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ABSTRACT

The Model Conservation Standards (MCS)
were developed by the Northwest Power
Planning Council in 1983. These standards
were designed to save large amounts of space
heating energy in new U.S. residential con-
struction in the Pacific Northwest. Creation
of the MCS resulted in a desire to demonstrate
the actual savings of such energy efficiency
standards. The Bonneville Power Administra-
tion sponsored the Residential Standards
Demonstration Program (RSDP} in 1984
which resulted in the construction of 410
energy-efficient single-family homes in the
four-state region. Typically these buildings
incorporated design features such as high
levels of insulation for attic, wealls and floors,
triple-glazed windows and airtight construc-
tion with heat-recovery ventilation.

These MCS dwellings have been compared
against another group of 410 new, but con-
ventional homes in the Northwest to deter-
mine the actual squings of such efficiency
standards for space heat. FEach house was
monitored for at least one year using a triple
metering system that recorded energy use for
space heat, domestic hot water and appliances.
Average interior and exterior temperatures
were also collected during the monitoring
period. Extensive date was assembled from
audit and survey information on the construc-
tion of the homes, their heating systems and
other occupancy-related characteristics. This
paper both summarizes results of the RSDP
project ahd scrutinizes certain aspects asso-
cigted with the buildings’ monitored thermal
performance.

*Current address: Florida Solar Energy Center,
300 State Road 401, Cape Canaveral, FL 32920,
U.5.A.

Monitored space heal savings for the
energy-efficient MCS houses compared to the
control buildings averaged 27.5 kWh/m? of
floor area for the overall sample of 524 houses.
Data analysis showed that differing levels of
insulation in the buildings is the most power-
ful explanation for these differences. The
program also illustrated how collection of
simple end-use metering data can provide
insight into the energy-use characteristics of
residential buildings. Among other findings,
we discovered that the type of heating system
plays a large role in determining the relative
efficiency of electrically heated houses. Resi-
dences with electric forced-air heating systems
used an average of 15.9 kWh/m?* more space
heating energy than those without them,
Houses with heat pumps or those using wood
as their primary heat source used much less
space heal electricity. We also discovered that
houses with fireplaces tended to use more
space heat energy.

The study also examined infiltration and
ventilation-related measures on the houses
using fan pressurization and perfluorocarbon
tracer gas (PFT) tests. We found that the
RSDP control homes, intended to be repre-
sentative of current building practice in the
Pacific Northwest, have relatively low rates
of natural air infiltration — an average of
about 0.4 air changes per hour (ACH). The
natural air infiltration rate of the MCS houses
tended to be tighter, on the order of .25 ACH,
Air-to-air heat exchangers in the MCS houses
were used an average of 9 h per day, and in-
creased the overall ventilation rate in these
homes to about 0.35 ACH.

1. INTRODUCTION

The typical insulation characteristics of
new current-practice homes in the Pacific

Elsevier Sequoia/Printed in The Netherlands
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TABLE 1

Assumed insulation and ventilation levels for new
current-practice housing in the U.S. Pacific Northwest

TABLE 2

Assumed insulation and ventilation levels for the
Model Conservation Standards

Building component RSI value (m2 “C/W)

Building component R8T value (m? °C/W)

Zone 1 Zone 2 Zone 3 Zonel Zone?2 Zone 3
Ceiling/Attics 5.3 5.3 6.7 Ceiling [ Attics 6.7 6.7 6.7
Walls 1.9 1.9 3.3 Walls 3.3 4.8 5.3
Below-grade walls 0.9 1.9 1.9 Below-grade walls 3.3 3.3 3.3
Floor 1.9 1.9 3.3 Floor 3.3 5.3 5.3
Slab perimeter 0.9 0.9 0.9 Slab perimeter 1.8 1.8 1.8
Doors 0.4 0.4 0.4 Doors 0.9 0.9 0.9
Windows DG DG DGTB Windows TGTB TGTB TGTB
Infiltration 0.6 ACH 0.6 ACH 0.6 ACH Infiltration 0.1 ACH 0.1 ACH 0.1 ACH
Ventilation No mechanical ventilation Ventilation 0.5 ACH with 60% heat

required

recovery

DG = Double-glazed; DGTB = double-glazed thermal-
ly broken frame.
ACH = natural average air changes per hour.

B

Washington

Fig. 1. Climate zones in the Pacific Northwest.

Northwest are given in Table 1 for each of the
three climate zones. The climate zones are
illustrated in Fig. 1. Table 2 lists the compara-
tive requirements for the energy-efficient
Model Conservation Standards (MCS) houses.
Climate zone 1 is defined as the mild coastal
climate region with less than 3333 °C heating
degree-days. Heating degree-days (HDD) are
defined at an 18.3° base. Climate zone 2 is
defined as having between 3333 and 4167

TGTB = Triple-glazed with thermally broken frame,
or double-glazed with low-emissive [ilm.

Control house sample size for thermal performance evaluation

MCS house sample size for thermal performance evaluation

HDD and zone 3 with more than the latter
figure.

There have been two phases of the energy
performance monitoring. The RSDP project
sub-metered space heat, hot water and appli-
ance electricity {1]. The End-Use Load and
Conservation Assessment Program (ELCAP)
collected much more detailed information on
a subset of RSDP homes: multi-zone temper-
atures, electricity consumption of various



appliances, wood-stove operation and other
data. This paper primarily focuses on the
sub-metered RSDP results.

The zone-weighted estimated space heat
savings using computer simulation was calcu-
lated to average 49.9 kWh/m? for MCS over
current-practice buildings. The estimated level
of savings was higher than that realized. The
project has shown average annual space heat
savings of 26.9 kWh/m? of floor area when
comparing the energy-efficient homes against
the current-practice buildings. However, as
will be shown, the RSDP data have proved an
abundant source for other residential energy-
related information. Analysis of this data base
allows unigue insight into the determinants of
building therma! performance and conserva-
tion measure effectiveness. Based on analysis
presented later in the paper, we believe that
most of the over-predicted savings of the MCS
resulted from poor assumptions for the simu-
lation about the airtightness of current-
practice houses in the Pacific Northwest.

