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SUMMARY
Approximately 600 of the homes participating in HRCP were manufactured
(mobile) homes. The variation in their thermal characteristics before and
after retrofit allowed us to estimate the energy savings associated with
specific energy - conservation measures (ECMs). We used the PRISM model and an
adjustment procedure to provide estimates of heating energy consumption. The
estimated relationship between the heating consumption and the estimated
design load coefficient (UA) was used to determine the space heating energy
savings associated with individual ECMs . We developed cost es~imating
relationships for each component based on HRCP data and used the estimated
costs with the energy savings estimates to determine the levelized costs of
retrofit measures. The results indicated that ceiling retrofits were the
most cost-effective way to save energy. On an incremental basis and assuming
30-year remaihing lifetimes, ceiling insulation up to R-30 was costeffective. On an average basis, levels up to R-38 (where physically
possible) were cost-effective. Floor insulation retrofits to R-14 were close
to being cost-effective. The levelized costs of window retrofits, however,
were substantially beyond cost-effective levels. The assumed lifetime of tne
home critically affected the cost-effectiveness of the retrofits: a 10-year
lifetime increased levelized costs by a factor of about 2~ over costs for a
30-year lifetime.

BACKGROUND
Over 200,000 !lousing units in the Northwest are manufactured homes,
commonly called ''mobile homes'' (Hendrickson et al. 1985). They represent
over 8% of the existing single-family housing stock in the Northwest, and in
recent years have constituted over 20% of new single-family housing starts.
Because of the sheer size of the population, the resource potential for
energy savings through retrofit of manufactured homes is considerable.
Manufactured homes are fully constructed in a factory and,
consequently, enjoy a price advantage over conventional site-built housing .
Their typically lower first cost makes them economically attractive to lowerincome households, young families, and retired persons, especially in an era
of escalating housing prices.
Prior to issuance of the Manufactured Home Construction and Safety
Standards by the U. S. Department of Housing and Urban Development (HUD) in
1976, manufactured homes were typically poorly insulated and, as a result,
could be relatively expensive to heat and cool. Even with the advent of the
HUO regulations , which imposed thermal requirements , manufactured homes have
tended to be less energy efficient than site-built homes regulated by local
codes .
While the Bonneville Power Administration (Bonneville) has undertaken an
extensive program to increase the energy efficiency of new manufactured
homes , Bonneville has not initiated regional programs to retrofit existing
manufactured homes . A Bonneville study in 1984 found retrofits would not be
cost-effective and recommended against including manufactured housing in
regional weatherization programs (Onisko and Van Orden 1984) .
This paper presents new estimates of levelized cost~ for Hood River
manufactured home retrofits based on emp i rical HRCP data. The f i rst paper in
this journal describes the HRCP and the data collected. The retrofit costs
for specif i c energy conservation measures (ECMs) were calculated from invoice
cost data collected on individual homes. The energy savings were estimated
f r om billing and end-use measured energy consumption data. These results are
~seful in assessing the cost-effective retrofit resource potential.
One important aspect of our study was how retrofit measures were
selected for installation in each home. Retrofit measures were installed
based on audit recommendations guided by HRCP component ECM target levels and
considerations relevant to individual homes. The basic rule for all homes in
the HRCP was to install measures that the audit indicated would cost up to
$1 . 15 per kWh saved in the first-year. The HRCP data indicated that for many
homes the components consisted of multiple sections; for example, the wall
component might have been made up of a 65 sq . m. section insulated initially
to R-4 and a 30 sq . m. section insulated to R-7. After retrofit, the
individual sections often had different final ECM levels, such as R-7 and R11 . This indicated that the auditors were being thorough in their
evaluations . The consequences for our analysis were that the retrofit data
base was very rich in terms of the variability in retrofits performed , and we
had to develop a technique to accommodate the fact that components could
consist of more than one section.
This paper first presents a description of the data used in our study.
Second, it explains the methodology used to estimate energy savings for the
energy conservation measures examined. The third section presents the
methodology used to estimate retrofit costs. Fourth, the paper discusses the
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levelized cost analysis and results. The final section presents conclusions
and a discussion of applications of our methodology and findings beyond the
retrofit analysis presented here.
DATA
Of the 3,200 homes in the HRCP, approximately 18% (594) were
electrically-heated, manufactured homes. This proportion was larger than the
regional average. The Hood River data allowed us to examine many
characteristics of this sample. The construction dates of the homes were
distributed as shown below:
Before 1960
2.5%

