70 74 
Health Care 74 76 
Lodging 70 74 
Mercantile Service 70 74 
Office 70 74 
Pub1 ic Order 70 74 
Warehouse 55 85 
Other Non- Resi dent i a1 60 80 
All Residential 70 74 

The CBECS survey indicates whether or not there is an off-hours 
reduction in cooling or heating, as well as whether or not there is an EMCS 
system clontrolling the heating and cooling system. 
of these features, a night set-back (or, for cooling, set-up) o f  10 O F  is 
assumed. A default night setback/setup warmup period o f  one hour was also 
assumed. 

For buildings with eithebr 

Thermal ICapaci tance 

Th'e thermal capacity o f  the building furnishings is based on building 
type. The values are: 
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TABLE A.16. Thermal Capacity for Building Furnishings (Cm) 
(W-h/"F/ft floor area) 

Buildinq Tvue 
Assembly 
Education 
Food Sales 
Food Service 
Health Care 
Lodg i ng 
Mercanti 1 e Service 
Office 
Pub1 ic Order 

Heat i nq 
0.5860 

0.7325 

1.7580 

0.8790 

1.1720 

0.9376 

1.4650 

1.1720 

1.1720 

Warehouse 1.7580 

Other Non-Residential 0.5860 

For all building types? the thermal capacity o f  the air and the "quick" 
mass (C,) is 0.293 W-h/"F/ft floor a r y .  The assumed air film resistance for 
the furnishings (h,) is 0.4395 W/"F/ft floor area. 

Outdoor Air Ventilation and Infiltration 

Outdoor air ventilation rates are based on the Universal Building Code 
ventilation requirements. 
ventilation for warehouses, other non-residential, and all residential. For 
all other commercial building types excfpt lodging, the outdoor air 
ventilation rate was assumed to be 5 ft per minute per building occupant. 
For lodging, the ventilation rate was based on air changes per hour (ACH). 
The code requires 2 ACH, 20% of which should be outside air. The volume of 
the building can then be used to calculate the required ventilation rate: 

It was assumed that there was no mechanical 

2 a i r  changes vo 7ume x 

hour 

The infiltration rate is dependant upon whether or not there are 
multiple panes in the windows in the building, and upon the occupancy status. 
If there are not multiple panes in the building, then the unoccupied 
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infiltration rate is 0.2 ACH. 
unoccupied infiltration rate is 0.14 ACH. 
infiltration rate is assumed to be half of the unoccupied rate. 

If multiple panes are present, then the 
For either case, the occupied 

Building Humidity Ratio 

This value, combined with the thermostat setpoint for cooling, and the assumed 
atmospheric pressure of 14.696 psia, was used to calculate the humidity ratio. 
For therimostat settings of 740F, the ratio is 0.0089 lb water/lb dry air. For 
the 76°F setting (health care building type), the ratio is 0.0096 lb water/lb 
dry air. 

It is assumed that the relative humidity (R.H.) of the building i s  50%. 

A.7 LIGHTING DEFAULTS 

FEDS models eight types o f  1 ighting technologies: 

Incandescent (conventional ) 
Incandescent (high efficiency) 
F1 uorescent (conventional ) 
Fluorescent (high efficiency) 
Mercury vapor 
Metal Halide 
Hitgh pressure sodium 
Lolw pressure sodium 

FEDS uses default values for lighting fixture capacity in watts per fixture, 
based on the lighting technology type; the fixture density (fixtures per 
square foot of floor area), based on lighting technology type and building 
type; and, lighting utilization factors, the fraction of the installed 
lighting capacity that is on during occupied and unoccupied periods, based on 
the building type. For the end-use estimation study, the CBECS data for the 
percentage o f  how space lit by different types of light equipment was used. 

Liahtinu CaDacitv 
Lighting capacities were developed from manufacturer's information. 
values are given by technology type: 

The 

Table A.17: Lighting Capacities (W/fixture) 

- Lisht inq Techno1 ouy 
Conventional Incandescent 
High Efficiency Incandescent 
Conventional F1 uorescent 
High Efficiency Fluorescent 
Mercury Vapor 
Metal Halide 
High Pressure Sodium 
Low Pressure Sodium 

Watts 
75 
500 
196 
119 
210 
95 

188 
135 
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Lishtinq Densitv 
Lighting densities were developed from ELCAP connected load survey 
i n f orma t i on. 

A. 18: Lighting DeFsi ties 
( f i xtures/ft ) 

Liqhtina Technoloqv 
Conventional Incandescent 
High Efficiency Incandescent 
Conventional F1 uorescent 
High Efficiency Fluorescent 
Mercury Vapor 
Metal Halide 
High Pressure Sodium 
Low Pressure Sodium 

Liqhtina Technol o w  
Conventional Incandescent 
High Efficiency Incandescent 
Conventional F1 uorescent 
High Efficiency F1 uorescent 
Mercury Vapor 
Metal Halide 
High Pressure Sodi um 
Low Pressure Sodi um 

Li a ht i nq Technol os y 
Conventional Incandescent 
High Efficiency Incandescent 
Conventional F1 uorescent 
High Efficiency Fluorescent 
Mercury Vapor 
Metal Halide 
High Pressure Sodium 
Low Pressure Sodium 

Lishtinq Technoloqv 
Conventional Incandescent 
High Efficiency Incandescent 
Conventional F1 uorescent 
High Efficiency Fluorescent 
Mercury Vapor 
Metal Halide 
High Pressure Sodium 
Low Pressure Sodium 

Assembl \L 
2.62E-02 
2.82E-03 
3.81 E-03 
4.07E-03 
3.90E-03 
7.41 E-03 
2.06E-03 
2.19E-03 

Education 
5.01E-02 
5.39E-03 
7.29E-03 
7.78E-03 
7.45E-03 
1.42E-02 
3.93E-03 
4.19E-03 

Food Service 
4.86E-02 
5.23E-03 
7.06E-03 
7.54E-03 
7.22E-03 
1.37E-02 
3.81E-03 
4.07E-03 

Mercan t i 1 e 
& Service 
4.66E-02 
5.02E-03 
6.78E-03 
7.24E-03 
6.93E-03 
1.32E-02 
3.66E-03 
3.90E-03 

Warehouse 
& Storaqe 
2.59E-02 
2.79E-03 
3.77E-03 
4.03E -03 
3.86E-03 
7.33E-03 
2.04E-03 
2.17E-03 
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Food Sales 
5.83E-02 
6.27E-03 
8.47E-03 
9.05E-03 
8.66E-03 
1.65E-02 
4.57E-03 
4.88E - 03 

Health Care 
5.61E-02 
6.04E-03 
8.16E-03 
8.71 E-03 
8.34E-03 
1.59E-02 
4.40E-03 
4.70E-03 

Office 
6.83E-02 
7.35E-03 
9.93E-03 
1.06E-02 
1.02E-02 
1.93E-02 
5.36E-03 
5.72E-03 

Other 
4.52E-02 
4.87E-03 
6.58E-03 
7.02E-03 
6.73E-03 
1.28E-02 
3.55E-03 
3.79E-03 

Lodqi nq 
3.39E-02 
3.65E-03 
4.93E-03 
5.27E-03 
5.05E-03 
9.59E-03 
2.66E-03 
2.84E-03 

Pub1 ic Order 
& Safety 
5.12E-02 
5.51E-03 
7.45E-03 
7.95E-03 
7.62E-03 
1.45E-02 
4.02E-03 
4.29E-03 



Liqhtinq Techno1 oqy 
Conventional Incandescent 
High Efficiency Incandescent 
Conventional F1 uorescent 
High Efficiency Fluorescent 
Mercury Vapor 
Metal Halide 
High Pressure Sodium 
Low Pressure Sodium 

A1 1 
Resident i a1 
1.66E-02 
1.79E-03 
2.41 E-03 
2.58E-03 
2.47E-03 
4.69E- 03 
1.30E-03 
1.39E-03 

Liqhtinq Uti1 ization Factors 
Lighting utilization factors were derived from ELCAP hourly energy data. 
values in the table below are the fraction of the installed capacity that is 
on during occupied and unoccupied time periods, by building type. 

The 

A.19: Utilization Factors 
(fractional) 

- Buildins TvDe 
Ass embl y 
Educat i on 
Food Sales 
Food Service 
Health Care 
Lodg i ng 
Mercantile & Service 
Office 
Public Order/Safety 
Warehouse & Storage 
Other 
All Residential 

OccuDi ed 
0.57 
0.57 
0.65 
0.56 
0.80 
0.32 
0.80 
0.63 
0.80 
0.60 
0.60 
0.22 

UnoccuDied 
0.08 
0.08 
0.36 
0.13 
0.20 
0.16 
0.15 
0.17 
0.20 
0.10 
0.10 
0.06 

Seasonal Occupancy 
In a seasonally occupied building, FEDS assumes that during the unoccupied 
months, the utilization factors for all lighting types for both the occupied 
and unoccupied periods , are zero. 

A.8 =:VICE HOT WATER DEFAULTS 

The defaults required for modeling hot water consumption are: 

System type (central or distributed) 

Dimensions of storage tank(s) (Dt nk, A","':) 
Thickness and conductivity of tank insuyation (th.instank, k.instank) 
Daily hot water use (in gallons) (shw.use) 
Ground water temperature ( F, T.ground) 

Number and volume o f  storage tanks (N 'tank) 
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. Default  piping l o s s  for bui ldings without r e c i r c u l a t i o n  systems 

Presence o r  absence o f  a r e c i r c u l a t i o n  system 
Service hot water generator  conversion e f f i c i ency  

(p ipe . lo s s ,  in  W/"F) 
Required output  capac i ty  f o r  se rv ice  hot  water generators  (cap.shw, in  
wa t t s )  

The following information i s  required t o  generate  these  de fau l t s :  
Building type  
Building loca t ion  (c l imate  zone) 
Total f l o o r  area ( f l o o r . a r e a )  
Number of occupants (N cc) 
Year bui ld ing  was cons?ructed 
Predominant (by f l o o r  a rea  served) se rv i ce  h o t  water fue l  source 

Assumptions: 

S p e c i f i c  heat  o f  water i s  8.33 Btu/gal ( cp )  

The s t e p s  a re :  

1 .  
T h i s  i s  based on fue l  type and bui lding type.  
h o s p i t a l )  and lodging bui lding types,  t h e  system i s  always c e n t r a l .  
s i n g l e  family r e s i d e n t i a l  types (a t tached ,  detached and mobile),  the system i s  
always d i s t r i b u t e d .  For a l l  o the r  bui lding types,  t a b l e  A.20 g ives  the 
mapping of fue l  types t o  system types:  

Determine se rv ice  h o t  water system type. 
For hea l th  care  (prototype i s  

For 
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Table A.20: Service H o t  Water System/Fuel Type Map 

Fuel TvDe 
Electric Resistance 
Electric Heat Pump 
Steam 
Hot Water 
O i  1 
Natural Gas 
Coal 
Other (LPG assumed) 

System TvDe 
Distributed 
Distributed 
Central 
Central 
Central 
Distributed 
Central 
Distributed 

A. 
For 1 odgi ng , 

Calciulate occupancy unit (occ.unit), by building type. 

occ.unit = - N O W  (41- 1 
2 

For multi-family (2 -4  units and 5 o r  more uni t s ) ,  

N O C C  occ.unit = - 
3 

For 2-4  units, occ.unit should be >=2 and <=4. 
occ.unit should be >=5 u n i t s .  

For f ive or more units,  

For restaurants,  
f l o o r .  area occ.unit = 

42ft' 

seat 

For a l l  other non-res ,,2n,,al b u i l d i n g  types: 

A.36 

(42!) 

(43) 



occ.unit = No,, (44) 

For application to the CBECS end use estimation, Nocc is the number o f  
employees during the, main shift. 

B. Calculate the occupancy distribution (occ.dist). 
This is the total floor area divided by the occupancy units: 

f 7oor. area 
occ . un i t occ .d is t  = (45) 

C. Select the default recovery capacity (cap.rec), based on building type. . 

Table A.21: Service Hot Water ecovery Capacity (gal/hr/occ. uni t) Sa,  

Buildinq TvDe 
Assembly 
Education 
Food Sales 
Food Service 
Health Care 
Lodg i ng 
Mercanti 1 e/Service 
Office 
Public Order 
Ware house/St orage 
Other Non-Residenti a1 
Multi-family (2-4 units) 
Multi-family (>= 5 units) 

Recoverv CaDacity 
0.0031 51*0cc. di s t 

0.50 
0.003834*occ.dist 

0.90 
2.40 
2.10 

0.003989*occ.dist 
0.003151*occ.dist 
0.003151*occ.dist 
0.001141*occ.dist 
0.001 14 l*occ . di st 

3.40 
3.40 

D1. Select or calculate the required useable storage capacity (cap.stormC), 
based on building type. 

(alRecovery capacities for selected building types obtained from REMP data. 

A.37 



Table A.22: Service Hot Water Storage Capacity 

Bu i 1 di nq Type Storaqe Capacity Source(a) 
Assembly ................. see Office equations fig. 12 - 
Education 1 .oo fig. 16, cap.rec=0.50 
Food Sales ............... see Office equations fig. 12 
Food Service 2.55 fig. 13, curve A 
Health Care 5.00 fig. 11, cap.rec=2.40 
Lodg i ng 4.00 fig. 9, cap.rec=2.10 

for 0.1 < cap.rec < 0.35: 

cap.rec < 0.1: use 1.75; >0.35: use 0.1 

Mercanti 1 e/Servic 
Office 
Pub1 ic Order 
Warehouse/Storage 
Other Non-Resi dent i a1 
Multi-family (2-4 units) 
Multi-family (> 5 units) 

(gal/occ.unit) 

-1.14301*1n(2.427538*cap.rec) 1 -fig.12 
I 

6.00 fig. 10, cap.rec=3.40, 
6.00 20 or fewer units curve 

x 
E. Calculate the overall required storage capacity for building (cap.stor) 
This is the useable storage capacity per occ.unit, multiplied by the occ.unft 
and divided by the estimated ratio of usable volume to total volume for a 
water heater storage tank (0.70): 

cap. s t  oroccx occ . uni t 

0.70 
cap. s t o r  = 

F. Ca1c:ulate number and dimensions o f  storage tanks, based on system type. 

i . Central Systems: 
For a central system, Ntank = 1. 
cal cul ated : 

The volume, in cubic inches, required is 

Vtank = 231- i n  x cap.stor ( g a l )  
ga 7 

(4'7) 

(a)All storage capacity values and equations were derived from figures 9-16, 
pages 54.8-54.9 in ASHRAE 1987 HVAC Systems and Applications Handbook. 
number values are the storage capacities for the mid-range (mid-way between 
the minimum and the maximum values) o f  the available recovery capacities on a 
figure. The equations are estimates of the equations for the curves in the 
figures . 

Single 
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To obtain tank dimensions, a ratio o f  tank height to diameter (a) must be 
assumed. For the electric fuel type, a is assumed to be 2.5. For all other 
fuel types, a is assumed to be 2.7. The diameter o f  the tank can then be 
calculated: 

'tank 
'tank 

The height is then: 

"tank = a 'tank (49) 

i i .  Distributed systems: 

Current assumption is that for commercial buildings, tanks are 80 gallons. 

- cap.stor 
Ntank, i - I, 

'tank. i 

Each Nt nk.i  should then be truncated to a whole number. The number of tanks 
should $e selected by finding the minimum of this function: 

G. Select insulation thickness and thermal conductivity, based on building 
construction year and fuel type. 
Central system tanks are assumed to be uninsulated. 