2. RSDP PROGRAM ENERGY PERFORMANCE
SUMMARY

The tables below summarize data for 820
homes in the RSDP program. The primary
source is a data base created by the Lawrence
Berkeley Laboratory [2]. Analysis of these
data shows the energy use of both current-
practice and MCS homes. The average elec-
tricity consumption by end use is summarized
in Tables 3 - 5. As shown, the consumption of
space heating electricity was substantially less
for the energy-efficient homes.

The RSDP houses saved an average of
2009 - 4320 kWh of space heat against the
conventional houses. Consumption for appli-
ances and hot water in the energy-efficient
houses was nearly double that for space heat-
ing. MCS homes in zones 1 and 2 used more
appliance electricity than did the control
houses.

3. ANALYSIS OF THE SPACE HEAT
ELECTRICITY CONSUMPTION

The Model Conservation Standards were
designed to save space heating energy. As a
consequence, most of the savings of the MCS
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TABLE 3

Annual RSDP energy performance results for climate
zone 1 (<3333 °C heating degree-days) 1985 - 1986

Space heat Hot water Appliances
(kWh) (kWh) (kWh)
Control 8877 4646 6939
MCS8 6529 4484 7690
Savings 2348 162 —751
TABLE 4

Annual RSDP performance results for climate zone 2
(3333 - 4167 “C heating degree-days) 1985 - 1986

Space heat Hot water Appliances

(kWh) (kWh}) (kWh)
Control 9892 5359 7483
MCS 7883 4931 8210
Savings 2009 428 —727

TABLE 5

Annual REDP performance results for climate zone 3
{>4167 °C heating degree-days) 1985 - 1986

Space heat Hot water Appliances
(kWh) (kWh) (kWh)
Control 10936 5462 7123
MCS 6616 5038 6411
Savings 4320 424 712

are contained in the differences in space
heating use. The savings estimates in the
Tables below and elsewhere in this report
include the statistical uncertainty of the
estimates when evaluated at a 90% confidence
level.

The empirical measure that we believe to
be most powerful for comparing relative
thermal performance of the houses is the sub-
metered space heat consumption normalized
by floor area. This is particularly important
since MCS homes tended to be somewhat
larger. Relevant statistical measures for auxil-
iary space heat are listed for each climate
zone in Table 6. Auxiliary space heat is de-
fined as the amount of electric space heating
that is necessary to maintain interior comfort
conditions. The sample size is denoted in the
various Tables as N.



234

TABLE 6

Space heat use by zone

Zone Floor area Mean s.D.* Median N
{m*) (kWh/m?) (kWh/m?) (kWh/m?)

Zone 1
Control 144.3 62.3 27.2 57.4 158
MCS 183.8 35.4 15.2 34.0 99
Difference 39.6 26.9 £ 4.3 234

Zone 2
Control 163.1 63.8 29.2 56.3 32
MCS 207.1 395 12.4 39.3 39
Difference 44.0 243190 17.0

Zone 3
Control 165.8 68.9 32.2 65.5 54
MCS 210.5 31.1 13.3 29.5 40
Difference 44.7 37.8 8.0 36.0

*8.D. = standard deviation.

A subset of these buildings had complete
information on the average interior and am-
bient temperatures and the length of the
monitoring period. This information allows
determination of the specific auxiliary heating
energy that is commonly used in comparisons
of buildings to determine their energy effi-
ciency relative to other structures in differing
locations. This measure normalizes auxiliary
space heating consumption by temperature
difference and floor area. It is summarized
for the RSDP-MCS and control buildings in
Table 7. Interior and ambient average temper-
atures over the monitoring period are abbre-
viated as T;,, and T, respectively.

Auxiliary heat consumption in the MCS
houses evidences the energy efficiency of
these structures. Typical specific auxiliary
heating energy in residential buildings has
been estimated to be on the order of 33 - 67
W/°C day m? although documentation of this

TABLE 7

Specific auxiliary heating energy by zone

assumption has been chronically lacking [3].
The measured auxiliary heating energy in
50 Class B passive solar buildings averaged
10.6 W/°C day m? [4]. In the RSDP project
the MCS buildings used still less auxiliary
heat — 6.3 W/°C day m?, and the control
group averaged only 11.4 W/°C day m?. As
expected, we find that the MCS structures
appear more thermally efficient as we move
to the colder climate zones where greater
levels of insulation are specified by the stan-
dards. We also observe that the control group
buildings become more energy-efficient as
well as we move to the more severe climate
zones. Generally interior temperatures in the
MCS houses were higher than in the control
group structures. This phenomenon is studied
in greater detail later in the paper.

Figure 2 shows the frequency distribution
of normalized space heat requirements for the
MCS and control houses. The histograms

Zone Group Mean Tint Tamb N
(W/°C day m?) 'O ()

Zone 1 MCS 7.1 20.4 5.9 83
Control 12.8 19.9 5.6 115

Zone 2 MCS 6.1 21.6 3.7 34
Control 10.6 20.4 2.9 29

Zone 3 MCS 4.6 20.9 1.5 29
Control 10.0 20.7 1.6 46
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Fig. 2. Frequency distribution of metered space heat,

show that the MCS houses generally used less
space heat electricity than the controls and
also showed less variability in consumption.

4. THE SIGNIFICANCE OF HEATING SYSTEM
TYPE

In the analysis of RSDP houses we found
that heating system type accounted for dra-
matic differences in electric space heat con-
sumption. In particular, forced-air electric
heating systems used considerably more
space heat per square meter than baseboard
electric heating systems.