1960-69
15.9%

1970-75
42.9%

1976 and after
38.7%

Prior to 1970, average component R-values were around R-3. Between 1970 and
1976 they gradually increased to about R-9 in the floor, R-14 in the ceiling,
and R-8 in the Nall. From 1976 on, they averaged around R-10 in the floor ,
R-15 i n the ceiling, and R-9 in the wall. Floor area data indicated that the
average floor area was 95 . 9 m2 (1,032 ft2), varying from about 28m2 (300
ft2) io over 220m2 (2 , 400 ft2). The mean glazing area was about 15% of the
floor area .
Based on these data , we developed a prototypical manufactured home for
the retrofit analysis . The dimensions of the prototypical home were floor
and ceiling areas of 95.9 m2 (1,032 ft2), wa l l area of 80 . 5 m2 (866 ft2),
window area of 13.6 m2 (146 ft2) , and door area of 3 . 25 m2 (35 ft2) .
Our analysis of energy savings utilized both HRCP total billing and
metered space heating data. Billing data for 538 of the manufactured homes
were available . from the HRCP for the 4-year p~riod from June 1982 to June
1986 . Homes were systematically retrofit with weatherization measures during
the summer of 1985 , so three years of pre-retrofit billing data and one year
of post-retrofit data were available for analysis. End-use space heating
data were available for about 60 of the HRCP manufactured homes and an
additional 34 energy-efficient homes built in conjunction with the Bonneville
Tulalip demonstration project. The HRCP end-use measurements used in this
analysis consisted of 15-min space heating energy data aggregated to billing
periods compatible with the billing data records. The energy-efficient
·
homes' data were weekly space heater meter readings also aggregated to
billing periods.
Daily average outdoor temperatures for the Hood River homes. were
available from the Hood River Experiment Station for the 10-year period July
1977 through June 1986, Though HRCP collected weather data from several
sites that could have been more closely matched to the locations of the homes
in our study , ex tensive periods of missing data prevented our using the data
from these additional si te·s .
The HRCP retrofit cost data came from the contractor invoices. Each
contractor billed for retrofits on a measure by measure basis. For example ,
wall , ceiling, and floor retrofits were itemized. Unfortunately, these
invoices did not separate material and labor costs. Nor did they separate
the cost of removing components (such as the original single pane windows)
from the cost of installing new building parts. As will be discussed later,
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this precluded any discussion of the separate role that component removal and
installation might have played in total cost and, hence , cost-effectiveness.
ENERGY ANALYSIS AND SAVINGS ESTIMATION
Because the majority of energy data available from the HRCP were billing
records, our analysis relied primarily on an application of the PRISM model
(Fels 1986, Goldberg 1982). (See Energy and Buildings, V. 9, numbers 1 and 2
and other articles in this issue for details on PRISM . ) The PRISM model
utilizes billing data and weather data to estimate base load and heating
(temperature-sensitive) load in residences and provides a basis for
extrapolating to other climate zones or weather years. Many analysts have
noted, however, that while PRISM typically produces a good estimate of total
household energy consumption , it frequently fails to estimate heating and
base loads accurately. To correct for errors in the PRISM estimates, we
developed a procedure that relied on the available end-use data for a subset
of homes and have applied it to the PRISM heating load estimates to generate
adjusted estimates of space heating energy consumption (Lee et al. 1988).
We used the adjusted PRISM estimates and actual heating loads to
estimate a relationship between the design heat loss coefficient (the thermal
transmittance , U, times the component area, A) for specific components. This
approach produced a measure of the energy savings associated with retrofits
of individual building components .
Initial PRISM Analyses
The first step in our analysis was the applicat)on of PRISM to the
billing data for homes for which both billing and space heating measured data
are available . We augmented the HRCP homes' data with space heating and
billing data from 34 manufactured homes built to the regional Model
Conservation Standards (MCS) . For both data sets , we eliminated homes that
failed to meet ''good-fit" criter i a (such as R-squared > .75, standard error
of the reference temperature < l4°C, and standard error of the baseload < 25
kWh) and those that were known wood heat users (L~e et al . 1988). We
eliminated these homes since our intent was to model the behavior of homes
that used primarily electricity for space heating .
The estimates of the thermal performance characteristics of the HRCP ·
manufactured homes in Table 1 show considerable stability across the four
years. The slope (a measure of the change in space heating requirements with
changes in heating degree-days, HOD) shows a decline, indicative of envelope
efficiency improvements, in the year after retrofit.
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TABLE 1.

Summary of PRISM Analysis of the Hood River Homes for the
Three Pr~-Retrofit and One Post-Retrofit Heating Seasons
PreRetrofit
1982/83 1983/84

Parameter

PostRctrofi t
1984/85 1985/86

------- ------- ------- ------------------------------------average
14 . 2
13.9
14.4
std. dev.

3.1

13.9
2.4

3.0

3.5

average
std. dev.

25 . 5
13.0

25.3
12.4

24.2
11.7

23.5
12.5

Slope ( kl'ih/ degree-day) average
std. dev.

6 . 41
6.03

5 . 67
2 . 27

5 . 60
3 . 62

4.90
2.39

313

314

295

T-ref (deg C)

Base Load (kWh/day)

Number of Residences

295 .