This is only for distributed systems. 
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Table A.23: Insulation Thickness an Conductivity, 
!a, Commercial Water Heaters 

Electric Fuel TVDe 

Insulation Insulation Conductivity 
Construction Year Thickness (in.) 
Before 1!375 1 .oo 
1975 - 198!j 
1985-present 

2.00 
2.00 

(Btu*in/hr/ftz/" Fl 
0.353 
0.273 
0.165 

Gas Fuel TvDe and Other 

Insulation Insulation CoFductivity 
Construction Year Thickness (in.1 jBtu*in/hr/ft / O F )  

Before 1!375 0.50 0.353 
1 97 5 - 1 98!5 1 .oo 0.273 
1 985 - p re :sent 2.00 0.256 

H. Calculate average daily use (shw.use), by building type. 

Table A.24: Service Hot Water Average Daily Use (shw.use,, , ) 
(gal /occ. un i t (b) 

- Bu i 1 di na TvDe 
Assembly 
Ediucat i on 
Food Sales 
Food Service 
He'alth Care 
Loldgi ng 
Mercant i 1 e/Servi ce 
Office 
Pub1 ic Order 
Warehouse/Storage 
Other Non-Residenti a1 
Multi-family (2-4 units) 
Multi-family (>= 5 units) 

Dailv Use 
1 .o 
1.8 
1 .o 
2.4 
18.4 
13.1 
1.0 
1 .o 
1.0 
1 .o 
1 .o 

42.0 
42.0 

Buildinq TvDe 
Office 
Jr. & Sr. High School 
Office 
Type A (full service) 
Nursing Homes 
Men's Dormitories 
Office 
Office 
Office 
Office 
Office 
< 20 units 
< 20 units 

~ 

The average daily use for the building is then: 

(a)Note: Thermal conductivities from 1982 ADL report on "Consumer Product 
Eff i ci ency Standards. " 

(blValues from Table 1, page 54.4 in ASHRAE 1987 HVAC Systems and Applications 
Handbook (ASHRAE 1987b). 
Table 1. 

Building Type column indicates building type from 
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shw.use = shw.useocc x occ.unit (52) 

FOR ALL BUILDING TYPES: 
1. Set ground water temperatures by facility climate zone(a): 

Ground Water 
Climate Zone T W  
Zone 1 (< 2,000 CDD and > 7,000 HDD) 48°F 
Zone 2 (< 2,000 CDD and 5,000 to 7,000 HDD) 54°F 
Zone 3 (< 2,000 CDD and 4,000 to 5,499 HDD) 580 F 
Zone 4 (< 2,000 CDD and < 4,000 HDD) 63°F 
Zone 5 (>  2,000 CDD and < 4,000 HDD) 70°F 

2. Supply temperature is 140 O F .  

3. Recirculation flag is yes for lodging and health care building types; no 
for all other types. 

4. Set conversion efficiencies. 
type, fuel type, building category (residential or commercial) and age: 

Efficiencies are defaults based on system 

A. For.distributed systems: 

Residential, qas: 
& 
ore-1975 0.70 

'. ETf i ci ency 

1975-1990 0.75 
1990-present 0.77 

Commerci a1 , gas: 
Efficiencv 

pre-1975 0.70 
1975- 1990 0.75 
1990-present 0.76 

Any building, electric: Efficiency = 0.98 

B. For central systems: 

Calculation o f  Remaining Life 
For FEDS, the estimation of the nominal efficiency of furnaces, boilers, 
conventional chillers, heat pumps and packaged units uses an assumed remaining 

(a)These temperatures represent eyeball averages that were devel oped by 
overlaying USGS ground water temperature on the Climate zone map from NBECS. 
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life of the equ 
foll ows : 

pment. The remaining life of the equipment is inferred as 

i. 
furnaces, conventional chi1 lers, heat pumps, and packaged units: 

A maximum life (max.life) for the equipment is first assumed. For 

max. 7 ife = 20 years (53) 

for boilers: 
max. 7 ife = 40 years 

ii. 
max.life, then the remaining life i g :  

The age of the building (agebld ) is checked. If age,,,, is less than 

rem. 7 ife = max. 7 ife - agebldg (55) 

If ageblclg i s  greater than or equal to max-life, then: 

max. 7ife 
2 

rem.7ife = 

i i i .  
both remaining life (in years) and equipment capacity (in watts). For gas 
boilers, the equation is: 

For shw boilers, the efficiency is estimated as a bi-linear function of 

q = 0.723048 - ( 3 . 6 9 5 9 6 ~ 1 0 ~  x rem.7ife) + ( 6 . 6 9 1 6 ~ 1 0 ~  x cap,,) 

and for oil boilers: 

r )  = 0.743048 .- ( 3 . 6 9 5 9 6 ~ 1 0 ~  x rem.7ife) + ( 6 . 6 9 1 6 ~ 1 0 ~  x cap,,) 

5.  Set the default (uninsulated) piping loss t o  0.205 W/"F for all building 
types without re-circulation systems (i.e., every type BUT lodging and health 
care). 
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Cal cul ate required service hot water generator output capacity (shw .cap). 

Output capacity is function o f  the specific heat of water (c ), recovery 
capacity (cap.rec) , ground temperature (T.ground) , supply tehperature 
(T-supply), occupancy unit (occ.unit) and number of tanks (Ntank). 

cap.rec x occ .un i t  x cp x (T.supp7y - T-ground) w +f 5 9 )  shw.cap = ( ) x 0.293- 
Btu 'tank 

For single family residences, use a recovery capacity of 3.40 gal/hr/occupancy 
unit; calculate the occupancy unit as in equation 2 above. 

A.9 CHANGES MADE TO FEDS DEFAULTS AFTER PRELIMINARY DATA ANALYSIS 

Primarily based upon the monthly billing decomposition analysis, a 
number of changes to the FEDS default values were made to produce a "second- 
round" set of engineering end-use consumption estimates. The major changes 
involved ventilation, refrigeration, and lighting. Changes made to FEDS 
default assumptions for the final SAE analysis with the CBECS were as follows: 

1. 

2. 

3 .  

4.  

5. 

6. 

Hospitals/heal th care: Change the misc. equipment defaults by setting 
refrigeration and food prep w/sf and utilization factors to the same 
values as Food Service; set the health care misc. equipment to 0.125 
W/sf, occupied utilization of 0.9, unoccupied of 0.3. 

Lodging: Use the FEDS lighting utilization factors, instead of the 
factors suppl ied by CBECS. 

Warehouse and Other: 
these bui 1 d i ng types. 

Reduce the Office refrigeration W/sf by 20%. 

Hospital: change ventilation mode to ON (on all the time). 

Office: for large offices (floor area >= 50000 sqft), change 
ventilation mode to ONDEMAND (on all the time during occupied hours, in 
demand mode during unoccupied hours). 

set the ventilation mode to DEMAND (from OFF) f o r  

In addition to the changes made directly within the FEDS code, several 
adjustments were made to the end-use estimates in the adjustment program 
software prior to the regression analysis. These changes were: 
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1. FEDS-generated electricity consumption for all end uses in education 
building were reduced by the following amounts over the summer months: 
June (-20%) , July (-25%), August (-20%), and September (-5%). 

The FEDS refrigeration consumption in grocery (food sales) stores was 
reduced by 55%. 

2. 

3 .  In lodging, lighting and miscellaneous equipment use from FEDS were 
reduced by 50%. 
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APPENDIX B 

INFERENTIAL METHOD BASED ON 1986 NBECS 

An important data source used to infer basic building characteristics 
for FEDS Level-1 is the 1986 Nonresidential Building Energy Consumption Survey 
(NBECS), conducted by the DOE’S Energy Information Administration (EIA). As 
the third comprehensive national sample of commercial buildings conducted by 
EIA, the 1986 NBECS included over 6,000 buildings (EIA 1988). The survey 
collected a variety of information on general construction materials (e.g., 
type of wall or roof construction), HVAC and lighting equipment, window 
characteristics, and basic conservation features. 

In the end-use estimation work in this study, the 1986 NBECS was used 
only to infer characteristics that were dropped in the 1989 CBECS. 
characteristic that the inferential method was applied for was the percentage 
of exterior wall surface covered by glass. 

The main 

B.l BASIC ASSUMPTIONS AND APPROACH 

The basic assumption behind the inferential method is that for a 
specific building type, buildings with a common vintage and size, and built in 
the same climate region, often display similar characteristics. Given these 
classifying categories of age, size, and climate region, the most probable 
characteristics in the NBECS buildings are mapped to the buildings being 
analyzed by the FEDS level-1 building model. 

One approach to using the NBECS is to assign the characteristic in 
question from the agpropriate vintage-size-climate region cell in the NBECS t o  
the FEDS buildings. Unfortunately, at the building type level, the sample 
size in NBECS are generally not large enough to provide robust results. As an 
example, consider the fraction of Retail/Service buildings using tinted or 
reflective glass. 
buildings, in the size range of 25,000 to 50,000 ft , that were built before 
1946 have tinted or reflective glass. This percentage was based on two 
observations using the NBECS sample weights. 
to 1960), the survey indicates less than 11% of the same type and size of 
buildings used tinted or reflective glass. 
observations. Because of the small sample sizes, implausible discontinuities 
such as this are pervasive at the building type level. 

The raw survey results indicate $hat 48% of these 

For the subsequent vintage (1946 

This percentage is based on five 

To overcome this problem, some structure was imposed on the various 
An additive effects model effects attributable to each of these variables. 

was used, estimated by a statistical regression of the building character- 
istics on categories of vintage, size, climate region, and building type. The 
linear model underlying this regression assumes that the effects of age, size, 

a This project used the public use file from the 1986 CBECS as provided 
by EIA. The total sample size was 6,222 observations. 
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and climate zone are first approximations, independent of each other. This 
formulation also implies that marginal contributions of a given variable 
(e.g., moving from buildings built between 1946 and 1960 to buildings built 
between 1961 and 1973, 
other categorical variables. Thus, the change in the fraction of buildings 
using tiinted glass between adjacent vintages is assumed to be similar across 
climate zones, building types, and building sizes. 

characteristics regressions. 
parentheses t o  motivate the discussion. 

as in the case above) are also independent of the 

Table B.1 shows the variables used in each of the building 
Compact (dummy) variable names are shown in 

-- TABLE B.l. Categories for Explanatory Variables in Commercial Buildings 
Characteristics Regressions 

Size 
ft2 

less than 5,000 (D-Sizel) 
5,000 to 10,000 (D-Size2) 
10,000 to 25,000 (D-Size3) 
25,000 to 50,000 (D-Size4) 
50,000 to 100,000 (D-Size5) 
over 100,000 (D- Si ze6) 

Climate zone 
- HDD - CDD 

> 7,000 < 2,000 (D-Climl) 
5,500 to 7,000 < 2,000 (D-Clim2) 
4,000 to 5,500 < 2,000 (D-Clim3) 
2,000 to 4,000 < 2,000 (D-Clim4) 
2,000 to 4,000 > 2,000 (D-Clim5) 

Vintaqe 
Year Constructed 

before 1946 (D-Vi ntl) 
between 1946 and 1960 (D-Vint2) 
between 1961 and 1973 (D-Vint3) 
between 1974 and 1979 (D-Vint4) 
between 1980 and 1986 (D-Vint5) 

Buildinq T w e  
Office @-Type1 1 
Retai l/Service ( D - TY Pe2 ) 
Assembly (D-TYPe3 1 
Food Sales (D-TYPe4) 
Pub1 ic Order ( D - TY Pe 5 1 
Warehouse (D-TYPe6 1 
Educati on ( D - TY Pe 7 1 
Food Service ( D - TY Pe8 1 
Hospital (D-TY Peg 1 
Lodg i ng (D-TypelO) 
Other (D-Typell) 
Vacant (D-Typel2) 
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All of the variables in Table B.l are qualitative or dummy variables, 
which take20n only the values of zero or one. 
100,000 ft , in climate zone 4 ,  built in 1977, the following variables would 
be set to 1.0: 

Thus, for warehouses with over 

D-Type6 = 1.0 
D-Size6 = 1.0 
D-Clim4 = 1.0 
D-Vint4 = 1.0 

All other variable are set to zero. 

As discussed above, the value of specific building characteristic X 
(e-g., fraction of the wall area that is glass) was assumed to follow an 
additive (linear) form: 

X = a + bZ * D-Size2 + . . . + b6 * D-Size6 + 
c2 * D-VintZ + . . . + c5 * D-Vint5 + 

d2 * D-C7im2 + . . . + d5 * D-Clim5 + 
e2 * D-Type2 + . . . + e12 * D-Type12 + 

(D-Size6 * D-Type) + v 

where X = value of building characteristic (or 
fraction of buildings with specific 
characteristic) 

D-Sizei, D-Vinti, D-Climi, and D-Typei = size, vintage, climate region, and 
building type dummy variables 

v = random disturbance term 

Because the model was estimated with a constant term (a), the first 
dummy variable in each set must be dropped from the equation to avoid a linear 
dependence (see any introductory econometrics text, e.g., Johnston [1972]). 
One interaction variable was added to the regression to better capture the 
special features of very large office buildings. 
the value of 1.0 for offices greater than 100,000 ft . The final model 
contained 26 variables, not including the constant term. 

ThJs variable was assigned 

All but a few of the building characteristics which need to be adapted 
from the NBECS were qualitative variables. At the individual observation 
level, a building either had the characteristic in question (e.g., tinted 
glass) or it did not. For these variables, the metric of interest is the 
probability that the building with a certain age-size-climate zone 
configuration contained the characteristic. To infer these probabilities, the 
predicted fraction of bui dings within given subsets or cells of the sample 
was used. The cells were defined along the same categories as shown in 
Table B . l .  The product o vintage (S), size (6), climate zone (5), and 
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building type (12) results in a potential 1,800 cells or observations. 
each cell, the fraction, (using the sample weights provided with the NBECS) of 
buildings containing the characteristic was calculated. In practice, however, 
many of the cells contain no observations. 
used in the regressions was a little over 1,200.a 

For 

The actual number of observations 

As rnentioned above, the small number of observations in the individual 
cell suggests that the variance of the estimated characteristics levels may be 
relativelly high. Because the number of observations differs by cell, the 
standard of assumption of constant variances for the individual cell -based 
observations, implicit in the standard least squares regression procedure, 
does not hold. 
observation [v in (1) above] is proportional to the number of observations. 
This results in a weighted least squares estimation in which each observation 
is multiplied by l//n. 

To account for this, we assume that the variance of the each 

B.2 UJSTRATIVE RESULTS 

Table B.2 provides an illustration of the estimation results; in this 
case for the fraction of buildings with tinted or reflective glass. 
the 1,2311 cells with observations, the percentage of total variance explained 
by the model i s  45% (RSQ = 0.4468).  
building--type dummy variables, all of the variables are statistically 
significant at the 95% level. 
first five coefficients show that increasingly larger buildings, new 
buildings, and buildings in the warmest climate zones are more likely to 
employ t-inted or reflective glass. 

Across 

With the exception of a few of the 

The coefficients show an expected pattern. lhe 

Office buildings are incorporated as part of the constant term. Thus, 
the coefficients on the building-type dummy variables indicate differences 
from the average office building. 
negative reveals that other building types are less likely to use tinted or 
reflective glass than office buildings. 
in large office buildings, as shown by the positive .coefficient on "D-Large 
Office." 

The fact that all of these coefficients are 

Tinted glass is especially prevalent 

Using the regression results within the FEDS Level-1 software i s  
straight forward. For example, consider buildings in the following category: 
retail/service, 10 to 25,000 ft', built between 1974 and 1979, and located in 
climate zone 2. 
glass i s  estimated to be 

The fraction of such buildings with tinted or reflective 

a An alternative approach to the existence of a qualitative dependent 
variables is to use a qualitative choice model, normally a logit 
specification. This type of procedure would have entailed 
considerably more effort and cost and would probably not have changed 
the overall results from the FEDS screening energy analysis. 
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F = 0.07 - 0.16 + 0.13 + 0.19 + 0.09 
(57dg Type)  ( S i z e )  ( V i n t a g e )  ( C 7  imate Zone) 

F = 0.32 

The FEDS Level-1 software interprets this result as a probability. 
most cases, a probability of less than 0.5 results in the assumption that the 
characteristic in question i s  not present. An equation-generated probability 
of greater than 0.5 results in using that particular characteristic for 
building energy simulation. For continuous variables, such of the fraction as 
wall area that is glass, the equation-generated result is used directly in the 
building energy simulation. 