In the MCS houses where attention had
been paid to minimizing exterior duct runs
and insulating them where they passed
through unconditioned spaces, the average
forced-air heating system used only 5.0 3.9
kWh/m? more than did the baseboard sys-
tems — barely of statistical significance. This
was also true of all differences in the MCS
group. The group of energy-efficient struc-
tures are homogenous in character and only
forced-air systems were significantly differ-
ent. However, differences in electricity con-
sumption between heating system types
within the control group were greatly ampli-

MCS Houses

fied. These results are shown by the variable
width box plots shown in Fig. 3 (the width
of the box indicates the relative sample size).
Other measures of central tendency and
dispersion are given in Tables 8 and 9.

Forced-air systems used 15.1 £ 6.7 kWh/m?
more than did baseboard systems. Overall,
this suggests that poor performance is likely
unless forced-air electric systems are installed
with attention to reducing duct losses. Anal-
ysis of the data indicated that with other
factors held constant, forced-air systems in
the control group may be achieving delivered
heating system efficiencies of only 79% (£7%)
relative to baseboard systems. In light of
recent simulation results of forced-air system
efficiencies by the ASHRAE SP43 committee
[5], this should not come as too much of a
surprise.

As expected, heat-pump heated houses
evidenced superior space heating performance.
Control group heat-pump residences used
26.9 £ 16.5 kWh/m? less space heat than the
rest of that population. The relative similarity
of heat-pump heated houses to other types
for the MCS group reflects the fact that the
MCS allows heat-pump heated houses the
option of using less stringent levels of insula-
tion in the building shell. Most RSDP-MCS
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TABLE 8

Space heat againsi primary heating system type for MCS house

Heating system type Mean 5.D.* Median N
(kWh/m?) (kWh/m?) (kWh/m?)

Baseboard electric 34.3 13.9 33.4 115

Forced-air electric 39.3 16.3 37.2 67

Heail pump 379 17.7 25,2 19

Radiant electric 28.2 16.3 25.9 10

*8.D. = standard deviation.

TABLE 9

Space heat against heating system type for control houses

Heating system type Mean 5.D.* Median N
{(kWh/m?) {(kWhjm?) (kWh/m?)

Baseboard electric 56.8 28.3 53.9 108

Forced-air electric 71.9 29.1 66.0 g1

Heat pump 36.3 19.7 41.6 4

Radiant electric 57.8 22.1 54.8 19

Wood stove 50.3 26.7 48.3 4

*#*8.D. = standard deviation.

houses with heat pumps took advantage of
this option.

Radiant electric heat systems also tended
to use slightly less energy for space heat, al-
though the differences were not statistically
significant at any acceptable level due to the
small sample size (29 houses) and the variabil-
ity in the data.

The above findings were subjected to
further statistical tests to establish their
veracity. In Fig. 4, a two-way residual plot
shows the differences in space heat consump-
tion with respect to both heating system type
and MCS versus control structures. The plot
was constructed using a robust statistical
procedure that iteratively removes medians
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Fig. 4. Two-way residual plot of the effect of heating system type on MCS and control annual space heating,

to establish two-way effects [6]. The result
provides visual confirmation of our conclu-
sion regarding both the savings of MCS houses
and the relative effects of heating system type.

Note that those houses whose primary heat
source is a wood stove are omitted from the
analysis. This is done because these houses
were all from the control group. However,
within the control sample, four dwellings
claiming to heat primarily with wood stoves
used 20% less electricity for space heat than
did the rest of the group (12.7 + 6.2 kWh/m?).
Occupants of the control group were paid not
to burn wood during the monitoring period,
although the more detailed ELCAP study has
documented evidence of wood burning in
some of the houses. On the other hand, con-
trol and MCS houses which had a wood stove
that was not identified as the primary heat
source recorded space heat consumption that
was similar to the rest of the sampie.

5. ANALYSIS OF TEMPERATURE DATA

As previously mentioned, temperatures
averaged 0.8 °C warmer in the MCS houses
than in the control structures. This elevated
temperature in the MCS homes has a variety
of possible explanations. Physically, we ex-
pect the ‘float’ temperature in better insu-
lated buildings to remain higher than in less
well insulated ones due to their longer time
constant. There is also possibly a behavioral

aspect associated with this phenomenon.
Occupants of the houses may be maintaining
increased comfort levels due to the low ex-
pense of heating the houses. Exploratory
analysis of the effect of a lower heat loss
coefficient and income for the RSDP occu-
pants found the heat loss coefficient to be the
larger effect.

We examined the relationship between
average winter outdoor temperature and the
average maintained indoor temperature. A
common assumption in most building simuia-
tion and empirical regression models is that
the two conditions are independent and un-
related. The average interior temperature is
assumed to be a function of occupant com-
fort rather than subject to other influences.
In Fig. 5 we plot the average winter ambient
temperature against that maintained inside.

As might be expected, there is a significant
scatter in the data as indicative of the differ-
ences in building specific thermal comfort
levels and occupancy characteristics. How-
ever, closer inspection reveals several note-
worthy trends. First, we see visual evidence of
the above conclusion: control group house
occupants generally maintained cooler tem-
peratures than in MCS houses. A second,
more provocative trend shows that average
indoor temperatures are influenced by out-
door temperatures. Regression of indoor tem-
perature dependence on outdoor temperature
and other related parameters disclosed some
intriguing results:
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Tipe = 17.12 (zone 1) + 18.86 (zone 2) + 19.85 (zone 3) + 0.41 (Tymp) + 0.0009 (Q;n,)
[87.75] (38.77] [47.34] [8.94] [2.87]

+0.42 (MCS) — 0.0023 (UA)
[1.98] [1.67]

R? = 0.36; sample size = 258, where

T;n; = average interior temperature (°C) during
the monitoring period.

zone 1, zone 2, zone 3 = dummy variable for
climate zone (0, 1)

T.mp = average ambient outside temperature
during period {°C)

Qin = estimated internal heat gains (W/h)
MCS = MCS house = 1; control house = 0

UA = estimated building heat loss coefficient
(W/°C h)

The multiple regression model accounted
for about 36% of the variation in internal
temperatures. The results show that the tem-
peratures maintained in the houses are sensi-
tive to outdoor temperatures. They also vary
according to the climate zone. This is ex-
plained by the difference in solar availability
from the cloudy climate coastal zone (zone 1)
to the clear and cold zone 3. Interior temper-
ature is also affected by whether or not the
dwelling is an MCS home, the level of internal
gains from appliances and people, and the
heat loss coefficient for the house. All the

(1)

coefficients have the expected sign; internal
gains raise temperature, a poorly insulated
house will tend to depress temperatures.
Houses in colder climates will generally main-
tain cooler temperatures.