The parameters in Table 1 were used to estimate normalized annual energy
consumption for these homes. The normalized energy consumption estimates are
based on 10-year average weather data for Hood River . The normalized total
annual consumption (NAC) declined each year, and for the post-retrofit years
declined by 1886 kWh compared to the mean of the previous three years. The
weather - normalized heating component decreased after 1985/86 by 1001 kWh/year
compar ed to the mean of the values for the three previous years . The heating
component was reduced by some 9.3%. This change agreed well with results
reported in other studies (H i rst 1987, Stovall 1987). The larger decline in
the value of NAC is partially due to water heating energy savings after
retrofit (Brown et al . 1988). It also may be due to errors in the PRISM
~stimates of the ~arameters.
TABLE 2 . Normalized Annual Energy Consumption Estimates for the Hood
River Homes for All Four Heating Seasons

Energy Component

-------------------------------

1982/83

-------

PreRetrofit
1983/84 1984/85

PostRetrofit
1985/86

------- --- ---- -------

NAC (kWh/yr.)

average
std. dev.

20621
6580

19817
6416

Heating Component
(kWh/yr . )

average
std . dev.

11315
4168

10586
3815

19106
5967
10266
4085

17962
5319
9721
3401

The ability of PRISM to accurately decompose total residential energy
consumption into its heating and baseload components can be assessed by
comparing measured component load data for a given year to PRISM estimates
based on the same year of temperature data. Hirst and Goeltz (1986), in a
study of site-built, electrically-heated Hood River homes, demonstrated that
PRISM estimates of the NAC were extremely accurate . On the other hand , the
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study showed, as others have (Bronfman et al. 1987; Westman and Monroe 1986),
that, typically, the PRISM heating component overestimates the heating energy
consumption and PRISM underestimates the baseload. The differences between
PRISM estimates and actual measurements of electricity use can be attributed
to at least four possible sources:
o
o
o
o

inaccurate billing data
inaccurate load data
misinterpretation of baseload because of summer peak loads (e.g., air
conditioning)
seasonality of non-space heating loads.

The effects of the first three error sources were considered minimal in
our study . On the other hand, differences between end-use energy
measurements and PRISM estimates of the heating component and baseload are
likely to be influenced by other non-heating loads that exhibit
seasonality . (a) Examples of · loads known to be temperature or seasonally
sensitive include: 1) interior/exterior lighting in response to shorter and
less intense daylight hours during winter and 2) electric hot water heater
energy use , which increases because of lower supply water temperatures during
the winter.
To determine the difference between the PRISM predicted heating
component and the actual heating energy consumption, we compared the PRISM
estimates with measured space heating data for the two sets of homes where we
had both billing and measured data .
Results for the set of energy-efficient MCS homes indicated that PRISM's
heating component overestimated actual heating energy consumption by an
average of 52% . At the individual house l~vel the difference ranged from -8%
to 102%. The magnitu~e of this error was larger than reported in some other
studies. However, these results were consistent with earlier studies, which
showed that PRISM overestimates heating energy consumption more when heating
constitutes a smaller fraction of total energy consumption and, consequently,
when the other seasonally dependent loads represent a larger fraction of the
temperature-sensitive load. This is the situation expected in energyefficient homes, such as MCS homes.
The agreement between PRISM estimates and measured heating energy
consumption was much better for the end-use metered HRCP manufactured homeg.
For the combined pre- and post-retrofit periods, the PRISM heating component
underestimated the actual space heating energy consumption by an average of
3 . 6% , while the difference ranged from -42% to +33% at the individual house
level.
Underestimation of the heating load is uncommon when PRISM is used. To
determine if our underestimates were consistent with other results, we
calculated the ratio of heating energy to total energy for three sets of all(a)As a result, it is necessary to clarify that the PRISM term identified as
the heating component implicitly captures some of the non-heating, seasonally
dependent loads (Fels et al. 1986), which should be considered as baseload.
In reality, the ''heating component" is the temperature/seasonally dependent
component of the total household energy consumption, of which space heating
is usually the largest part.
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electric homes as shown in Table 3. These results clearl y indicated an
inverse relationship between this ratio and the PRISM heating estimate error.
Our HRCP end-use metered manufactured homes had the largest share of their
load due to heating and the negative average heating estimate error was
consistent with the tendency shown by the oth~r two samples in the table.
TABLE 3.