In 

TABLE B.2. Regression Results for Tinted or Reflective Glass 
(Fraction o f  Buildings) 

Constant 
D-Size (5-10K) 

D-Size (10-25K) 

D-Size (25-5010 

D-Size (50-100K) 

D-Size ( >  100K) 

D-Large Office 

R2 = 0.4468 

Coef. 
0.07 

0.07 

0.13 

0.18 

0.24 

0.34 

0.05 

D-Vint (1946-1960) 

D-Vint (1961-1973) 

D-Vint (1974-1979) 

D-Vint (1980-1986) 

D-Clim (Zone 2)  

D-Clim (Zone 3) 

D-Clim (Zone 4) 

D-Clim (Zone 5) 

Retail/Service 
Assembly 

0.07 

0.14 

0.19 

0.26 

0.09 

0.05 

0.17 

0.19 

-0.16 

-0.10 

T-stat. 
5.14 

7.72 

14.06 

17.22 

20.79 

30.10 

2.88 

7.20 

16.74 

18.70 

27.28 

8.28 

4.39 

15.11 

16.24 

-15.31 

-8.41 
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Food Sales 
Pub1 ic OrderlSafety 
Warehouse 
Educat i on 
Food Service 
Hospital 
Lodging 
Other 

-0.08 
-0.16 
-0.30 
-0.25 
-0.03 
-0.00 
-0.17 
-0.21 

-3.46 
-5.71 
; 26.78 
-20.46 
-1.87 
-0.05 
-10.80 
-11.06 

Vacant -0.21 -13.44 
Nole: t he  base building i s  an Office, < 5,000 
ft , built before 1946, in Climate Zone 1 
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APPENDSX C 

DESCRIPTION OF LOAD CALCULATION AND CONSUMPTION METHODS 

This appendix describes the methods used to calculate loads and energy 
consumption in FEDS. 
some key terms used throughout this appendix. 

Before turning to the equations used in FEDS we define 

C.l KEY TERMS 

The terms profile, loads, consumption, and capacity are key terms that 
need to be clearly defined. 

Prof i 1 e 

Throughout this document, the term profile is used as shorthand to 
describe a vector of 24 values, indexed by hour of the day. 
estimate peak energy consumption, and accommodate time of day energy pricing, 
FEDS energy cal cul at i ons are done using prof i 1 es . 
load and occupancy profiles are calculated for the three day types: weekday, 
Saturday, and sunday. 
calculated by month for each end use addressed by FEDS level 1. 
for a building can be described by a four dimensional array, indexed by: 

In order to 

For exampl e, consumpti on, 

Consumption 
Furthermore, consumption and load profiles are also 

end use 

hour of day 

- month - day type 

Loads vs. Consumotion vs. Caoacity 

In this document, the term load will refer to the required energy output 
for an end use. Consumption will refer to the energy input required, after 
adjustments for efficiency, in order for the energy using equipment to meet 
the loads. 
use if it were to run all the time. 
equipment; loads are attributes of the buildings; and, consumption is the 
energy that a piece of equipment uses to meet the loads generated within a 
bui 1 ding. 

Capacity refers to the amount of energy a piece of equipment would 
Capacity is an attribute o f  the piece of 

C.2 STEPS FOR CALCULATING CONSUMPTION 

The fundamental steps to cal cul ate bui 1 ding 1 eve1 consumption are: 
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I. Calculate lighting consumption for all day types and months 
11. Normalize lighting to building square footage, for use in zone level 

cal cul at i ons 

A. 
B. 

111. Execute ZONE LEVEL calculations: 
Calculate glass UA, net UA and total zone UA values 
Use normalized lighting profile to calculate lighting profile for 
zone 
Determine required heating and cooling capacity for zone (based on C. 
peak days) 

D. Add this zone's heating and cooling capacities into building heating 
and cool i ng capacities 

E. FOR EACH MONTH: 
1. Calculate the solar gains 
2. FOR EACH DAY TYPE: 
a. 
b.  

c. 
d. 
e. Calculate ventilation consumption 
f. - 

Calculate equipment and service hot water consumption 
Calculate the internal gains (both to air and to building mass) 
from lights, equipmeqt, and people. 
Calculate outdoor air ventilation volume. 
Calculate heating and cooling loads 

Add this zone's end use consumptions for this month and day type 
into building end use consumptions for this month and day type 

IV. RETURN TO THE BUILDING LEVEL, AFTER COMPLETION OF ZONE LEVEL 
CALCULATIONS: 
whic:h are based in part on the estimated capacities (see 1II.D) 

Calculate heating and cooling' equipment efficiencies, 

C.3 U D I N G  LEVEL CALCULATIONS 

u i t i n q  ConsumDtion Calculations 

NOTE:: ALL CALCULATIONS ARE FOR HOURLY VALUES. 

I. For each lighting type, 7: 

A. Estimate the installed capacity, in watts/sq. ft. 

7ight.cap7 = 17,, x f7 x cap, (watts per ft2) (1) 

where liight.cap, = installed lighting capacity for lighting type 7 

= lighting fixtures per square foot floor area for lighting N7*b type 7 in building type b 

f7 = fraction of floor area served by lighting type 7 in 
building type b 

cap, = capacity per fixture of lighting type 7, in watts 
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B. Estimate the hourly lighting consumption profiles for each day type, 
based on the occupancy schedule and the utilization factors for 
occupied and unoccupied periods. 

For each hour, 

7ight.cons7 d = 7ight.cap7 x 7ight.uti7(occ.statusd) (watts per ft ‘1 (2) 

where light.cons,,, = lighting consumption for lighting type 7, in the 
hour of day d 

light.capi = installed lighting capacity for lighting type 7 

status for the hour of day type d 
light.util(occup.status,) = lighting utilization factor for the occupancy 

11. The normalized lighting consumption profile for the building is simply 
the sum o f  the normalized consumption for each of the lighting types. 

For each hour, 

N 7  

consilt,, = 7ight.cons7,, (watts per f t  * )  (3) 
7=1 

EauiDment ConsumDtion Profiles 

The miscellaneous equipment (’plug’) end use can be broken down into 
three component end uses; food preparation, refrigeration, and other. Average 
daily consumption for these three components, equip.capfo0, equip.caprfr, a d  
equip . capot are selected by bui 1 ding type. These average consumpt i ons are 
then multi$ied by utilization factors for occupied and unoccupied periods 
(again selected by building type). 

equip.cons,,, = equip.cap, x equip.uti~(occ.status,) ( w a t t s  per ft ‘1 (4) 

where equip.cons,,, = equipment consumption for equipment type 7, in 
the hour of day d 

equip.cap, = installed capacity for equipment type 7 
(see Table A . l O )  
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equip.util,(occup.statusd) = equipment utilization factor for equipment type 
7, for the occupancy status for the hour of day 
type d (see Table A.ll for occup.status,) 

The normalized total equipment consumption profile for the building is 

For each hour, 

simply the sum o f  the normalized consumption for each o f  the equipment types. 

0th 

= C equip.com,,, (watts per f t 2 )  'OnSeqp,d 
7=foo 

C.4 LEVEL CALCULATIONS 

UA C.al cul at i ons 

The overall thermal conductivity of the building envelope (the 
walls, roofs and windows in FEDS 1) is calculated for each zone. T 
conductivity of the walls and roof are calculated for each orientat 
contained1 in the zone. The window conductivity i s  summed across a1 
orientations in the zone. The total UA for the zone, across all of 
orientations, is also calculated. The overall thermal conductivity 
component. (wall, roof or window) is calculated as follows: 

'Acomp, or = U-va luec,pxAreaco,p,,r 

exterior 
e 
on 

the zone 
for a 

For five-zone buildings, the perimeter zones will have contributions 
from all three components. 
for the roof. 

For the core (interior) zone, the UA will be only 

The total zone conductive UA will be: 

hori z roof 

Liglitinq and EauiDment ConsumDtion Calculations 

The lighting and equipment profiles for a zone are calculated by 
multiplying the normalized profile for the building by the zonal floor area. 
For 1 ights: 
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= consi,t,d x f700r.areaz ( w a t t s )  (8) 

For equipment: 

- 
conseqp, z , d - x f7oor.area, ( w a t t s )  (9) 

How FEDS Uses the ASHRAE ASEAM (CLTDKLF) Load Calculation Methodolosv 

The CLTD/CLF method is based upon the use of cooling load temperature 
differences (CLTD) and cooling load factors (CLF) generated using transfer 
function methodology for a given thermal mass level, indoor and outdoor 
temperatures, and sol ar characteri st i cs (1 at i tude and time of year). The 
resulting CLTD and CLF profiles are then adjusted for differences in mass 
levels and ambient conditions and then used to estimate building HVAC load. 

The CLTD profiles account for the storage of some of the solar energy 
incident upon the building envelope within the building envelope. 
energy transfers into the building after the sun has set. 

that are completely ON during occupied periods, and completely OFF during 
unoccupied periods. 
mass of the furnishings of some of the constant load during the occupied 
period, to be released to the air during the unoccupied period. 

This stored 

When addressing internal gains, the ASEAM method assumes constant loads 

A CLF profile accounts for the thermal storage in the 

The REMP information used by FEDS indicates that unoccupied loads are 
greater than zero (not completely OFF). 
characterized as a constant base load, for which the CLF is 1. 
between the occupied load and the unoccupied load is then the transient load 
which is effected by the CLF profiles. 

This unoccupied load can be 
The difference 

See Fig. load1 for.an illustration: 

Sol ar Gain Cal cul at i ons 

Solar gains are calculated for exterior walls, roofs, and long and short 
The estimate for solar gains for the walls, wave radiation through windows. 

roofs and long wave radiation starts ,with the cooling load temperature 
difference (CLTD) profiles selected for the component (wall, roof or window in 
FEDS-1) mass levels (for details on mass levels and selection of CLTD, cooling 
load factors--CLF’s, and solar heat gain factors--SHGF--see section A.4, 
Default Val ue Generati on). Cool i ng 1 oad temperature differences are speci f ied 
by component, and are further specified by orientation for exterior wall 
components. 

The methodology for using CLTD’s (see chapter 26, ASHRAE Fundamentals, 
for description of CLTD/CLF methodology) require that the CLTD‘s be adjusted 
for latitude and month, mean indoor temperature different from 78 OF and mean 
outdoor temperature different from 85 OF: 
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- Consumption for AttJitrary End U s e  -- CLF x QmnS + Q, (air gains) I I 
Enlergy 

mass gains Energy De-Absorbed by Mass I Energy Absohed by Mass 

2 4 6 , 8 10 12 14 16 18 20 22 24 

Time (hr) 
S9309092.1 

FIGURE C.l. Interaction of Consumption and Mass Storage 
as Estimated by Cooling Load Factors (CLF) 

The CLTD model then will estimate both the heat gain in a space due to 
insolation and the gain due to straight conductance through the components. 
Both of tlhese are gains directly to the air. 

Substituting in equation (10) for CLTDcorr,comp,or, and rearranging: 

Which reduces to a solution for qso,,comp,or: 
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During the hours the sun is up (daylight hours), the short wave 
radiation through the windows ends up in two places, in the air, and absorbed 
by the furnishings in the room. 
the furnishings will be released back into the air. These quantities are 
calculated using solar heat gain factors (SHGF--specified by orientation, 
month and latitude) and cooling load factor profiles for windows (CLF - -  
specified by orientation and mass of furnishings). 
CLF profiles adjust the total amount of heat gain in a space by the amount 
that is stored in room furnishings. After daylight hours, the CLF profile 
indicates the rate at which heat is transferred from the room furnishings to 
the air. 
presence of tinted or reflective coatings. 

After the sun has set, the energy absorbed by 

During day1 ight hhrs, the 

A shading coefficient (SC) is applied to adjust the gains for the 

The portion of the solar gain due to short wave radiation that goes to 
the air in the zone is calculated by equation 14. 
hour in the day: 

This holds true for any 

air.gainssol ,g,or = Areag,orxSCxSHGfm .,xCLfg ( 14) 

The total solar gains to the air in the zone is then: 

hori z roof 

During daylight hours, the portion that is absorbed by the furnishings 
is: 

During non-daylight hours, the portion that is de-absorbed by the 
furnishings is: 

The solar mass gains can then be summed across orientations to obtain 
mass.gainsso, 
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- Internal Gains Calculations 

In addition to the solar gains, the HVAC systems see the heat generated 
by lighting, equipment and people present in the zone. 
in one of three pl aces: 

Waste heat can end up 

- Some of the heat is rejected outside of the conditioned space (e.g., 
central refrigeration compressors in a grocery store). 

The heat that is rejected in the conditioned space becomes part of the 

Some of this heat is immediately seen by the HVAC system; in other 
words, the heat goes directly to the air. 

Some of the heat is absorbed by the furnishings in the zone, raising the 
temperature of the furnishings. 

This first kind o f  heat is accounted for by a heat-to-space factor 
(frac.hts), which will only be less than one when some of the lighting or 
equipment heat is rejected outside of the conditioned space. 
internal gains are estimated using the cooling load factor (CLF) method (see 
chapter 26, ASHRAE Fundamentals). 
people are selected according to the procedures described in section A . 4 .  

internal gains seen by the HVAC systems. Of that heat: 

Both kinds of 

CLF profiles for 1 ighting, equipment and 

To calculate lighting gains, the base and transient components of the 
lighting consumption are first calculated. The base component is: 

Cons. baseilt ,z,  d = Consilt , z ,d  (occ.statu5 =unoccupied) . (18) 

The transient component of the consumption is: 

C017s. t r a n s ,  d = Cons1 ,d (occ.status =occupied) - c o n s . b a ~ e ~ ~ ~ , ~ , d  (19)  

Then the lighting gains directly to the air are calculated as follows: 

a i r . g a i n s i l t  = Prac.hts , , ,  x (cons.baseilt  + cons . t rans i l txCLFi l t )  (20) 
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For occupied hours, the gains absorbed by the mass are: 

mass .gains, = frac. h t s i ,  x cons. trans, x ( 1  -CLf,,,) 

During unoccupied hours, the gains de-absorbed by the mass are: 

(22) mass.gainsil, = frac.hts,,, x cons.trans,,,x ( -CLFil,) 

Internal Gains Due to OccuDancv 

The equipment gains are calculated in exactly the same manner, 

For the occupants gains, a profile of the number of occupants in a zone 

substituting equipment consumpti on for 1 ight ing consumption. 

is first calculated from the occupancy density profile and the zone floor 
area: 

(23) Nocc. z = occ.densxfJoor.area, 

The base and transient number of occupants is then calculated. The base 
number i s : 

base.N,,, = N,,,(occ.status =unoccupied) 

And the transient number is: 

(25) trans.NoCc = N,,,(occ.status =occupied) - base.N,,,, 

To obtain the air gains, the base and transient. numbers of occupants is 
then multiplied by the occupant sensible heat gain factor. 
to the transient occupancy is also adjusted by the CLF,,,: 

The heat gain due 

a i r . ga ins,,, = HGsensx (base. Nocc+( trans . No,, x CLF,,,) ) (26) 
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During occupied hours, gains for the occupants absorbed by the mass are: 

mass.gainsocc = trans.Noccx (l-CLf,,,) (27 1 

During unoccupied hours, gains for the occupants de-absorbed by the mass 
are : 

mass. ga insocc = t r a n s .  No,, x ( -CL Focc) (28) 

C.5 U S  DUE TO VENTILATION 

- Calculation of Total Outdoor Air Volume 

The volumetric flow rate of outdoor air is a function of intentional 
ventilat on and unintended, but expected, infiltration through openings in tlhe 
building envelope (e.g., cracks around doors and window frames). The fraction 
of venti atjon air that is outdoor air is established by building codes in 
units of ft per minute. The infiltration is estimated as air changes per 
hour (ACH). 
or unoccupied). The total outdoor air flow rate is calculated as follows: 