Analysis of the temperature data in the
RSDP project by other investigators has found
that the relationship between indoor and
outdoor temperatures was primarily deter-
mined by greater magnitude and frequency of
thermostat setback during colder periods and
higher float temperatures during warmer
months [7]. Thus, the critical parameter of
interior temperature, widely used in both
simulation and analysis methods, likely has
bias with respect to outside temperature and
occupant behavior associated with thermo-
stat setting.

6. PHYSICAL BUILDING CHARACTERISTICS

The study also examined space heating use
by house type. Houses were classified into ten



types by floor configuration and number of
stories, Basement control houses used an
average of 4.2 kWh/m? less than non-basement
houses although the difference was only sig-
nificant at an 80% confidence level. Based on
more detailed hourly data in the ELCAP
program, part of this difference may be due
to the fact that basements are not maintained
at the same temperature level as the above-
grade zones even when heated. Also, base-
ment houses tend to have larger floor area —
on the order of 190 m? or more. Because of
the diminishing ratio of envelope area to floor
area, larger houses tend to show lower nor-
malized space heat consumption per square
meter. These results indicate that normalizing
space heat consumption by floor area leads to
a bias in results. Generally, such normaliza-
tion will show larger buildings to appear more
energy-efficient than smaller ones. For the
same reason, two-story houses tended to show
lower normalized space heat consumption
although the differences were not statistically
significant.

One structural characteristic did turm out
to be significant, however. Analysis of space
heat consumption found that the presence of
a fireplace in either the MCS or contrcl homes
would serve to increase space heat consump-
tion. Control houses with fireplaces used 7.0
(¥6.0) kWh/m? more than those without
them. The difference in the MCS group was
3.3 kWh/m* although it was only significant
at an 80% level. We believe this additional
space heat consumption results because of the
additional air infiltration opportunity pre-
sented by the chimney. We examined the
blower-door estimates for both houses with
and without fireplaces and verified this hypo-
thesis. The blower-door air-change-rate esti-
mates indicated that homes with a fireplace
would average an air change rate 0.064 *
0.043 ACH greater than those without them.

7. MULTIVARIATE ANALYSIS OF SPACE HEAT
ELECTRICITY USE

In order to better understand the inter-
relationships of various parameters on esti-
mated space heat use of the homes, we ana-
lyzed various house, heating system and
occupancy characteristics using multivariate
regression techniques. The multiple regression
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model used here represents an exploratory
model of the data. The coefficients resulting
from such analysis must not be construed as
predictive in any sense or significant in terms
of their value, but rather representing the
relative influences and directions of effect of
various factors on space heat energy consump-
tion. The hazards of inappropriate applica-
tion or interpretation of such analysis are well
covered in ref. 8. In particular, the values for
the various coefficients in multiple regression
are unstable unless there is no inter-correlation
between the independent variables, an ideal
seldom realized in such analysis.

The form of the specification was taken
from known theoretical relationships that
determine building auxiliary heat demand. In
the simplest form, auxiliary heat demand can
be written as:

Q _ L— Qint - Qsol
aux prf

(2)

where

(..« = the auxiliary heat demand (kWh)

L = the building thermal heat load over the
heating season required to maintain a desired
interior temperature (kWh)

@in¢ = the utilizable internal heat gains from
appliances and occupants (kWh)

@01 = the utilizable solar heat gains from
glazed and opaque envelope areas (kWh)

F.ir = the average heating system heat delivery
efficiency over time,

The determination of the building thermal
load is fundamental to this process. In reality
L is a complex and dynamic function of a
number of heat transfer mechanisms. Conduc-
tive heat loss of above-grade surfaces to the
outside air temperature and thermal losses to
the ground from that portion of the building
in contact with the earth, typically dominate
the shell loads. Also, all exposed building
surfaces are subject to radiative heat losses to
the sky and surrounding surfaces.

Ailr infiltration loads are proportionate to
building envelope tightness, the temperature
difference between inside and ambient condi-
tions, and incident exterior wind speeds.
Ventilation loads depend on the ventilation
system characteristics and system operation.

Zoning of rooms, multiple thermostats,
heating system heat distribution character-
1stics, and occupant alteration of associated
controls over time poses further complications.
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Likewise, the utilizability of the internal and
solar gains are all strongly affected by the
building thermal load and heat capacity and
distribution of these driving forces over time,
Finally, the seasonal efficiency of the auxil-
lary heating system itself is often affected by
the thermal load and partial load character-
istics of the furnace as well as the tendency
for the heating system to alter house air infil-
tration characteristics.

In its most rudimentary form, L can be
modeled according to Newton’s rate equation
as the product of a heat loss coefficient for
the building and the cumulative temperature
difference between the interior set tempera-
ture and outside air temperature:

Tint

L=UA [ (Tint— Tamn)P(T,) AT, (3)

Tmin
where
UA = the overall building heat loss coefficient
(W/h °C)
Tint = the interior building temperature (°C)
T.mp = hourly ambient temperature (°C)
P(T,) = unit density distribution function for
ambient temperature.

In the RSDP data we have the estimated
overall VA of most buildings based on the
relative envelope areas and their conductances.
The infiltration load used is based on pre-
dicted air change rates using a blower-door
fan pressurization test and the LBL infiltra-
tion model [9]. Internal heat gains were esti-
mated for all houses with appliance and occu-
pancy data [10]. The level of internal gains
was estimated to average 974 W for the
sample of 426 houses, Since no solar data were
available, we assumed that this would mani-
fest in the intercept or disturbance term.
Thus, the initial regression for annual space
heat was put forth as:

Quuxyyy, = UAXHDH— @i,y + A+ B...  (4)

where

UA = the building heat loss coefficient (W/°C)
HDH = the heating degree-hours; the product
of the average temperature difference moni-
tored between inside and ambient conditions
and the number of hours in the monitoring
period

@i,y = the estimated level of internally re-
leased heat gains from appliances and people
over the monitoring period

A, B...=continuous, discrete or dummy
variables from data base characteristics be-
lieved to be associated with space heat con-
sumption (e.g., heat pumps, wood-stove use,
ete.).

A global sensitivity approach was used to
select and discard variables from the model
[11] with the requirement that the t-statisiic
for included parameters be in excess of 1.28,
accounting for the degrees of freedom asso-
ciated with each. A ¢ value of 1.28 was chosen
to help prevent variables from being excluded
from the regression that have real effects on
space heat consumption which might be other-
wise overlooked because of variability in the
data. Since many of the coefficients showed
large standard errors, a robust regression tech-
nique was used to check that the least squares
results were reliable [8]. Only variables that
were relatively stable with respect to the
sensitivity tests were retained. The most satis-
factory regression had the form:

Quusyyy = 3170 +0.00014 (UA X HDH)

[11.13]
+ 1716 (forced air?) — 9545 (wood stove?)
[3.78] [2.79]
— 2759 (heat pump ?) {5}
[1.40]

R? = 0.41: sample size = 269, where

kWh = space heat kilowatt hours over moni-
toring period

UA = building overall heat loss coefficient

(W/°C)

HDH = heating degree-hours over the period
("Ch)

forced air? = forced-air electric furnace (1=
yes, 0 = no)

wood stove? = wood stove is primary heat
source (1 = yes, 0 = no)

heat pump? = heat pump in control home
(1 = yes, 0 = no)

The regression explains only about 40% of
the variation in the space heat data, as repre-
sented by E-squared, the coefficient of deter-
mination. Even so, the f-statistics for the
individual variables (the values in brackets)
indicate significant influences on the data.
The resuits indicate that the only consistently
stable carriers of variation in the space heat
data were the estimated heat loss coefficient



for the building and the differing heating
system types in the houses. Thus, our findings
are generally consistent with our model given
in eqgn. (2},

As expected, we found that the most
powerful empirical determinant for the differ-
ence in space heat consumption resulted from
the product of the heat loss coefficients for
the houses and the measured heating degree-
hours at the site. These heat loss coefficients
relate the rate of estimated heat loss from
each house in terms of the area of the enve-
lope components, their level of insulation and
the relative airtightness of the structure. In a
separate analysis not presented here, we per-
formed the multiple regression on each com-
ponent in the UA calculation: attic, walls,
glazing, doors, floors and basement compo-
nents. The results indicated the correct signs
for each component and the values for the
coefficients were similar with the exception
of the floor UA, which had a much lower
coefficient and larger standard errors. This
suggests that the heat loss coefficient for
crawlspaces was poorly determined in the
calculation procedure.

We did not find the level of internal gains
to be a significant determinant of space heat
demand. In fact when it was entered into the
above regression, it had a positive sign. We
believe there are two reasons for its poor esti-
mation. Firstly, as we have seen in the anal-
ysis presented in egn. (1), part of the internal
gains is already embodied in the measured
interior average temperature. Houses with
higher average internal gains also had higher
average interior temperatures. Secondly, and
perhaps more importantly, we believe there is
a dualistic association of appliance energy use
with space heat consumption. Physically, a
higher level of appliance gains depresses space
heat, although such a high level of appliance
gains is usually accompanied by greater levels
of occupancy which increase space heat
demand by decreased zoning of rooms and
higher thermostat settings. This phenomenon
is covered in greater detail later in the paper.

The results with regard to heating system
type reinforce the earlier findings from the
simple statistical tests. Houses with forced-air
heating systems use considerably more space
heat electricity; control houses with heat
pumps used less. These findings have also
been independently verified in another anal-
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ysis of a subset of RSDP homes in Washing-
ton state {12].

Control houses claiming that a wood stove
was their primary heat source (and who pre-
sumably used wood during the monitoring
period) used much less space heat electricity.
This is in general agreement with the reduc-
tions in electric space heat found in wood-
stove heated houses in the Hood River Con-
servation Project [13].

Since baseboard-heated houses became the
reference case with regards to comparison of
other space heat system types, we had little
way of determining how much of the ob-
served differences were due to zoning of
rooms in baseboard-heated structures. We did
examine the occupancy survey guestion
which asked whether occupants commonly
closed doors to rooms and left them unheated.
We found no statistically significant differ-
ences between the group claiming to close off
and leave rooms unheated, and the other
group who did not claim to do so.

8. INFILTRATION RATE ESTIMATES

Data from the RSDP project show that
conventional houses being built in the Pacific
Northwest may be more airtight than conven-
tional wisdom might suggest. In developing
the MCS, we assumed that the air change rate
in conventionally built houses averaged about
0.6 air changes per hour (ACH). The latest
evidence indicates that actual average air
change rates in the RSDP control group may
only be on the order of 0.4 ACH. Although
we remain unsure of how well the RSDP con-
trol houses typify current building practice in
the Pacific Northwest, the monitoring project
has documented a tremendous variability in
residential air infiliration rates. Even houses
of similar construction were found to have
leakage rates that varied up to 10:1.