Both quantities are functions of the occupancy status (occupied 

ACH ( occ . s t  a t  usd) xvo 1 ume, 

(29 1 Llon = vent,(occ.status,) +( 1 
minutes 

hour 

- Calculation of Sensible Gains from Outdoor Air 

The internal gains due to outdoor air are entirely air gains; that is, 
the heating or cooling system sees the total effect of the outdoor air 
immediately. Sensible heat gains are a function of the outdoor-indoor 
temperatuire difference and the heat capacity of the air (1.10 BTU/(hr-CFM-OF) 
or 0.3223 W/(CFM-OF)): 

air.gains,, = ~ , ~ ~ 0 . 3 2 2 3 ~ ( 7 ~ ~ ~ - 7 ~ , , )  (301 

- TotaLl Internal Gains 

The total internal gains for air and mass can be calculated for each 
hour as follows: 
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a i r  .gains,,, = a i r  .gains,,, +a i r .ga ins , ,  , + a i r  .gains,,, 

+ a i r  . ga ins,,, +a i r .  ga ins,, 

and 

(32) 
mass.gains,,, = mass.gains,,, +mass.gains,,,+mass.gains,,,+mass.gains,,, 

Latent  Cool i nq Load Cal cul a t  i ons 

Latent cool ing  load  ( t h e  energy r equ i r ed  t o  condense water  vapor from 
the a i r ,  o r  dehumidify i t )  i s  an add i t iona l  ga in  t o  be cons idered  when a 
svstem is i n  cool inq  mode. 
outdoor a i r  and the l a t e n t  load a s soc ia t ed  w i t h  the presence  o f  people i n  a 
bu i ld ing .  

indoor humidity r a t i o  ( l b  water / lb  d ry  a i r )  and the heat o f  vapor i za t ion  f o r  
water a t  s tandard  temperature and p res su re  (4840 BTU/(hr-CFM) o r  1418 W/CFM): 

There are two sources  o f  la tent  coo l ing  load ,  the 

For outdoor air, the la tent  heat g a i n s  are a function of the outdoor- 

7 a t  . ga ins,, = VOAx 14 18 x (hum,,, -humi nt) (33) 

The l a t e n t  heat g a i n s  due t o  bu i ld ing  occupants a r e  a func t ion  o f  the 
occupancy p r o f i l e  (No,,, i n  equat ion  (23)) and the occupant l a t e n t  heat ga in  
f a c t o r :  

7at .gain,,, = NoccxHGl,, 

The t o t a l  l a t e n t  cool ing  load  is then: 

7at .ga in  = 7at .gain,, + 7at .gain,,, 

(34) 

(35) 

Zone HVAC Load Calculations--ETP based methodoloqv 

The ETP-based c a l c u l a t i o n  method provides  a mechanism f o r  accounting f o r  
the hea t  t r a n s f e r  c i rcui t  formed by the s t o r a g e  capac i ty  o f  the room mass and 
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the a i r ,  the heat t ransfer  resistance of the envelope 
mass and the a i r ,  and the internal generation of heat 

and the film between tlhe 
w i t h i n  the zone. 

The thermal interactions i n  the zone are modeled a f t e r  an RC c i r cu i t ,  
w i t h  thermal storage analogous t o  capacitance; therma resistance (the 
reciprocal of  the conductance) is  analogous t o  e l ec t r  cal resistance; 
temperature t o  voltage; heat sources t o  current sources. The FEDS version o f  
this model i s  shown in Figure C.2. 

f Tm 

TC" 

59308057.1 

- FIGURE C.2. Electrical Analog t o  ETP-based Calculation Method 

Most. of the terms i n  this figure have been defined above. Ca is  a term 
combining1 the heat capacity of the a i r  and the part of the mass in a room tha t  
stores anid releases heat re la t ively quickly. 
estimatedl t o  be about 1 B T U / ( O F - f t  f l oo r  area),  o r  0.293 W - h r / ( O F - f t  f loor  
area).  Similarly, C, is  the estimated heat capacity of the "slower" mass i n  a 
room. Thie values for C vary according t o  b u i l d i n g  type (see section A.2.1 i n  
Appendix A. h, i s  the Film conductance between the mass and the a i r  inza 
zone. For this analysis,*h i s  estimated t o  be about 1.5 Btu/(hr-OF-ft floor 
area) ,  or' 0.4395 W/(OF-ft Floor area). 
qhvac is  the energy added t o  (or ,  i f  cooling, removed from) the zone. 

use i n  these cal cul a t i  ons . 

For t h i s  analysis, Ca i f  

T, i s  the temperature of the mass. 

A t  the zonal level,  Ca, C,, and h, must be multiplied by floor.area, for 

Using conservation of heat, the equations a t  Tint and T, are as follows: 
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and 

. h,,,x(Tint-Tm) +mass.gainsto, = Cmx- d7m 
d t  

(37) 

For the FEDS solution method, the terms for the first derivative with 
respect to time can be approximated by: 

and similarly for Tm. For brevity, let: 

Tint(t=to)dint and Tint(t=to-At)=Tint,last (39) 

Again, similarly for Tm. Substituting these approximations in equation 
(36), solutions for both Tint and qhvac can be obtained: 

and 

- ~ , , , X T , , ~ ~ , ~  - air.gainstOt 
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Also, similar substitutions into equation (37) yields a solution for Tm: 

W m , l a s t  + &xTi nt + mass. ga instot  
4x T,, = 

r 

2 + h ,  
& 

These three equations, (40) ,  (41) ,  and (42 ) ,  serve as the core of the 
FEDS heating and cooling load calculation method. 
differential equations is implicit. Initial conditions are estimated and then 
the solut.ion is stepped through a finite number of 24 hour "days". 
current assumption is that the method will be close enough to convergence 
after a few (at this point, three) days. The current value for At is 0.25 
hour. Thie general solution steps are as follow: 

The solution of these 

The 

1. At the beginning of each hour, calculate air.gains, mass.gains and 
1 at .gains. 

for each increment o f  At: 

2. Set Tint,last = Tint obtained from previous At step. Same for TmVlast. 

3. Solve for new Tint, with no heating or cooling energy (qhvac = 0). 

4. Chec:k to see if the new Tint is within the deadband for the heating or 
cooling thermostat settings. 
and skip to step 6. 

If it is, set qhvac for that time step to 10, 

5. If lint is outside of the thermostat deadbands, then set T. to the 
appropriate (heating or cooling) the mostat setting, and % i v e  for the 
value of qhvac that would be required for Tint to be at the setting. If 
the mode is cooling, then add lat.ga ns to qhvac, to obtain the total 
cool i ng 1 oad. 

6. If qhva is less than or equal to the estimated heating or cooling 
capaicify for the zone, then skip to step 8. 

7. If cihvac is greater than the estimated capacity, and the mode is heating, 
set q h a c  to the heating capacity and solve for Tint with this qhva . This 
i s  to 'be T,nt in this case. 
cooling capacity less the value of lat.gains, and then s o K 6  for Tint. 

If the mode is cooling, set q to the 

8. Solve for Tm. Cycle to next At period. 

This generalized method is modified for two special cases. The first is 
when it i s  used to estimate the required heating and cooling capacity for a 
zone. In this case, step 7 is omitted. The maximum value in the resulting 
profile i s  used as the estimate for the capacity; the solution is run once for 
peak heating conditions and once for peak cooling conditions. 
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The second case can occur during either the calculation of loads or 
This is when the thermostat i s  set to different values during 

During the transition period (as defined by the warm-up period 

capacity. 
occupied and unoccupied periods (e.g., night setback during the heating 
season). 
default for the building), it is assumed that Tint increases (or decreases, 
for cooling) linearly from its value at the beginning of the transition to the 
occupied thermostat setting at the end of the transition period. In this way, 
Tint is known throughout the transition period, so qhvac and Tm are the only 
quantities solved for during that time. 

Cal cul at i on o f  Zonal Heati na and Cool i na CaDaci ti es 

Heating and cooling capacities for a zone are calculated using the same 
methods as the, heating and cooling load calculations. 
hot and cold temperature profiles are used to calculate the peaks; and rather 
than a profile, the quantity of interest is maximum consumption for an hour. 

However, the extreme 

Calculation of Zone Ventilation ConsumDtion 

FEDS models five potential modes of ventilation operation: 

demand ventilation (cycles on and off with heating and cooling) 

constant ventilation during occupied periods, demand ventilation 
unoccupied 
constant ventilation during occupied periods, off during unoccup 

- no mechanical ventilation - 
- constant ventilation (on 24 hours) 

during 

ed 

Ventilation (fan) power consumption is dependent upon the air co 1 

For 

supply temperatures, thermostat settings, the static pressure of the air 
handling system, and the efficiency of the fan motor. For demand modes, the 
heating and cooling loads are also required to estimate the power. 
constant ventilation, the heating and cooling capacities are required. 

For demand ventilation modes, the calculations are: 

1. Determine the total ventilation rate required to deliver heating or 
cooling to the zone. This rate calculated dividing the heating or 
cooling load (whichever is on at that hour) by the difference of the 
supply temperature and the desired temperature (thermostat setting) 
multiplied by the heat capacity of the air (1.08 BTU/(hr-OF-cfm) or 
0.31644 W/(OF-cfm)): 

- qhvac 
( Tsupp7ym,,,-Tset,,,,)x 0.31644 "tot - 

C. 15 

(43) 



2. The power is the ventilation rate multiplied by the static pressure and 
the energy required to push the cfm against the static pressure 
(0.117528 W/(in. water-cfm), and divided by the fan motor efficiency: 

VtotxPStaticxO. 117528 

%an 

cons,,, = (44:) 

For2constant ventilation, the ventilation rate is calculated by 
substituting first the heating capacity and temperatures, and then the cool iiig 
capacity and temperatures for qhvac, Tsupply, and Tset in equation (43). The 
maximum of the two values is then used in equation (44) to calculate the 
consumption. 

C.6 =ICE HOT WATER CONSUMPTION 

hot water use. 
losses (see Section C.7) to produce a profile of total service hot water 
consumpt i on. 

This module calculates the service hot water consumption due to service 
It then sums this consumption with the tank and pipe standby 

Requ i red i nput : 

Building average daily hot water use, gal/day.(shw.use) 
Service hot water supply temperature (T.supply) 
Ground water temperature (T.ground) 

Number of service hot water tanks in the building (Ntank) 
Presence of absence of a recirculation system 

- 
- Watelr heater efficiency (qshw) 
- 

Assumpt i alns : 

- Spec:ific heat o f  water is 8.33 Btu/gal (cp) 

output: 
A 24,-hour profile of hot water consumption for a particular technology 
( cor’s shw) 

1. Convert average daily water use to hourly average required energy: 

shw . useavg, h -- x cp x (T.supp7y - 1.ground) x 0.293”-hp (45) 
shw . use - 
24hrs Btu 

2. Se1ec:t load profile appropriate for building type (profshw) 
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Hour Retai 1 
1 0.087 
2 0.027 
3 0.007 
4 0.000 
5 0.019 
6 0.019 
7 0.084 
8 0.162 
9 0.365 
10 0.980 
11 1.696 
12 1.966 
13 2.293 
14 2.298 
15 2.075 
16 2.172 
17 2.207 
18 2.376 
19 1.894 
20 1.422 
21 0.944 
22 0.515 
23 0.245 
24 0.145 

TABLE c .I. Protypi cal SHW Consumpti on Profi 1 esl 
Grocery Office Restaur. School Warehouse 
0.359" 
0.041 
0.001 
0.000 
0.083 
0.216 
0.458 
0.523 
0.724 
1.029 
1.347 
1.511 
1.384 
1.457 
1.480 
1.275 
1.184 
1.211 
1.250 
1.350 
1.529 
1.791 
2.231 
1.569 

0.054 
0.000 
0.084 
0.181 
0.005 
0.062 
0.350 
0.657 
1.456 
1.470 
1.503 
2.443 
2.265 
2.556 
1.950 
1.850 
2.289 
1.437 
1.225 
1.222 
0.479 
0.169 
0.149 
0.141 

0.190 
0.072 
0.033 
0.013 
0.000 
0.041 
0.283 
0.479 
1.334 
1.712 
1.966 
2.026 
2.005 
2.006 
1.763 
1.458 
1.192 
1.101 
1.275 
2.055 
1.196 
0.840 
0.636 
0.325 

0.029 
0.012 
0.019 
0.031 
0.000 
0.012 - 
0.092 
0.437 
1.503 
2.014 
3.089 
2.811 
3.386 
2.780 
1.668 
1.595 
1.758 
1.691 
0.595 
0.252 
0.087 
0.064 
0.057 
0.017 

0.030 
0.044 
0.052 
0.110 
0.052 
0.162 
0.493 
1.230 
2.175 
1.910 
1.737 
1.737 
2.703 
2.118 
1.951 
2.035 
2.702 
1.806 
0.654 
0.127 
0.039 
0.091 
0.000 
0.042 

Map protype profiles to FEDS building type: 

FED Buildinq TvDe 
Assembly 
Education 
Food Sales 
Food Service 
Health Care 
Lodging 
Mercant i 1 e/Service 
Office 
Pub1 ic Order 
Warehouse/Storage 
Other Non-Residential 
A1 1 Residenti a1 Types 

Prof i 1 e Prototme 
School 
School 
Grocery 
Restaur. 
Resident i a1 
Residential 
Retai 1 
Office 
Office 
Warehouse 
Warehouse 
Residenti a1 

Other Residential 
0.017 0.250 
0.036 0.080 
0.029 0.020 
0.017 
0.012 
0.692 
5.023 
2.236 
1.249 
1.544 
1.706 
2.018 
2.051 
2.090 
1.078 
1.575 
1.577 
0.586 
0.239 
0.093 
0.064 
0.053 
0.017 
0.000 

'Derived from ELCAP data; normalized to mean consumption after 
subtraction o f  standby load. 
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0.000 
0.020 
0.350 
1.200 
1.970 
1.960 
1.870 
1.700 
1.450 
1.220 
1.040 
0.870 
0.820 
0.920 
1.170 
1.430 
1.460 
1.350 
1.240 
0.990 
0.600 



3 .  For  each hour, c a l c u l a t e  consumption due t o  se rv i ce  ho t  water usage: 

4. 
use consumption t o  ob ta in  t o t a l  se rv i ce  hot  water consumption. 

Fo r  systems w i thou t  a r e c i r c u l a t i o n  system: 

For each hour, add i n  consumption due t o  p ipe  and tank  standby l o s s  w i t h  

For  systems w i t h  a r e c i r c u l a t i o n  system: 

C.7 

Both b u i l d i n g  and technology s p e c i f i c  i n p u t  data i s  requ i red .  
be techno1 ogy s p e c i f i c .  