The MCS houses were made airtight with
sealed polyethylene vapor barriers. Along
with the tightening, air-to-air heat exchangers
were installed to provide sufficient ventilation
air. The intent was that the MCS houses
would have a natural air change rate (induced
by wind and temperature difference) of about
0.1 ACH with another 0.5 ACH of ventilation
provided by air-to-air heat exchangers with
60% of the heat effectively being recovered.
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These tightening measures were deemed par-
ticularly important since space heat savings
from this measure were estimated by com-
puter simulation to be at least 14.7 kWh/m?
per year for an average 172 m? house [14].
We believe that a negligible saving from this
conservation measure explains most of the
difference between our estimated savings for
the MCS and the realized savings in the
project.

All control and MCS structures were
blower-door tested to determine their relative
tightness and to use the LBL infiltration algo-
rithm to predict their seasonal natural air
change rates. A subset of over 200 houses had
in sifu alr change rates measured with the
Brookhaven perfluorocarbon tracer gas test
(PFT). According to the PFT measurements,
the average as operated air change rate of the
MCS houses was about 0.35 ACH. Of course,
this figure includes the ventilation supplied
by the air-to-air heat exchangers soc it is im-
possible to separate out the natural rate of
ventilation for the energy-efficient houses.

Using the blower-door correlation tech-
nique and normal weather data, the mean
air change rate in the control houses was
estimated at about (.55 air changes per hour.
Using the PFT technique on a sub-sample of
about 120 houses, the mean air change rate
in the control group was only on the order of
0.31 ACH during the period December
through March of 1985 - 1986. However, the
developer of the PFT test procedures has
estimated that due to non-uniform mixing
and closed off rooms in the MCS and control
homes, the results of the PFT test results in
the RSDP project should be increased by an
average of 34%. This adjustment results in
an average estimated air change rate of
0.42 ACH for the monitoring period for
the control group of houses. A comparison
of PFT air change rates by heating system
types shows strong differences between
forced-air and non-forced-air systems. We
believe this is evidence for increased air
leakage from forced-air distribution systems.
These results are shown in Table 10,

This difference of 0.17 (£0.05) ACH is
statistically significant and shows a substan-
tial variation in the PFT results for baseboards
and forced-air systems. Since the blower-door
test will also pressurize the duct work in
forced-air houses, we would expect to see

TABLE 10

Average PFT air change rate against primary heating
system type control houses

Heating system Mean S.D.*® Median N
value

Electric forced air 0.41 0.18 0.36 31

Baseboard electric  0.24 011 0.22 45

Radiant electric 0.22 011 0.24 10

Wood stove 0.18 0.20 0.17 4

*8.D. = standard deviation.

similar results for these structures. In fact,
the values shown for the same sample (Table
11) for the blower-door results indicates that
this is indeed the case. Although both estimat-
ing methods show that forced-air houses are
leakier, the PFT test indicates a much greater
level of magnitude in the differences. We
believe the major reason that the blower door
technique does not show a greater difference
between forced-air and non-forced-air systems
is that the LBL model cannot account for the
fact that leakage in the duct system is under
considerably higher pressure than is leakage
located in the building shell. To estimate air
leakage rates, the LBL model assumes that
all measured leakage is subjected to natural
pressure differences arising from wind and
thermal buoyancy effects. However, when
operating, residential duct systems operate
under pressures ranging from 25 to 75 Pa.
Thus, leakage within the duct system is
exposed to pressure differences that are an
order of magnitude higher than commonly
encountered weather induced building shell
pressures.

The period of December through March of
19856 - 1986 when most of the PFTs were in

TABLE 11

Average estimated blower-door ACH against primary
heating system type control houses

Heating system Mean 5.D.* Median N
value

Electric board air 0.56 0.22 0.57 3

Baseboard electric  0.48 0.26 0.45 45

Radiant electric 0.56 0.36 0.54 10

Wood stove 0.65 0.22 0.61 4

*¥8.D. = standard deviation.
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place was both warmer and less windy in the
Pacific Northwest than the long-term average
weather conditions. When the blower-door
correlation 1s used with the actual Seattle
weather data, the LBL algorithm predicts an
average air change rate for the houses of 0.41
ACH. Thus, it appears that, in the end, the
two tests can be shown to give average air
change estimates within roughly 20% of each
other provided that actual weather data is
used and the PFT test procedures are care-
fully planned and executed. However, the
disagreement on individual cases is very great
and is not yet resolved. Tt also should be
pomted out that the two procedures measure
different characteristics of air leakage. The
blower-door test estimates that “thermally
relevant” level of air change while the PFT
essentially estimates the rate of dilution of a
tracer gas. Thus, the two tests measure differ-
ent quantities (average ACH and harmonic
average ACH) and should not be expected to
agree better than within about 20% [15].
Regardless of the infiltration test used, we
conclude that the average RSDP control
house will have an air change rate of about
(0.4 air changes per hour under normal weather
conditions in the Pacific Northwest. But, how
valuable is knowledge of the average air change
rate? One fact that both the blower-door

correlation and PFT test agree on is this: the
relative air leakage of the houses vary tremen-
dously. Figure 6 shows the blower-door corre-
lation estimated air change rates for the RSDP
and control houses. The shape of the two
distributions are quite different. The RSDP
distribution reflects the fact that these houses
were built to be tight and generally achieved
that goal. The control group shows a more
normal distribution. However, in either case,
the air change rate of individual houses varies
10:1.

The analysis also found that both the PFT
and blower-door tests showed significant dif-
ferences around the four states. Specifically,
results showed Oregon homes to be leakiest
and Montana ones to be tightest. This is con-
sistent with expectations since builders in
cold climates are typically most familiar with
tight construction techniques. The average
blower-door and PFT tests results for the
control houses in each state are compared in
Fig. 7.