W I C E  HOT WATER STANDBY LOSS CALCULATION MODULE 

These c a l c u l a t i o n s  are t o  be done f o r  each s e r v i c e  ho t  water technology. 
The ou tpu t  w i l l  

Required inputs :  

Number and volume o f  storage tanks (N "tank) 
Dimensions o f  storage tank(s )  (Dt nk, cki) 
Thickness and c o n d u c t i v i t y  o f  tan% insuafation ( t h .  instank, k. instank) 
Serv ice  ho t  water supply temperature (T.supply) 
Bui i ld ing f l o o r  area ( f l oo r .a rea )  
P i  pe i nsul  a t  i o n  th ickness  and c o n d u c t i v i t y  ( t h  . i nspipe, k. i nspipe) 
Serv ice  hot  water f u e l  t ype  (fuel,,,) 
Water heater e f f i c i e n c y  (9, ) 
P ip ing  loss,  i n  W/OF (pipe.'Toss) 
Presence o f  absence o f  r e c i  r c u l  a t  i on system 

outpu t :  

- Consumption due t o  tank  standby loss,  i n  wat ts  (cons.standbytank) 
Consumption due t o  p ipe  standby loss,  i n  wat ts  (cons.standbypipe) 
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Assumptions: 

- 70 O F  ambient a i r  temperature (T.ambient) 

0.5 h - f t * - O F / B t u  (1.71 ft2-o\/W) s u r f a c e  f i l m  r e s i s t a n c e  f o r  a i r  (hfil,,,) 
0.064 h - f t 2 - O F / B t u  (0.217 f t  -OF/W) s u r f a c e  film r e s i s t a n c e  f o r  water i n  

d i s t r i b u t i o n  system uses 1-inch nominal d iameter  p ipes  (approx. 1.1 inch 
OD-ODpi e;  approx. 1.05 inch ID-IDpipe) 
For rec!irculation system, average water tempera ture  is  5 O F  lower than  
T. supply 
Right c y l i n d r i c a l  s to rage  t anks  

- 
- 
- 

p ipe  (assumes laminar flow; hw ter 1 

Calcu la t e  Standby Loss f o r  S t o r a s e  Tank ( l o s s . t a n k 1  

1. Ca lcu la t e  l o s s  from s i d e s  o f  tank: 

a. Calcu la t e  a r e a  o f  t a n k  s i d e s  

inches' 

feet  

144- 
2 

(49) 

b. 
from cy1 i nder) 

Ca lcu la t e  e f f e c t i v e  U-value f o r  the t ank  s i d e s  (modeled a s  heat l o s s  

1 U.tankside = 

(50) h a n k  

2 

k .  i "Stank 

- 
Dtank 

x 'film 
Dtank+2mh- 

1 +( 
hankmh* 

Dtank 
1 x ( 

c. Now c a l c u l a t e  l o s s  

loss. tankside = U .  tankside x area .  t ankside x (7.  supply-7. ambient) 

W-hr 

Btu 
x (0.293-) 

2.  Calcu la t e  standby l o s s  f o r  an end o f  a t ank  

a .  Ca lcu la t e  a r e a  o f  t ank  end 
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2 
Dtank 

7rX - 
4 

2 i n c h  

2 foo t  ' 

(52) area.  t ankend = 

144- 

b. Ca lcu la t e  U-value f o r  the t a n k  end 

1 

k . i n s t a n k  

u. tankend = 
t h . i n S t a n k  

+ 'film 
(53) 

If this i s  a r e - c a l c u l a t i o n  of the tank  end U-value after a wrap r e t r o f i t ,  the 
r e t r o f i t t e d  U-value should only apply t o  ONE end ( t h e  top )  o f  the tank .  
base l ine  va lue  o f  U.tankend should be used f o r  the bottom o f  the tank .  

The 

c. Ca lcu la t e  l o s s  from one end o f  the t ank  

7 oss . t ankend = U .  t ankend x area .  t ankend x ( T .  supp 7y 

(54) 
- T.ambient )  x 0 . 2 9 3 E  

B t u  

3. 

4 .  C a l c u l a t e  t o t a l  t ank  standby l o s s .  For a l l  but d i s t r i b u t e d  gas  hea te r s :  

For d l i s t r ibu ted  gas  h e a t e r s ,  se t  1oss.tankflUe t o  112 W .  

7oss.tank = 7oss.tankSide + 7oss.tankend + 7oss.tankend (55) 

For d i s t r i b u t e d  gas  heaters, l o s s  i n  bottom end i s  included i n  f lue l o s s  ( see  
s t e p  3) :  

7oss.tank = 7oss.tankSide + 7oss.tankend + 7oss.tankflue (56) 

c.20 



5 .  Convert standby loss to water heater demand 

cons. s t  andbytank loss. tank 

%hw 

Calculate standby loss from Dioinq svstem (loss.Dioe) 

1. For systems without re-circulation, piping loss is: 

7oss.pipe = p i p e .  loss x (T.supp7y-T.ambient) 

2. For systems with re-circulation, 

a. Estimate length of pipe, in feet2 

ipipe = 4 x \ l f I o o r . a r e a  

b. Calculate surface area of the pipe system 

area .p ipe  = 7r x Dpipe x Lpipe 

(57) 

( 5 9 )  

c. 
cy1 i nder) 

Calculate effective U-value for the pipe (modeled as heat loss from 

‘This calculation approximates the building as single story square, and 
assumes pipe runs along each edge of the square. 
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d. Calculate estimate o f  circulation temperature 

T . c i r c  = T.supp1y - 5°F 

e. Calculate loss from pipe 

7oss.pipe = U.pipe x area.p ipe x ( 7 . c i r c  - 7.ambient) x 0 . 2 9 3 E  (63:) 
Btu 

f. Convert loss t o  equivalent water heater consumption 

loss .p ipe 

%hw 
cons. st andbypi pe = 

c.  22 
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APPENDIX D 

SAE REGRESSION RESULTS AND PLOTS BY BUILDING TYPE 

Appendix D presents tabular and graphical results of the monthly 
predicted EUIs and SAE regression models for each of the 11 building types in 
the study. 
order: 

For each building type, eight pages are shown, in the following 

1) Monthly average EUIs 

2) SAE regression results for electricity 

3)  SAE regression results for gas 

Variation of mean annual intensities by categories of: 

4) Vintage 

5) Building size 

6) EIA climate region 

7) Weekly hours 

8) Employment density 

Using small office and retail buildings as examples, these figures were 
discussed in chapters 5 and 6. All building-level EUIs are gross, in the 
sense that they are computed as total building consumption divided by total 
square footage. All average EUIs by building type, both monthly and annual, 
are unweighted. The number of observations for each category in plots (4) 
through (8) are shown at the top o f  the figures. 

The categories in the annual plots [ (4) -  (8)]  are generally self- 
explanatory(a). 
zone indices run from cold (zone 1) to hot (zone 5). 

The EIA climate zones are defined in Appendix B. Climate 

(a )  In some of the plots for natural gas, the total intensities from FEDS 
are too large to fit on the plot, given the y-axis scale chosen by the 
plotting software (e.g., pp. 9.21; 0.30; D.31; and D.38). The total is, 
of course, the sum o f  the heat and non-heat intensity shown in the plots 
to the right of that for the total intensity. 
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Actual, FEDS, and Decompositton Intensities 
Electricity 

, 

- - - FEDS , ._________..  
- 

F M A M J J A S O N D  
Month 

Actual and FEDS Intensities 
Natural G a s  

O L '  ' ' ' ' ' ' ' ' ' ' 
J F M A M J J A S O N D  

Month 

FEDS Intensities by End Use 
Electricity 

$2  ' t  

I 

Heat 
Cool 
Vent 

, . _ . . . .  Light 
. - .  Other 

- - -  
,____....-... 

/ -  A 
3. 
S Q  
Y 

9 

0 
J F M A M J J A S O N  

Month 

FEDS Intensities by End U s e  
Natural Gas 

FIGURE D.l. Assembly: Monthly Average EUIs 
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- HVAC 

Va l i d  cases: 445 
Missing cases: 0 
Total  SS: 245396.232 
R-squared: 0.153 
Residual SS: 207869.198 
F (7,438 ) : 11.296 

Variable 

H V f  
V l * H V f  
V2*HVf 
SQFT*HVf 
CDD*HVf 
HRS*HVf 
EMP*HVf 

- - - - - - - - - -  Estimate 

0.537449 
-0.093350 
0.246437 
0.000516 
0.000053 
0.008953 
0.0501 5 1 

_ _ _ - - _ _ - - - - _  
Standard 
Er ror  

0.054897 
0.123883 
0.143486 
0.001 260 
0.000053 
0.001307 
0.039182 

_____._-_---_ 

Val id  cases: 445 
Missing cases: 0 
Total  SS: 396266.811 
R-squared: 0.098 
Residual SS: 357520.622 
F(8,437): 5.920 

Var i ab1 e 

NHVf 
Vl*NHVf 
V2*NHVf 
SQFT*NHV 
CDD*NHVf 
HRS*NHVf 
EMP*NHVf 
E 1 cMan 

_ _ - - _ _ _ _ _ _ _  Estimate 

1.252035 
0 -480836 
I .  158206 
0.0001 27 
0.000026 

-0.002658 
0.05541 8 
9.726374 

- _ _ _ _ - _ - _ _ - _  
Standard 
Er ror  

0.115636 
0.209424 
0.337769 
0.000583 
0.0001 13 
0.002033 
0.06721 9 

14.437480 

- _ - _ _ _ _ - _ _ _ _  

Dependent variable: Y 
De le t ion  method: None 
Degrees o f  freedom: 438 
Rba r - squa red: 0.141 
Std e r ro r  o f  est: 21.785 
Probab i l i t y  o f  F: 0.000 

t -va lue  

9.790079 
-0.753530 
1.717503 
0.409749 
1.001956 
6.850915 
1.279954 

NHVAC 

--------------. 

- 

Prob 
> I t ;  . - - - - - - 
0 .ooo 
0.452 
0.087 
0.682 
0.317 
0.000 
0.201 

Standardized 
Estimate 

0 A46383 
-0.038657 
0.086946 
0.018371 
0.042068 
0.286090 
0.054055 

- - - - - - - - - - - - -  
Cor w i th  
Dep Var 

0.453666 - 0.008676 
0.148820 

-0.134992 
0.101787 
0.259447 
0.140607 

_ _ _ _ _ _ _ _ _ -  

Dependent variable: Y 
De le t ion  method: None 
Degrees o f  freedom: 437 
Rbar-squared: 0.083 
Std e r ro r  o f  est: 28.603 
Probab i l i t y  o f  F: 0 * 000 

t -va lue  

10.827344 
2.295991 
3.428986 
0.21 7’747 
0 -233829 - 1.307720 
0.8244k 1 
0.673689 

--------------. 
Prob 
> i t ;  
.------ 
0.000 
0.022 
0.000 
0.828 
0.815 
0.192 
0.410 
0.501 

Standardized 
Estimate 

0.555421 
0.105338 
0.161954 
0.009663 
0.009673 - 0.069703 

, 0.033685 
0.027360 

- - - - - - - - - - - - - -  
Cor wi th 
Dep Var 

0.51 5430 
0.106262 
0 .OS5157 
0.099949 
0.021428 
0.269176 
0.061 345 
0.057892 

- - - - - - - - -  

FIGURE D . 2 .  Assembly: SAE Regression Results for Electricity 
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SH WH CK 
Colndi t i onal Demand 49.37 12.87 19.94 
Coleff i ci ents 

WHCK MF CG MS 
18.38 1.00 33.21 4.50 

I Non-Base1 oad I 1.00 I 7.86 I 74.25) .78 11.72 I 

Assembly I SC I WH I CK 
Adjustment Coefficients 
Base1 oad I 1.00 14.85 1261.73 

Val id  cases: 294 Dependent variable: EU I 
Missing cases: 0 Deletion method: None 
Total SS: 1207004.965 Degrees of freedom: 287 
R-squared: 0.259 Rbar-squared: 0.244 
Residual SS: 894044.777 Std error o f  est: 55.813 
F ( 7,287) : 14.352 Probabi t i  t y  of F: 0.000 

WHCK 
WH CK 

1.11 2.47 

Variable 

SHf 
Vl*SHf . 
V2*SHf 
SPFT*SHf 
HDD*SHf 
HRS*SHf 
EMP*SHf 

---------_-. 
Standard 

Estimate Error 

-0.132899 0.194571 
0.109262 0.103735 
0.690369 0.297532 
0.000006 0.000004 
0.000075 0.000028 
0.000702 0.001560 
0.292491 0.055836 

. - - -_- - - - - - -__--__-_-- - - .  t -value . _ _ _ _ - _ _ _ _ _  
- 0.683037 
1 .053284 
2.320323 
1 -627694 
2.649703 
0.450300 
5.238443 

Prob 
> ; t ;  - - - - - - - - - -  
0.495 
0.293 
0.021 
0.105 
0.009 
0.653 
0.000 

Standardized 
Estimate __--_______---.  
-0.114436 
0.06351 0 
0.09981 2 
0.087513 
0.4231 66 
0.037031 
0.3 18371 

Cor w i t h  
Dep Var 

0 -636804 
0.486421 
0.2008S7 
0 -391 71 9 
0.653559 
0.609286 
0.607703 

. - - - - - -_ -  

~ ~~~ ~~ 

FIGURE D.3. Assembly: SAE Regression Results for Natural Gas 
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Actual, FEDS, and Decomposition Intensities FEDS Intensities by  End Use 
Electricity Electricity 

1 
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- 4 C Q  

2 0 -  
C r C Q  

d . 0 -  

$ 2 -  

v 

Y 

a -  

0 

In * r -  ' " " " " I 

- - - FEDS . . . . - . . . 

Month 

Actual and FEDS Intensities 
Natural G a s  

O L '  ' ' ' ' ' ' ' ' ' ' 
J F M A M J J A S O N D  

Month 

FIGURE D . 9 .  Education: 
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Other 
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- HVAC 

Va l i d  cases: 314 Dependent variable: Y 
Missing cases: 0 Delet ion method: None 
Tota l  SS: 137911.371 Degrees o f  freedom: 307 
R-squared: 0.332 Rbar-squared: 0.319 
Residual SS: 92138.759 Std e r ro r  o f  est: 17.324 
F (7,307) : 21.787 Probab i l i t y  o f  F: 0.000 

Variable 

H V f  
V l *HVf  
V2*HVf 
SQFT*HVf 
CDD*HVf 
HRS*HVf - 
EMP*HVf 

------------. Estimate 

0.660400 
. _______-_ - - .  

0.486939 
0.238676 
0.001016 
0.000269 
.0.004294 
0.093871 

Standard 
E r ro r  

0.084407 
0.152139 
0.165695 
0.001025 
0.000056 
0.003345 
0.026207 

. - - - - - - - - -  
t -va lue 

7.823960 
3.20061 2 
1.440459 

- -_ - - -_ -__ - -_ - -  

0.991899 
4.ai0190 

- I  .2a3947 
3.581916 

Prob 
> f t l  - - -__-_  
0.000 
0.002 
0.151 
0.322 
0 * 000 
0.200 
0.000 

Standardized 
Estimate 

0.552040 
0.207943 

0.073932 
0.216295 

- 0.067319 

. - - - - _ _ _ - _ - - _ - -  

0.098934 

0.1 a5524 

Cor u i t h  
Dep Var 

0.624067 
0.010420 
0.149261 
-0.489675 
0.262437 

0.4 1 1937 

_ _ _ - _ _ - - -  

- 0.287403 

Va l id  cases: 314 Dependent variable: Y 
Missing cases: 0 Delet ion method: None 
Total SS: 449696.645 Degrees o f  freedom: 306 
R-squared: 0.076 Rbar-squared: 0.055 
Residual SS: 415458.541 S t d  e r ro r  o f  est: 36.847 
F (a, 306) : 3.152 Probab i l i t y  o f  F: 0.002 

Variable 

NHVf 
Vl*NHVf 
V2*NHVf 
SQFT*NHVf 
CDD*NHVf 
HRS*NHVf 
EMP*NHVf 
E LcMan 

_ _ - _ _ _ _ _ _ _  Estimate 

1 .004766 

0.129065 
0.001506 
0.000202 - 0.004166 
6.517711 

- - _ _ _ _ _ _ _ _ _ _  
0.591820 

0.489569 

Standard 
Error  

0.106720 
0.23922 1 
0 -36041 1 
o.oooaa2 
0 -000139 
0.004092 

13.1821 70 

_ _ _ _ _ _ - - - - - -  

0.087355 

t -va lue 

9.414962 
2.473950 
0.358106 
1.707991 
1.454515 

5.604375 
0.494434 

- - - - - - - - - - - -  

- I  .01ao62 

Prob 
> I t ;  - _ _ _ _ - _ - _ - _  
0.000 
0.014 
0.721 
0.089 
0.147 
0.309 
0.000 
0.621 

Standardized 
Estimate 

0.485701 
0.135 135 
0.0201 91 
0.088297 
0.068965 
-0.055021 

0.023219 

. _ _ _ _ _ _ _ _ _ _ _ _ .  

0.288591 

Cor u i t h  
Dep Var .__------- 
o ~98705 
0. I 15829 

0.009788 
- 0.009439 
0.04641 5 
0.190717 
0.302054 
0.107695 

FIGURE D . l O .  Education: SAE Regression Results for Electricity 
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Etlucat i on It Conditional Demand 
k e f f i  c i en t s 

SH WH CK WHCK M F  CG 
52.56 6.97 2.82 6.92 1.00 17.83 5.69 

Educat i on I SC I WH 1 CK 
Adiustment Coef f ic ients  

WHCK 
WH I CK 

Val id cases: 242 Dependent variable: EU I 
Missing cases: 0 Deletion method: None 
Total SS: 540900.948 Degrees of freedom: 235 
R-squared: 0.227 Rbar-squared: 0.207 
Residual SS: 418062.853 Std error of est: 42.178 
F (7,235 ) : 9.864 Probability of F: 0.000 

Base1 oad 
Non-Base1 oad 

Variable 

S H f  
Vl*SHf 
V2*SHf 
SQFT*SHf 
HDO*SHf 
HRS*SHf 
EMP*SHf 

- - - - _ _ - - _  

1.00 3.38 26.22 3.34 '-62 
1.00 5.14 25.82 1.72 -32 

Est i mat e 

0.661 144 
0.189208 

- 0.269747 
0.000002 
0.000052 
-0.0023 19 
-0.000571 

- - - - - - - - - - - - - _  
Standard 
Error 

0 -320474 
0.12691 7 
0.305856 
0.000001 
0.000040 
O.OQ3183 
0 - 037446 

. - - - - -  - - - - - -_  t -value 

2.063016 
1 -490799 

1.992077 
1.291898 
-0.728699 
-0 -015235 

- - - - _ _  

- 0 -881941 

Prob 
> i t ;  _ _ _ _ _ _ _ _ - _  
0.040 
0.137 
0.379 
0.048 
0.198 
0.467 
0.988 

Standardized 
Estimate 

0 -488532 
0.110958 

0.103641 
0 - 231 953 
-0.101616 
-0.000990 

_ - - - - _ - _ _ _ - - - _  

-0.040737 

Cor with 
Dep Var 

0.747773 
0.65 1882 
0.0765 74 
0.466497 
0.742639 
0.70371 9 
0.481287 

- -  

- FIGURE D . l l .  Education: SAE Regression Results f o r  Natural Gas 
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Actual, FEDS, and Decomposition Intensities 
Electricity 

2 
0 c v -  

- 0 '  

+ 
h 

-1 

- - - Other 

- - - FEDS 
,.___..___... 

F M A M J J A S O N D  
Month 

Actual and FEDS Intensities 
Natural G a s  
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FIGURE 0.17. Food Sales: 

D.18 

FEDS Intensities by End Use 
Electricity 
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HVAC - 
V a l i d  cases: 
Missing cases: 
Total SS: 
R-squared: 
Residual SS: 
F(7,58) : 

Variable 

H V f  
V l * H V f  
V2*HVf 
SQFT*HVf 
CDD*HVf 
HRS*HVf 
EMP*HVf 

________-.  Estimate 

0.502271 
0.349073 
0.291092 

-0.000542 
0.000 1 66 
0.001351 
0.12031 1 

. - - - - - - - - - - - . 

V a l i d  cases: 
Missing cases: 
Tota l  SS: 
R-squared: 
Residual SS: 
F(8,57) : 

Variable Estimate 

. - .  

65 Dependent variable: 

40883.619 Degrees o f  freedom: 
0.569 Rbar-squared: 

17602.298 Std e r ro r  o f  est: 
10.959 Probab i l i t y  o f  F: 

0 Delet ion method: 
Y 

None 
58 

0.525 
17.421 
0.000 

0.062175 
0.128754 
0.143840 
0.003682 
0.000047 
0 -001747 
0 -034224 

65 
0 

701219.853 
0.287 

499757.890 
2.872 

Standard 
E r ro r  

8.078406 0.000 0.616447 0.805159 
2.711173 0.009 0.214745 -0.067613 
2.023717 0.048 0.161733 0.165029 

-0.147270 0.883 -0.010542 -0.339980 
3.545720 0.000 0.276873 0.591209 
0.773266 0.443 0.054168 0.080365 
3.515419 0.000 0.238513 0.384250 

"VAC 

Dependent variable: 
Delet ion method: 
Degrees o f  freedom: 
R bar- squared: 
Std e r ro r  of est: 
P robab i l i t y  of F: 

Y 
None 

57 
0.200 

93.636 
0.009 

Prob Standardized Cor w i th  
t -va lue > I t  I Estimate Dep Var - - - - - - - - - -  

NHVf  
V l *NHVf  
V2*NHVf 
SQFT*NHVf 
CDD*NHVf 
HR S*N H V f  
EMP*NHVf 
E l cMan 

- - _ _ - _ _ _ _ _ - - _ - - _ _ - _ _ * - - - - - - - - - - - - - - - - - - - - - - - - -  

1.019556 0.088969 11.459737 0.000 

0.193277 0.276958 0.697854 0.488 
-0.004637 0.004574 -1.013884 0.315 
0.000091 0.000102 0.887595 0.378 
0.006407 0.002586 2.477037 0.016 
0.133036 0.05375'4 2.473061 0.016 

-181.763853 107.962613 -1.683581 0.098 

0.147631 0.213203 a.692444 0.491 

---_--------. 
0.805778 
0.058354 
0.060613 

-0.073564 
0.069255 
0.182841 
0.177652 

-0.132591 

. - _ _ - - - _ - _ _  
0.805846 
0.014029 
0.053442 

- 0.087607 
0.028938 
0.253404 
0.186251 
0.054244 

FIGURE D.18. Food Sales: SAE Regression Resul ts for E l  e c t r i  c i t y  
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SH 

IG roce ry  
SC 1 WH ~ CK 1 MHW\"K 1 Adjustment C o e f f i c i e n t s  

Base1 oad 1.00 1.04 6.86 .53 4.21 
Non-Base1 oad 1.00 5.14 25.82 .53 4.21 

WH CK WHCK MF CG MS 

Val id  cases: 36 Dependent variable: EUI 
Missing cases: 0 Deletion method: None 
Total SS: 55465.113 Degrees of freedom: 29 
R-squared: 0.575 Rbar-squared: 0.487 
Residual SS: 23562.660 Std error of est: 28.504 
F(7,29) : 5.609 Probabi l i ty  of F: 0.000 

Standard Prob Standardized Cor with 
Variable Estimate Error t-value > I t !  Estimate Dep Var 

SHf  0.405740 0.967309 0.419453 0.678 0.484187 0.837681 
V l * S H f  -0.206975 0.174985 -1.182814 0.246 -0.152847 0.451923 
V2*SHf 72.190429 85.761607 0.841757 0.407 0.076567 0.077589 
SQFT*SHf 0.000037 0.000021 1.759692 0.089 0.269086 0.570819 
HDD*SHf -0.000139 0.000100 -1.394668 0.174 -1.177835 0.814170 
HRS*SHf 0.011757 0.008152 1.442199 0.160 1.129578 0.845905 
EMP*SHf 0.137012 0.129136 1.060987 ,0.297 0.352361 0.758996 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

- FIGURE D.19. Food Sales: SAE Regression Resul ts  f o r  Natura l  Gas 
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Actual. FEDS, and Decomposition Intensities 
Electricity 

O L '  ' ' ' ' ' ' ' ' ' I 
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Month 

Actual and FEDS Intensities 
Natural Gas 
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Month 

FIGURE D.25. Food Service: 

D.26 

FEDS Intensities by End Use 
Electricity 
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HVAC - 
Val i d  cases: 132 Dependent variable: Y 
Missing cases: 0 Delet ion method: None 
Total SS:  466058.825 Degrees o f  freedom: 125 
R-squared: 0.624 Rbar-squared: 0.606 
Residual SS: 175433.652 Std e r r o r  o f  est: 37.463 
F(7.125): 29.582 Probab i l i t y  o f  f :  0.000 

Standard Prob Standardized Cor w i t h  
Variable Estimate Error t-value >It( Estimate Oep Var 

H V f  0.920551 0.074751 12.314915 0.000 0.612133 0.713353 
V l * H V f  0.035261 0.182631 0.193073 0.847 0.011521 0.013007 
V2*HVf 0.656055 0.242056 2.710339 0.008 0.169720 0.273202 

COO*HVf 0.000035 0.000062 0.568011 0.571 0.031226 0.497892 
HRS*HVf 0.004005 0.002228 1.797395 0.075 0.080233 0.160849 
EMP*HVf 0.251049 0.032226 7.790243 0.000 0.393621 0.596629 

_____________________________________L__--------------------------------------- 

SQFT*HVf -0.011953 0.008481 -1.409477 0.161 -0.066263 -0.305908 

NHVAC - 
Val i d  cases: 132 Dependent var iab le:  Y 
Missing cases: 0 Delet ion method: None 
Total SS:  1423638.238 Degrees o f  freedom: 125 
R-squared: 0.521 Rbar-squared: 0.498 
Residual SS: 681863.451 Std e r r o r  o f  es t :  73.857 
F(7.125) : 19.426 Probab i l i t y  o f  F: 0.000 

Vari ab1 e 

NHVf 
V l * N H V f  
V2*NHVf 
SQFT*NHVf 
COO*NHVf 
HRS*NHVf 
EMP*NHVf 

__--_-_____ Est i mate 

0,931840 
0.116792 
0.231030 

0.000097 
0.010840 
0.206138 

---------- ---_ 

-0.01 1084 

Standard 
Error 

0.064665 
0.158063 
0.214058 
0.004645 
0.000068 
0.002068 
0.032310 

.--------- 
t-Val ue 

14.410363 
0.738893 
1.079288 

-2.386187 
1.412522 
5.242356 
6.379932 

--__-__________ 
Prob 
>It1 .------- 
0.000 
0.461 
0.283 
0.019 
0.160 
0.000 
0.000 

Standardized 
Estimate 

0.665961 
0.041375 
0.063768 

-0.111915 
0.067843 
0.245421 
0.326438 

Cor wi th  
Dep Var 

0.717881 
0.064278 
0.144636 

0.207758 
0.406773 
0.398742 

_----- ---- 

-0.140825 

FIGURE 0.26. Food Serv i ce : SA€ Regression Resul ts  for Electricity 
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Restaurant SH WH CK WHCK MF 
Concli t i  onal Demand 79.52 262.82 128.84 160.85 1.00 

CG MS 
1.00 30.72 

Valid cases: 114 Dependent variable: EU I 
Missing cases: 0 Deletion method: None 
Total SS: 1291115.166 Degrees of freedom: 107 
R-squared: 0.229 Rbar - squared: 0.186 
Residual SS: 994942.616 Std error o f  est: 96.429 
F(7,107): 4.550 Probabil i ty o f  F: 0.000 

~~ ~~ 

Restaurant 
Ad j us tmen t Coe f f i c i en t s 
Base1 oad 
Non-Base1 oad 

Variable Estimate 

SHf - 0.742891 
V l * S H f  0.263516 
V2"SHf 2.94871 5 
SGIFT*SHf 0.000061 
HDD*SHf 0.0001 71 
HRS*SHf -0.002168 
EMP*SHf 0. I94906 

. . . . . . . . . . . . . . . . . . . . . .  

SC WH CK WHCK 
WH CK 

1.00 4.54 7.35 .84 1.94 
1.00 .36 2.32 -15 -34 

Standard 
Error 

0.988825 
0.288092 
0.8501 79 
0.000067 
0.0001 26 
0.005605 
0.089407 

. _ _  - _ - -  _ -  .___ 
Prob Standardized Cor with 

t-value >It! Estimate Dep Var 

-0.751287 0.454 -0.389464 0.523676 
0.914697 0.362 0.102318 0.382342 
3.468347 0.000 0.305124 0.475479 
0.902275 0.349 0.097593 0.414449 
1.357720 0.177 0.584694 0.529892 
-0.386712 0.700 -0.092561 0.506689 
2.179982 0.031 0.287667 0.593353 

. -_ - -_ - - - - - -___- - - -_____________________- - - - - -  

- FIGURE D.27. Food Service: SAE Regression Results f o r  Natural Gas 
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Actual, FEDS, and Decomposition Intensities FEDS Intensities by End Use 
Electricity 

42 

m 

(v 
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Month 

Actual and FEDS Intensities 
Natural G a s  

0 
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Month 

FIGURE D.33. Hospitals: 

D.34 
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- HVAC 

Va l i d  cases: 69 Dependent var iable:  
Missing cases: 0 De le t ion  method: 
Total  SS: 471 08.718 Degrees o f  freedom: 
R - squared: 0.349 Rbar-squared: 
Residual SS: 30676.034 Std e r ro r  o f  est: 
F ( 7,62 ) : 4.745 Probab i l i t y  o f  F: 

Y 
None 

62 
0.286 

22.244 
0.000 

HV f I -086237 
V l * H V f  -0.254142 
V2*HVf 0.144446 
SQFT*HVf 0.000381 
CDD*HVf -0.000061 
HRS*HVf 0.005643 
EMP*HVf 0.237154 

Va l i d  cases: 
Missing cases: 
Total  SS: 
R-squared: 
Residual SS: 
F (7,62) : 

Variable Estimate _ - - _ - - _ _ _ - _ - - _ _ - - _ _ _ _ _ _  
NHVf  1.009153 
Vl *NHVf  -0.242478 
V2*NHVf 0.061 474 
SQFT*NHVf 0.000137 
CDD*NHVf 0.000083 
HRS*NHVf 0.006125 
EMP*NHVf 0.187745 

0.096556 
0.285670 
0.418086 
0.000297 
0.000064 
0.001 925 
0.049921 

69 
0 

57345 -866 
0.046 

54720.111 
0.425 

Standard 
E r ro r  - - - - - - - - - - -  

0.065 187 
0.273936 
0.353256 
0.0001 76 
0.000078 
0&002640 
0.057779 

11.249834 .O.OOO 1.145497 0.718900 
-0.889634 0.377 -0.080247 0.128066 
0.345494 0.731 0.032929 -0.136544 
1.282848 0.204 0.165835 -0.404103 

-0.949761 0.346 -0.077611 0.204828 
2.930887 0.005 0.340819 -0.185207 
4.750573 0.000 0.325185 0.343465 

NHVAC - 
Dependent var iable:  Y 
De le t ion  method: None 
Degrees o f  freedom: 62 
Rbar-squared: -0.047 
Std e r ro r  o f  est: 29.708 
Probab i l i t y  o f  F: 0.883 

Prob Standardized Cor w i th  
t -value > I t ;  Estimate Dep Var -----------_-------____. 