9. UTILIZATION OF AIR-TO-AIR HEAT
EXCHANGERS

Ninety-eight percent of the MCS houses in
the RSDP program had air-to-air heat ex-
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changers, or heat recovery ventilators {HRVs)
installed to provide adequate ventilation.
These were designed to provide indoor venti-
lation up to 0.5 air changes per hour when
operated continuously. However, HRV field
test data from the program have suggested that
achieved flow rates are significantly below
design specifications [16]. Monitored winter
season flow rates for well-engineered HRV
installations in Montana have shown an aver-
age mechanical ventilation rate of (.41 ACH
when operated continuously [17]. However,
occupants of the MCS houses have indicated
that continuous operation of the HRVs is
not common practice,

Occupant survey data from the MCS houses
in the program have shown that most occu-
pants use the units 4 - 8 hours per day. The
ELCAP program which actually measured
hourly HRV utilization rates found an average
utilization rate of 8.5 hours in 29 homes [18].
Based on analysis of an occupant survey of
269 RSDP homes with HRVs, the average
use of the units was estimated to be about
9.4 hours per day [19]. However, both in the
RSDP and ELCAP data, the usage patterns
are strongly bimodal; 42% of the RSDP group
used the machines 1 - 4 hours per day and 5%
reported that they never operated the HRVs
at all. On the other hand, a large group, 30%,
reported using the machines in excess of
18 hours per day. The bimodal distribution

suggests an ‘“‘on—off” pattern of use. Some
owners use the machines most of the time;
others seldom turn them on.

10. ANALYSIS OF LIFESTYLE FACTORS
ASSOCIATED WITH SPACE HEATING

Early investigations of monitored residen-
tial energy use such as the Twin Rivers study
noted that otherwise identical residential
dwellings can have 2:1 differences in space
heat energy consumption [20]. Since that
time it has become widely accepted that
occupant effects may be responsible for a
great portion of the variation of energy use
observed in residential buildings [21]. Anal-
ysis of the RSDP data reinforces these fin-
dings. We discovered that the range of nor-
malized space heat consumption in the moni-
tored RSDP houses was very large. Space heat
consumption per unit floor area varied 44:1
in the control houses even though all were
built between 1982 and 1984. Even in the
MCS houses, which were designed to be ther-
mally similar, space heat electricity consump-
tion normalized by floor area varied 14:1. As
we have seen, with the level of available data,
statistical models are unable to explain more
than about half of the variation. Some of
these differences can be attributed to defi-
cient climatic data (no solar, wind or ground



temperature data) or physical differences in
the houses from their descriptions, errors in
data collection, omitted variables, and lack of
an appropriate statistical model.

Even so, it seems likely that a sizeable por-
tion of the variation is related to occupant
behavior. This behavior is complex in the way
in which it relates to building thermal perfor-
mance. Occupant response to thermal condi-
tions include: numbers of occupants and their
location and schedules, thermostat setting and
adjustment over time, zoning of interior
rooms with multiple thermostat settings,
opening and closing of interior and exterior
doors and windows, operation of draperies
over windows, use of exhaust fans or other
forms of induced mechanical ventilation and
alteration of the building structure or insula-
tion levels over time.

Subsequent analysis of the RSDP data
using a two-way analysis of variance model
{(ANOVA) revealed that space heat consump-
tion is positively related to domestic hot
water consumption. The hot water electricity
consumption turned out to be a positive
indicator for the relative level of space heat
use. We estimated an ANOVA model on the
residuals from eqn. (5) against estimated
internal heat gains and domestic hot water
electricity consumption:

Residual = —1741 + 0.57 (Qanw)
[4.43)

—0.13 (Qint) (6)
{1.45]

where

Residual = actual monitored space heating
electricity minus the estimate from eqn. (5)
Qiny = total estimated internal heat gains
released over period (kWh)

Qunw = the domestic hot water kWh used per
household occupant over the monitoring
period.

The partial F-ratios were 19.60 for the hot
water variable and 2.09 for estimated internal
gains. The F-ratios for the hot water variable
indicates a very significant relationship. The
model reveals that houses with high levels of
hot water energy consumption are also more
likely to use additional space heat electricity.
The model in the above equation helped to
explain an additional 8% of the variation in
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the residuals from the previous regression.
Once the hot water variable is added, the
estimate for internal gains assumes the proper
negative sign, although it is only significant
at an 80% level.

We postulate that the relationship between
space heat and hot water electricity consump-
tion is primarily due to hot water demand
functioning as a proxy for relative household
occupancy. When hot water energy consump-
tion is normalized by the number of house-
hold occupants, such a parameter indicates
relative occupancy levels and the tendency
perhaps for energy consumptive behavior
itself. In general, all three of the major end
uses of electricity in the RSDP houses are
related. Figure 8 presents a scatterplot matrix
of annual total, space heating, hot water and
appliance electricity consumption in the
homes, Although a great deal of scatter is
evident, the plots reveal a strong relationship
between appliance and hot water energy use
and a lesser relationship between hot water
and space heat consumption.

These results suggest caution in developing
conclusions concerning building energy use
that are based on simple physical models. The
analysis shows that buildings with high levels
of non-space heat electricity (and associated
high levels of internal heat gains) are likely to
have elevated space heating budgets as well,
Such results indicate the relative importance
of such “lifestyle’” factors in accurate estima-
tion of space heating energy use and the need
for further research to quantify the physical
processes involved,

11. IMPLICATIONS FOR FUTURE RESEARCH

Research lessons from the RSDP program
have indicated a number of recommenda-
tions/directions for future building energy
monitoring research. These are briefly sum-
marized below.

Program design

George Box has said that, “the only way to
find out what will happen when a complex
system is disturbed is to disturb the system,
not merely to observe it passively.” This is
pertinent wisdom for residential energy moni-
toring projects. Often, more can be learned
from a well-designed investigation than
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Fig. 8. Scatter plot matrix of electricity end-use consumption in RSDP houses.

‘natural experiments’ of convenience. Param-
eter boundary conditions of interest should
be reproduced in a planned study without
each being related to some other change in
the other variables. A good method for large-
scale monitoring projects would be to use a
small controlled study to supplement the
overall monitoring effort and later analysis.
Utilization of efficient experimental designs
such as an orthogonal Latin-square structure
evaluated by analysis of variance can allow
a large number of influences to be assessed
with a minimum number of experiments.
Through such methods it will be possible to
much more accurately isolate the individual
effects.

Occupant-related variation in building
energy consumption is one aspect that does
not readily lend itself to this type of treat-
ment. This has the consequence of substan-
tially increasing sample sizes required for
statistically significant conclusions. Of great
interest, however, would be a study tracking
families as they moved from cone dwelling to
the next. In this way it would be possible to
1solate energy-related occupancy effects from
those of a physical nature.

Monitoring

Projects collecting simple end-use metering
data should insure that site-specific weather
data are collected. Ambient temperature and

insolation measurements are fundamental to
later analysis. Also, wind data may substan-
tially increase the accuracy of infiltration-
related estimates. Measurement of multiple
zone temperatures is recommended, partic-
ularly when the house contains a basement,
sunspace or other readily closed-off sections.
End-use metering should consider the follow-
ing level of disaggregation at a minimum:
space heat, space cooling, hot water, and
interior and non-interior appliance electricity
consumption. Both blower-door and tracer-
gas testing for houses are recommended to
determine relative rates of air leakage.

Simulation analysis

For simulation purposes, a single zone
model of residential buildings appears to have
serious drawbacks. The RSDP program gives
evidence that basements may not be condi-
tioned to the same level as the rest of the
structure, even when heated. Also, houses
heated with baseboard units lend themselves
to zonal heating of the buildings; survey data
from the Northwest suggest that approxi-
mately 20% of residential floor area is uncon-
ditioned at any given time.

There is evidence of reciprocity between
the level of internal heat gains and the ther-
mostat setpoints in residential buildings. This
occupancy-related characteristic also likely
extends to zoning behavior. Thus, simulation



analysis of residential building thermal per-
formance should consider two operation-
related prototypes for conservation-measure
assessment and develop appropriate weights
for each based on surveyed characteristics of
the population:

Prototype Occupancy Thermostat Internal Zoning

level setiings gains
Type I Low Long Low High
sethacks
Type I1 High Short High Low
setbacks

Analysis methods

Much can be learned about the theoretical
advantages and disadvantages of various
residential energy data analysis techniques
through the use of detailed computer simula-
tions to produce synthetic data on which the
analysis methods can be tested. Since actual
solutions are known, the accuracy and bias
of the various analytical tools can be reason-
ably assessed.

12, CONCLUSIONS

Monitored space heat savings of the MCS
over conventional new houses averaged 27.5
kWh/m? in the RSDP project. When normal-
ized by temperature differences the MCS
buildings are shown to have a very low level
of auxiliary heat consumption — 6.3 W/°C
day m?. However, the control group buildings
in the RSDP project were relatively efficient
as well, using only 11.4 W/°C day m?2. Gener-
ally the savings of the MCS have been less
than we originally estimated in formulating
the Model Conservation Standards, almost
entirely due to the rather surprising perfor-
mance of the current construction practice
control group buildings. Evidence indicates
that the control group houses were consid-
erably more airtight than had been assumed
in designing the MCS. However, the savings
from the other efficiency measures are still
well within the range that makes the stan-
dards economically attractive. We conclude
that:
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(1) The most powerful explanatory factor
for the difference in space heating consump-
tion in the group of houses is the estimated
overall heat loss coefficient for that building
and the cumulative temperature difference
between inside and ambient conditions.

{2) Heating system type plays a large role
in determining the relative efficiency of elec-
trically heated houses. Forced-air heating
systems perform poorly relative to other
types. Homes using heat pumps showed lower
space heat electricity consumption. Homes
heated primarily with a wood stove showed
much lower electric space heat consumption.

{3) Larger homes tend to show lower nor-
malized space heat indicating that normaliz-
ing space heat conditioning needs on the
basis of floor area will introduce a bias in the
results. Physically, this bias stems from the
decreasing ratio of exterior envelope area to
floor area as floor area increases.

(4) Based on blower-door and perfluoro-
carbon tracer gas tests, control homes in the
RSDP project are relatively tight, exhibiting
an average natural air change rate of only
about 0.4 air changes per hour.

{5) The infiltration rates in current practice
Northwest houses are so variable that depen-
dence on ‘“‘natural infiltration™ in houses for
sufficient ventilation air seems inadequate.
Many houses that did not attempt tight con-
struction still achieved very low levels of air
leakage.

(6) The average temperature in the main
living zone of the energy-efficient houses was
warmer by 0.8 °C than in the control group
houses. Much of this difference was found to
be attributabie to the difference in heat loss
coefficients for the MCS and control houses
and solar availability from one climate zone
to the next.

(7} Air-to-air heat exchangers are not
typically used on a continucus basis. Average
utilization is only about 9 hours per day.
Usage is best characterized as bimodal with a
large group with nearly continuous use against
another large section of the sample who sel-
dom ran the machines at all.

(8) Houses with fireplaces showed greater
estimated specific leakage areas and higher
normalized consumption of space heat. Based
on blower-door tests, much of this difference
was attributed to increased air leakage in
houses with this design feature.
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(9} The primary electricity end uses in resi-
dential buildings are related; homes using
more electricity for domestic hot water heat-
ing are also likely to use more electricity for
space heat. There are strong indications that
space conditioning needs are influenced by
dwelling occupancy levels.
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