15.480963 0. DO0 
-0.885163 0.379 - 
0.174020 0.862 
0.775030 0.441 
1 .OS8769 0.294 
2.319582 0.024 
3.249368 0.002 

.----------. 
0.879046 
.0.076359 
0.015212 
0.046895 
0.065 135 
0.154639 
0.183255 

. - - _ _ _ _ - - _  
0 -859824 
0.013406 

-0.023171 
-0.081866 - 0.018898 
0.159126 
0.202168 

FIGURE D.34. Hospital : SAE Regression Results .for Electricity 
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Hosp i ta l  SH WH CK WHCK MF CG MS 
Coridi t i onal Demand 31.80 84.51 31.71 84.83 22.75 43.71 1.00 E C oe f f i c i en t s 

Hosp i ta l  I SC I WH I CK WHCK 
Adjustment C o e f f i c i e n t s  WH 
Base1 oad 1.00 2.27 11.56 2.56 
Non-Base1 oad 1.00 .24 2.36 .05 

Val id cases: 
Missing cases: 
Total SS: 
R-squared: 
Residual SS: 
F(6,59): 

65 Dependent variable: 

6361 4 - 577 Degrees of freedom: 
0.072 Rbar-squared: 

59043 -810 Std error of est: 
0.761 Probabi l i ty  of F: 

0 Deletion method: 
EU I 

None 
59 

-0.007 
31 -635 
0.603 

Standard Prob Standardized Cor with 
Variable Estimate Error t-value > I t  I Estimate Dep Var 

SHf 4.501847 2.363014 1.905129 0.062 1.318009 0.638301 
Vl*SHf -1.796382 1.992828 -0.901423 0.371 -0.503153 0.556993 
VZ*SHf 1.009716 2.363748 0.427167 0.671 0.071723 0.308085 
SQFT*SHf -0.000002 0.000000 -2.205492 0.031 -0.319494 0.364565 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

HDD*SHf 0.000184 0.000160 1.149066 0.255 0.342175 0.649323 
EMP*SHf -0.538797 0.340128 -1.584100 0.119 -0.350139 0.521275 

- FIGURE D.35. Hosp i ta l :  SAE Regression Resul ts f o r  Natura l  Gas 
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Actual, FEDS, and Decomposition Intensities 
Electricity 

Actual 

Decomp 
- - - FEDS , . _ _ _ _ _ _ _ _ _ _ _  

O L '  " " " " ' I 
J F M A M J J A S O N D  

Month 

Actual and FEDS Intensities 
Natural G a s  

0 

/ -  

0 .\---- 
J F M A M J J A S O N D  

Month 

FEDS Intensities by End U s e  
Electricity 

W O I  Heat 
Cool 
Vent 
Light 
Other 

- - -  
,.___________ 
. . . _ . . _  
. - .  

Month 

FEDS Intensities by End Use 
Natural G a s  

Month 

FIGURE D.41. Lodging: Monthly Average EUIs 
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HVAC - 
114 Dependent v a r i  ab1 e: 

0 Delet ion method: 
32384 -696 Degrees of freedom: 

0.212 Rbar-squared: 
255 15.430 Std e r ro r  o f  est: 

4.115 Probab i l i t y  o f  F: 

Va l id  cases: 
Missing cases: 
Total SS: 
R-squared: 
Residual SS: 
F(7,107): 

Variable 

H V f  
V l * H V f  
V2*HVf 
SQFT*HVf - 
CDD*HVf 
HRS*HVf 
EMP*HVf 

- - - -  - - - - - - -  _. Estimate 

0 -586139 
0.149108 
0.26384 1 

,0.000668 
0.000018 
0.000170 
0.013323 

. _ _ _ - - _ _ _ _ _ _  

V a l i d  cases: 
Missing cases: 
Tota l  SS: 
R-squared: 
Residual SS: 
F(8,106): 

Variable 

NHVf 
V l *NHVf  
V2*NHVf 
SQFT*NHVf 
CDD*NHVf 
HRS*NHVf 
EMP*NHVf 
E l cMan 

- - - - - - - - -_  Estimate 

0.889164 
0.223125 
0.370336 
0.001828 

-0.000012 
-0.004163 
0.007695 

- 2  -428454 

_ - - _ - - - _ _ _ _ _  

Y 
None 

107 
0.168 

15.442 
0.000 

Standard 
Error  

0.073257 
0.168437 
0.179694 
0.000955 . 
0.000048 
0.002426 
0.01 7762 

.----_-------. 
t -value 

8.001131 
0.885 244 
1 .468277 

.O .699575 
0.368972 
0.070065 
0.750111 

. - - - - - -___ 

Prob 
> I t !  - - - - - - - - -_  
0.000 
0.378 
0.145 
0.486 
0.713 
0.944 
0.455 

Standardized Cor w i th  
Estimate Dep Var 

0.758272 0.788086 
0.095247 0.134609 
0.153813 0.063173 

-0.056296 -0.548512 
0.025658 0.221077 
0.004753 -0.011788 
0.054545 -0.431348 

. . . . . . . . . . . . . . . . . . . . . . .  

NHVAC - 
114 Dependent variable: 

0 Delet ion method: 
Degrees o f  freedom: 5 1 91 8.341 

-0.296 Rbar-squared: 
67284.779 Std e r ro r  of est: 

-3.026 Probab i l i t y  of F: 

Standard 
Error 

0.085292 
0.225156 
0.24821 0 
0.000762 
0.000090 
0.005705 
0.01 0850 

25.939055 

_ _ - - - - _ - - - _ _  t - va lue  

10.424949 
0.990980 
1.492030 
2.399467 

-0.131585 
- 0.729668 
0.709164 

-0.093622 

- - - - - - - - - - - - - _ _  
Prob 
> I t !  - - - - - - -. 
0.000 
0.324 
0.139 
0.018 
0.896 
0.467 
0.480 
0.926 

Standardized 
Estimate 

0.756241 
0.094577 
0.142556 
0.147547 

-0.009731 
-0.053027 
0.048425 

-0.006453 

. - - - - - - - - - - - -  

Y 
None 

106 
-0.382 

’ 25.194 

Cor w i th  
Dep Var 

0.693997 
0.009635 
0.090538 - 0.02 1894 
0.013733 
0.101201 

- 0.089823 
0.03072 1 

_ _ _ _ _ _ _ _ _ _  

FIGURE D.42. Lodging: SAE Regression Results for Electricity 
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Lotigi ng SH WH CK WHCK MF CG 
Conditional Demand 53.12 82.61 9.68 47.47 1.00 1.00 

I L o d g i ~ g  
SC 1 WH CK 1 w:H[K72 I Adjustment C o e f f i c i e n t s  

Base1 oad 1.00 4.53 4.85 1.87 
Non-Base1 oad 1.00 .95 1.17 1.40 .16 

MS 
10.13 

Valid cases: 94 Dependent variable: EU I 
Hissing cases: 0 Deletion method: None 
Total SS: 261522.602 Degrees of freedom: 87 
R-squared: 0.121 Rbar-squared: 0.061 
Residual SS: 229780.472 Std error of est: 51 -392 
F (7,871 : 1.717 Probabil i ty of F: 0.115 

Standard 
Variable Estimate Error 

SHf  0.341775 1.126407 
Vl*SHf 0.102119 0.333609 
V2*SHf -0.618029 0.647630 
SPFT*SHf 0.000005 0.000002 
HDD*SHf 0.000069 0.000073 
HRS*SHf 0.000244 0.006507 
EMP*SHf 0.022109 0.028551 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - -  
Prob Standardized Cor with 

t-value > I t !  Estimate Dep Var 

0.303420 0.762 0.230245 0.629415 
0.306103 0.760 0.056345 0.534372 
-0.954293 0.343 -0.092231 0.144044 
2.470531 0.015 0.234130 0.381777 
0.947533 0.346 0.281918 0.644311 
0.037488 0.970 0.026495 0.624313 
0.774346 0.441 0.063289 0.186290 

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - - - - - - -  

FIGURE D.43. Lodging: SAE Regression Results f o r  Natural Gas 
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Actual, FEDS. and Decomposition Intensities 
Electricity 

FEDS Intensities by End Use 
Electricity 

O L '  " " " ' " ' 
J F M A M J J A S O N D  

Month 

Actual and FEDS Intensities 
Natural Gas 

/ 
/ 

\ 
,-,,,/ 

\ 

J F M A M J J A S O N D  
Month 

, . . . . . . . . - . . . 
. . . _ _ . _  Light 
. - .  Other 

J F M A M J J A S O N D  
Month 

FEDS Intensities by  End Use 
Natural G a s  

0 
0 

'-0 
In 

m 
0 , .  
N 
2 2 0  
(de- 
I 
F , .  
c 
4 - 0 .  

Other h 

J F M A M J J A S O N D  
Month 

Monthly Average EUIs FIGURE D.49. Large Of f ice :  
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V a l i d  cases: 283 
Missing cases: 0 
Total SS: 14 1759.066 
R-squared: -0.044 
Residual SS: 147964.944 
F(7,276) : -1.654 

Standard 
Variable Estimate E r ro r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

HVAC - 
Dependent variable: 
Detetion method: 
Degrees o f  freedom: 
R bar- squared: 
S t d  e r r o r  o f  est: 
P robab i l i t y  o f  F: 

Y 
None 
276 

-0.066 
23.154 

H V f  1.125864 
Vl*HVf  0.335789 
V2*HVf 0.142236 
SPFT*HVf 0.000076 
CDD*HVf -0.000039 
HRS*HVf -0.000065 
EMP*HVf 0.025758 

Va l id  cases: 
Missing cases: 
Total SS: 
R-squared: 
Residual SS: 
F(8,23) : 

Variable Estimate - - - _ _ - - - - _  
NHVf 
V l *NHVf  
V2*NHVf 
SQFT*NHVf 
CDD*NHVf 
HRS*NHVf 
EMP*NHVf 
E I cMan 

----- - - - - - - -  
1.450071 
0.480622 
0.015001 
0.000202 
-0.000041 
-0.005506 
0.052839 
26.903428 

0.059563 
0.199829 
0 .to6823 
0.000157 
0.000048 
0.001497 
0.020422 

283 
0 

985581.668 
0.003 

982675 .nl 
0.102 

Standard 
Error  ------------ 
0.1 12303 
0.329030 
0.350765 
0.000237 
0.0001 10 
0.002620 
0.03671 5 
17.679739 

18.902229 0.000 0.775457 
1.680381 0.094 0.115466 
0.687720 0.492 0.047576 
0.483827 0.629 0.019093 
-0.816279 0.415 -0.031470 
-0.043320 0.965 -0.001736 
1.261294 0.208 0.048283 

NHVAC - 
Dependent var i ab 1 e : 
Delet ion method: 
Degrees o f  freedom: 
Rbar-squared: 
Std e r ro r  o f  est: 
P robab i l i t y  o f  F: 

0.771521 
0.091 935 
-0.034665 - 0.150970 
0.073391 
0.213803 
0.070290 

Y 
None 
275 

-0.022 
59.778 
0.999 

Prob Standardized Cor w i th  
t -va lue > I t :  Estimate Dep Var . . . . . . . . . . . . . . . . . . . . . .  

12.912156 0.000 
1.460723 0.145 
0.042765 0 -966 
0.853185 0.394 
-0.372998 0.709 
-2.101444 0.037 
1.439162 0.151 
1.521710 0.129 

. _ - _ _ - _ _ _ - _ - _ _ _  
0.635595 
0.104982 
0.003091 
0.039573 
-0.017311 
-0.101420 
0.066445 
0.070903 

_- - - - -_ - -  
0.634866 
0.141430 - 0.136096 
0.106222 - 0.01 0481 
0.1081 17 
0.114519 
0.172706 

FIGURE D.50. Large Office: SAE Regression Results f o r  Electricity 
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Large O f f i c e  SH WH CK WHCK MF CG 
Condi t ional  Demand 19.35 7.01 1.08 6.59 74.88 50.54 

I L a r g e  O f f i c e  SC WH CK ~ w:H\:cK I 
Adjustment C o e f f i c i e n t s  
Base1 oad 1.00 8.43 5.11 4.45 .80 
Non-Basel oad 1.00 12.29 1.60 2.44 .44 

MS 
2.63 

Valid cases: I 68 Dependent variable: EUI 
Missing cases: 0 Deletion method: None 
Total SS: 116327.376 Degrees of freedom: 161 
R-squared: 0.210 Rbar-squared: 0.181 
Residual SS: 91 874.613 Std error of est: 23 - 888 
F(7,161): 6.122 Probability of  F: 0.000 

Var i ab1 e 

SHf  
V l *SHf  
V2*SHf 
SQFT*SHf 
HDD*SHf 

-----------. Estimate 

1.613303 - 0.432332 
- 0.760849 
-0.000000 
0.000014 

.------------ 
Standard 
Error 

0.594402 
0.312071 
0.349780 
0.000000 
0.000055 

-----------. 
Prob 

t-value >It!  

2.714159 0.007 
-1.385363 0.168 
-2.175221 0.031 
-0.5982'12 0.551 
0.250338 0.803 

Standardized 
Estimate 

0 - 928807 
-0.190226 
- 0.21 61 79 - 0.048242 
0.056091 

- - - - - - - - - - -_ - -  
Cor with 
Dep Var 

0.57881 6 
0.455307 
0.196200 
0 -304432 
0.556355 

- _ _ - - - _ - -  

HRS*SHf -0.011096 0.006799 -1.631974 0.105 -0.386779 0.531078 
EMP*SHf 0.153588 0.073151 2.099602 0.037 0.288818 0.566314 

- FIGURE D.51. Large Of f i ce :  SAE Regression Resul ts f o r  Natura l  Gas 

D.52 



-d 

2 

0 Lo 

r- 
W 

2 

t m  

w 
d o l  

m 
n 

n 
5 '  ' . ' 

I 001 OB 09 Ot 02 

x 

I 001 OB 09 OP 02 

I 
L a 

m 01 

P- 
UY 

BE zc 82 +2 02 91 ZI 8 P 0 





oe OL 09 os 0) OE oz 01 

r- 
*. 

P 
I r- d 

/ 1, 
x 
D 

m n 

OP 9E OE Et OZ SI 01 E 

D.55 



U a 
E 
c 
0 
2 

001 oe 09 0) 02 o 

n 

i OOI oe 08 OP oz 

m 

(D 

N 
01 

x 
0 
W 

5 -  

A 

m 

01 1 
I 

& 

n 

a 

I OL 09 os OP OE 02 01 0 

m 

- 
(D 

N a 

OL. 09 OF OP 06 02 01 0 

0.56 



(D \ ’  I 

tr 
A 

4 
W 
V (r 

0 0 
9 - 
L 

P 

- 
I 
0 

>; 
4 .- a 
4 - C 

e 
A 

.-) 

I I 
(D I 
0 W 

P OP EE OE Pt 02 E1 01 E 0 

D.57 



Actual, FEDS, and Decomposition Intensities 
Electricity 

4 E- / \  1 

*i, I 

Actual - - - FEDS 
,............ 

0 
J F M A M J J A S O N D  

Month 

Actual and FEDS Intensities , 

Natural Gas 
0 

FEDS Intensities by End Use 
Electricity 

,.____....... 

, . . - . . . Light 
Other . - .  

0 

2 

2 
0 

Month 

FEDS Intensities by  End Use 
Natural G a s  

I " " " " '1 

O L '  ' ' ' ' ' ' ' ' ' ' 
J F M A M J J A S O N D  

Month 

FIGURE D .57 .  Small O f f i c e :  

0 
J F M A M J J A S O N D  

Month ' 

Monthly Average E U I s  

0.58 



HVAC - 
Val id  cases: 477 Dependent variable: 
Missing cases: 0 Delet ion method: 
Total SS: 155913.211 Degrees o f  freedom: 
R-squared: 0.189 Rbar-squared: 
Residual SS: 126455.533 Std e r ro r  o f  est: 
F (7,470) : 15.641 Probab i l i t y  o f  F: 

Y 
None 
470 

0.179 
16.403 
0.000 

H V f  0.483098 
V l * H V f  0.057235 
V2*HVf 0.124990 
SQFT*HVf 0.001558 
CDD*HVf 0.000080 
HRS*HVf 0.003250 
EMP*HVf 0.066506 

0.029518 
0.072615 
0.085791 
0.002505 
0.000023 
0.001241 
0.012495 

16.366310 0.000 0.610888 
0.788205 0.431 0.035967 
1.456910 0.146 0.066542 
0.621980 0.534 0.022290 
3.520145 0.000 0.123889 
2.618164 0.009 0.086826 
5.322773 0.000 0.176564 

"VAC 

V a l i d  cases: 
Missing cases: 
Total SS: 
R-squared: 
Residual SS: 
F (8,469) : 

Variable Estimate - - - - - _ _ _ _ _ _  
NHVf 
Vl*NHVf 
V2*NHVf 
SQFT*NHVf 
CDD*NHVf 
HRS*NHVf 
EMP*NHVf 
E 1 cMan 

_ _ _ - - _ _ _ _ _ _  
1.156661 - 0.01 5850 
0 -35 1540 
0.01 2686 
-0.000094 
0.006221 
0.147678 

35.911308 

477 
0 

1131834.779 
0.115 

1002094.679 
7.590 

Standard 
E r ro r  

0 -071651 
0.183577 
0.203951 
0.005444 
0.000081 
0.002007 
0.0361 1 5 
12.327043 

- - - - - - - - - - - - _  

Dependent variable: 
Delet ion method: 
Degrees o f  freedom: 
Rbar-squared: 
Std e r ro r  of est: 
P robab i l i t y  o f  F: 

Prob Standardized 
t -va lue > I t ;  Estimate 

0.667430 
0.142449 - 0.065238 - 0.21 271 8 
0.348744 
0.089944 
0.279727 

Y 
None 
469 

0.101 
46.224 
0.000 

Cor w i th  
Dep Var . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

16.143048 0.000 0.575764 0.633205 
-0.086341 0.931 -0.003941 -0.020390 
1.723652 0.085 0.078719 0.073304 
2.330430 0.020 0.081324 0.113072 
-1.158265 0.247 -0.039932 -0.056678 
3.099275 0.002 0.111506 0.319519 
4.089123 0.000 0.139753 0.186134 
2.913214 0.004 0.101526 0.221753 

FIGURE D.58. Small Office: SAE Regression Results for Electricity 
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Small Office sh wh ck whck mf 
Condi t i onal Demand 47.17 11.73 8 .05  18.36 1.00 

Small Office I sc I wh I ck 
Ad.i us tmen t Co e f f i c i en t s 

cg ms 
39.35 8.40 

Base1 oad 
Non-Base1 oad 

Val id cases: 
Missing cases: 
Total SS: 
R-squared: 
Residual SS: 
F ( 7,286) : 

1.00 1.74 1.74 1.42 2.31 
1.00 1.92 1.74 1.42 2.31 

293 Dependent variable: 
0 Deletion method: 

875082.801 Degrees of freedom: 
0.135 Rbar-squared: 

757073.672 Std error of est: 
6.369 Probability of F: 

E U I ~ ~ ~  
None 
286 

0.117 
51 -450 
0.000 

Standard Prob Standardized Cor with 
Variable Estimate Error t -va 1 ue > i t ;  Estimate Dep Var 

SHf  0.154883 0.256940 0.602796 0.547 0.132741 0.674119 
V l * S H f  -0.099061 0.112960 -0.876958 0.381 -0.064254 0.509373 
V2*SHf -0.165530 0.181919 -0.909913 0.364 -0.048885 0.206668 
SQFT*SHf 0.000009 0.000006 1.407646 0.160 0.073224 0.432345 
HDD*SHf 0.000051 0.000033 1.543854 0.124 0.288402 0.669252 
HRS*SHf 0.005704 0.002057 2.772820 0.006 0.283858 0.660317 
EMP*SHf 0.012550 0.027093 0.463219 0.644 0.037024 0.558383 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

FIGURE D.59. Small Office: SAE Regression Results for Natural Gas 
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Actual, FEDS. and Decompositlon Intensities FEDS Intensities by End Use 
Electricity Electricity 
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HVAC - 
Val id  cases: 820 Dependent variable: Y 
Missing cases: 0 Delet ion method: None 
Total SS: 265041 -471 Oegrees o f  freedom: 813 
R-squared: 0.335 Rbar-squared: 0.330 
Residual SS: 176236.916 Std e r ro r  of est:, 14.723 
F(7,813): 58.524 Probab i l i t y  of F:  0.000 

Variable 

HVf  
V l * H V f  
V2*HVf 
SQFT*HVf 
CDD*HVf 
HRS*HVf 
EMP*HVf 

------------. 
Standard 

Estimate E r ro r  t - va 1 ue 

0.552022 0.031594 17.472202 
0.299323 0.082066 3.647331 
0.117837 0.098675 1.194195 
0.000187 0.000255 0.732592 
0.000169 0.000025 6.656904 
0.003686 0.000715 5.152990 
0.179712 0.025121 7.153945 

. _ _ _ _ _ _ _ _ - _ _ _ * - _ _ _ - - - - - - - - - - - - - - - -  

Prob 
> I t [  - - - - _ _ _ _ _ _  
0.000 
0.000 
0.233 
0.464 
0.000 
0.000 
0.000 

Standardized 
Estimate 

0.502593 
0.12931 2 
0.041 503 
0.0201 14 
0.173180 
0.139389 
0.189894 

. - - - - - - - - - - - - - -  
Cor u i t h  
Dep Var 

0.609759 
0.201 808 

-0.042296 - 0.229807 
0.305392 
0.298844 
0.3481 14 

_ - _ _ _ - _ _ -  

NHVAC - 
V a l i d  cases: 820 Dependent variable: Y 
Missing cases: 0 Delet ion method: None 
Total SS: 3190061.572 Degrees o f  freedom: 812 
R-squared: 0.245 Rbar-squared: 0.238 
Residual SS: 2409425.960 Std e r ro r  o f  est: 54.473 
F(8,812) : 32.885 Probab i l i t y  o f  F: 0.000 

Var i ab1 e 

NHVf 
Vl*NHVf 
V2*N HV f 
SQFT*NHVf 
CDD*NHVf 
HRS*NHVf 
EMP*NHVf 
E 1 cMan 

- - - - - - - - - - -  Estimate 

1 -472783 
0.856732 
1 -249983 

-0.000997 
0.000152 
0 -017356 
0.659069 

16.760630 

-_-_--____. 
Standard 
E r ro r  

0.085588 
0.205602 
0.272394 
0.000279 
0 .OOOO98 
0.001 974 
0.074870 
9.499201 

.-----------. t - va  lue 

17.207827 
4.166942 
4.588882 

-3.566573 
1.552145 
8.79221 7 
8.002863 
1 -764425 

.-----------.  
Prob 
> ; t ;  . _ - -__  _ _ _ _ _ _  
0.000 
0.000 
0. 000 
0.000 
0.121 
0.000 
0.000 
0.078 

Standardized 
Estimate 

0 A8201 0 
0.134250 
0.1485 10 - 0.092925 
0.041 289 
0.243719 
0.226955 
0.045659 

------------. 
Cor u i t h  
Dep Var 

0.573350 
0.123445 
0.023825 
0.000507 - 0.038933 
0.433414 
0.301014 
0.116600 

.--------- 

FIGURE D.66. Retail/Service: SAE Regression Results for Electricity 
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I sh I wh ck whck 
Conditional Demand Coef f ic ients  
Basel oad (w/Heat i ng) 44.53 28.10 7.83 21.09 

:ad NA 51.55 6.92 13.21 
(wo/”eating) 

wh ck 
R e t a i l  .- 9 sc I wh I ck 

m f  cg ms 

35.51 45.63 9.97 
35.51 45.63 9.97 

~~ 

Basel oad 1.00 
(w/Heating) 
Basel oad 1.00 
(wo/Heating) 
Non-Baseload 1.00 

Val id  cases: 5 08 Dependent variable: 
Missing cases: 0 Deletion method: 
Total SS: 1459387.762 Degrees of freedom: 
R-squared: 0.243 Rbar-squared: 
ResiduaL SS: 1105163.083 Std error of est: 
F(7,501): 22.940 Probabi l i ty  of F: 

4.15 20.57 13.07 5.08 

9.71 19.52 14.61 5.68 

8.05 10.45 4.17 1.62 

E U I ~ ~ ~  
None 

501 
0.234 

46.967 
0.000 

Standard Prob Standardize1 Cor with 
Variable Estimate Error t - va 1 ue > i t ;  Estimate Dep Var 

S H f  0.218748 0.216493 1.010417 0.313 0.173743 0.656822 
V l * S H f  0.212348 0.086758 2.447599 0.015 0.129710 0.533204 
VZ*SHf 0.404799 0.157539 2.569507 0.010 0.090709 0.279104 
SQFT*SHf 0.000000 0.000000 0.296563 0.767 0.009388 0.120057 
HDD*SHf 0.000007 0.000028 0.270558 0.787 0.040597 0.651140 
HRS*SHf 0.000661 0.001640 0.403292 0.687 0.034329 0.627732 
EMP*SHf 0.228649 0.028192 8.170453 0.000 0.383855 0.667624 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

- FIGIJRE D.67. Retai l /Service:  SAE Regression Results f o r  Natural Gas 
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Actual, FEDS, and Decomposition Intensities FEDS Intensities by  End U s e  
Electricity Electricity 
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HVAC - 
Val id  cases: 
Missing cases: 
Total SS: 
R-squared: 
Residual SS: 
F(7,429) : 

436 Dependent variable: 
0 Delet ion method: 

2958.039 Degrees o f  freedom: 
-0.046 Rbar-squared: 

3094.023 S t d  e r r o r  o f  est: 
-2.694 Probab i l i t y  o f  F: 

Y 
None 
429 

-0.061 
2.686 

H V f  0.425108 
V1*HVf 0.221 679 
V2*HVf 0.477984 
SQFT*HVf 0.000980 
CDD*HVf -0.000066 
HRS*HVf 0.005766 
EMP*HVf 0.000542 

Va l id  cases: 
Missing cases: 
Tota l  SS: 
R-squared: 
Residual SS: 
F(8,428) : 

Variable Estimate - - - - - - - - - - -  
NHVf 
V l *NHVf  
V2*NHVf 
SPFT*NHVf 
CDD*NHVf 
HRS'NHVf 
EMP*NHVf 
Re f r i g  

- - - - - - - - - - _  
1 .07l468 
0.023998 
0.337911 
0.000294 
0.00001 5 
0.001 127 
1.072178 

98.859782 

0.058991 
0.168206 
0.187069 
0 -000459 
0.000036 
0.001818 
0.020928 

436 
0 

71 1013.751 
0.331 

475861.117 
26.438 

Standard 
Error  -------------. 

0.096906 
0.251257 
0.351005 
0.000625 
0.000095 
0.001 613 
0.125125 
9.02800 1 

7.206366 0.000 0.578028 
1.317901 0.188 0.140931 
2.555125 0.011 0.273851 
2.137791 0.033 0.117390 

-1.817344 0.070 -0.140888 
3.171270 0.002 0.195985 
0.025886 0.979 0.001647 

NHVAC - 
Dependent variable: 
Delet ion method: 
Degrees o f  freedom: 
Rbar-squared: 
Std e r r o r  o f  est: 
P robab i l i t y  of F: 

0.344375 - 0.026489 
0.138331 

-0.023932 
0.249022 

-0.056565 
0.105736 

Y 
None 
428 

0.320 
33.344 

0.000 

Prob Standardized Cor w i th  
t - va lue  , > I t :  Estimate Dep Var . - - - - - - - - - - - - - 

1 1  -056954 
0.0955 12 
0.962695 
0.46961 1 
0.154328 
0 -698571 
8.56885 1 

10 -950351 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
0.000 0.467074 0.432186 
0.924 0.004786 0.106260 
0.336 0.050044 -0.026126 
0.639 0.016709 0.055959 
0.87? 0.005766 -0.095214 
0.485 0.026098 0.190330 
0.000 0.317829 0.254751 
0.000 0.395420 0.518637 

F I G U R E  D . 7 4 .  Warehouse: SAE Regression Results for Electricity 
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Comdi t i onal Demand 1 Warehouse 
SC j WH CK ~ wHWH[KcK ~ Adjustment Coef f ic ients  

Base1 oad 1.00 2.08 8.25 3.95 1.39 
Non-Base1 oad 1.00 4 .28  8.25 3.95 1.39 

SH WH CK WHCK MF 
36.30 3 .12  1.20 4.72 76.89 45.11 5.65 

Val id  cases: 249 Dependent variable: EUI 
Missing cases: 0 Deletion method: None 
Total SS: 405192.055 Degrees of freedom: 242 

-0.026 R-squared: -0.001 R ba r - squa red: 
Residual SS: 405626.523 Std error of est: 40.941 
F (7,242) : -0.037 Probabi l i ty  of F :  

Standard Prob Standardized Cor with 
Variable Estimate Error t-value > I t :  Estimate Dep Var 

SHf 0.806773 0.702785 1.147965 0.252 0.382808 0.530674 
Vl*SHf 0.438323 0.242349 1.808641 0.072 0.170210 0.464016 
V2*SHf 1.315181 0.602860 2.181571 0.030 0.119509 0.234804 
SPFT*SHf 0.000005 0.000002 2.602487 0.010 0.147505 0.326401 
HDD*SHf -0.000163 0.000091 -1.789428 0.075 -0.552262 0.505702 
HRS*SHf 0.015507 0.004492 3.451853 0.000 0.418852 0.564223 
EMP*SHf 0.260527 0.116014 2.245653 0.026 0.150584 0.424282 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

- f IGURE D.75.  Warehouse: SAE Regression Results f o r  Natura l  Gas 
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Actual, FEDS, and Decomposition Intensities 
Electricity 
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FIGURE D.81. Misc.  Buildings: Monthly Average EUIs 
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Va l id  cases: 245 Dependent variable: Y 
Missing cases: 0 Delet ion method: None 
Tota l  SS: 25227.057 Degrees o f  freedom: 238 
R-squared: 0.311 Rba r - squared: 0.293 
Residual SS: 17385.150 Std e r ro r  o f  est: 8.547 
F (7,238) : 15.336 Probab i l i t y  o f  F: 0.000 

Var i ab1 e - - - - - - - - - -  -. 
H V f  
V l * H V f  
V2*HVf 
SQFT*HVf 
CDD*HVf 
HRS*HVf 
EMP*HVf 

Estimate 

0.522970 
0.129505 
0 -443749 
0 -002767 

-0.000017 
0 -002372 
0.078422 

- - - - - _ -  
Standard 
Error  

0.052799 
0.0841 96 
0.12421 5 
0.000525 
0.000037 
0.000628 
0 -021514 

I - - - - -  - - - - - - -  t -value 

9.904960 
1 .538135 
3.572437 
5.274852 

- 0.449009 
3.777773 
3 -645218 

. - - - - - - - - - - -  

Va l i d  cases: 215 
Missing cases: 0 
Total SS: 683621.586 
R-squared: 0.098 
Residual SS: 616669.959 
F(8,237): 3.216 

Var i ab 1 e - - _ _ - - - _ _ _ _  
NHVf 
Vl*NHVf 
V2*NHVf 
SQFT*NHVf 
CDD*NHVf 
HRS*NHVf 
EMP*NHVf 
E 1 cMan 

Estimate 

1.146418 
0.273672 
0.702397 
0.001214 - 0.000182 

-0.004853 
0;211131 

34.01 1698 

_ - - - - - - _ _ - - - _  
Standard 
E r ro r  

0.165376 
0 -272002 
0.378687 
0.000792 
0.000156 
0.002239 
0.071219 

12.595071 

.-----------. 

Prob 
> I t !  - - - - - - - - - -  
0.000 
0.125 
0.000 
0.000 
0.654 
0.000 
0.000 

Standardized 
Estimate 

0.761 620 
0.094617 
0 -217197 
0.360306 - 0.025492 
0.210022 
0.224624 

- - - - - _ - - - - - - - _  
Cor wi th  
Dep Var 

0.520902 
0,05083 1 

. - - - - - - - - -  

-0,001551 
- 0.137294 
0.176237 
0 -044143 
0.381843 

"VAC 

Dependent variable: Y 
Delet ion method: None 
Degrees o f  freedom: 237 
Rbar-squared: 0.071 
Std e r ro r  of est: 51.010 
Probab i l i t y  o f  F: 0.002 

t -va lue 

6.9321 68 
1.006140 
1 .85482 1 
1.533124 

-1.168927 - 2 i 167395 
2.964527 
2.700397 

. _ - _ - - - _ _ _ _  
Prob 
> I t ;  ___------. 
0.000 
0.315 
0.065 
0.127 
0.244 
0.031 
0.003 
0.007 

Standardized 
Estimate 

0.508824 
0.060635 
0.114963 
0.089551 - 0.06801 7 

-0.153372 
0.171851 
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SH WH CK WHCK MF CG MS 
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F(7,124): 1.929 Probabi 
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Estimate 
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.------------- 

EUI 
None 

124 
0.055 

77.620 
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