Variation in PRISM Heating Estimate Error
with Space Heat Proportion of Total Loada
Sample

MCS Manufactured
Homes

185 Hood River
All Electric Homesb

Hood River
Manufactured Homes

Average heat
load over
total load

0.31

0.48

0 . 54

Average PRIS~f
heating
estimate errore

+52%

+14%

- 3 . 6%

aAverage heat load over total load is the average across the homes in each
data set except the set of 185 homes which is calculated as the average heat
load for all the homes divided by the average total load.
bHirst and Goeltz 1986.
cThe error is calculated as . the difference between the PRISM heating
component estimate and the measured load divided by the ~easured load .
PRISM Adjustment
We used the measured space heating and billing data to develop a method
for adjusting the PRISM heating component estimate to better match the
measured data. The development and regression estimation approach are fully
discussed in Lee et al . (1988) and only the adjustment equation is presented
here . Note that the adjustment equation included a term (PRISM heating
component divided by NAC) that should partially take into account the
observed effect of the heating load-to-NAC ratio. The adjustment equation is
the following with t~e constant terms c0 . . ... c3 derived from a regression
analysis:
Adjusted heating consumption = c 0 *
+ c1 * PRISM heating
+ C2 * PRISM T-ref *
+ c3 * PRISM heating
where PRISM heating ratio
HDD

PRISM heating component
ratio * HDD
UA
ratio * PRISM T-ref

ratio of PRISM heating component to PRISM
estimate of total energy consumption (NAC),
heating degree-days to base 18.3° (65°F).

6

(1)

We used this equation to estimate the actual heating energy consumption
for HRCP homes for which only billing data were available. The PRISM results
and this equation provided an estimate of heating energy consumption of each
home during the specific years analyzed . These consumption estimates along
with the measured space heating data for the metered homes were used in tile
procedure described below to estimate the effects of different energy
conservation measures on electric space heating load.
Estimation of Energy Savings
This study characterized different energy conservation measures through
their effect on design UA. This value is relatively easy to calculate for
different ECMs and most engineering models implicitly utilize the design UA
to estimate heat loss and heating energy requirements. The technique we used
here linked estimated changes in design UA to measured changes in heating
energy consumption, based primarily on HRCP data.
Our methodology assumed that space heating energy consumption varied
linearly with the design UA of a home . This assumption has a sound basis in
conductive heat flow theory. Models of heating energy usage based on theory ,
however , usually fail to incorporate actual data on internal and solar gains .
Our approach merges the theoretical approach, based on heat flow theory, with
empirical data .
We used the HRCP data to estimate the mean change in heating energy
consumption as a function of building design UA. We calculated UA values by
component for each HRCP home using the procedure presented in Lee et al.
(1988) . This analysis inc l uded all HRCP homes f or which billing data or
metered data were available. Each horne contributed one data point if data
were available before retrofit and one data point i f data were available
after retrofit. Where only billing data were available, the heating energy
value used was the value calculated by applying the PRISM adjustment
procedure discussed briefly above. Where end-use data were available, we
used the metered heating energy consumption instead . We analyzed the data
specifically to determine whether heating energy consumption could be
estimated accurately with a linear relationship base on the product of the
design UA and heating-degree-days (HOD to base 65°F) .
To determine the relationship for these homes, we performed a linear
regression of heating energy on the value of UA*HDD. The UA values in the ·
data covered a range from around 300 to 1440 Btu/hr/°C (166 to 800 Btu/hr/°F)
and the annual heating energy values went from about 2 , 000 to 22,000 kWh.
The regression produced the following relationship:
Heating energy consumption (kWh/yr)=
0.00463 * UA (Btu/hr/°C) * HOD (°C-days)

( 2)

The R~squared value was 0 . 93 and the t-statistic for the coefficient was 93,
which indicated that a very statistically significant linear relationship
existed between the independent and dependent variables and the relationship
predicted heating energy consumption very well . (a)
(a)We also examined use of a linear fit with an intercept term , but it was
less satisfactory from both a statistical and physical perspective.
7

Though analytically feasible, the scope of this effort did not allow us
to use the available measured data to investigate directly whether variations
occurred in the relationship between design UA and energy savings for
different levels of VA (due to the effect of solar and internal gains) and
across different ECMs. Instead, we relied on a "data base'' of energy
consumption changes for different ECMs calculated by the DOE-2.1 simulation
model (LBL 1983). OOE-2.1 is a detailed, hourly simulation model that
calculates the change in heating energy load for changes in component
characteristics. 00~-2.1 was used to model the energy consumption of
manufactured homes and the results have been tabulated for different
insulation levels, window characteristics, and infiltration rates in DOE
(1986) . We compared the energy savings calculated by DOE-2.1 to our
estimates based on measured data, using the OOE-2.1 results to examine
whether savings per unit change in the design UA differ across measures.
The major observation based on the DOE-2.1 data was that windows
appeared to differ from other components in how their design UA affected
changes in heating energy consumption . We divided the DOE-2 . 1 estimated
change in heating energy consumption by the change in UA for floor, wall,
ceiling, and window ECMs . Excluding windows, the average value of this ratio
was 0 . 12. For windows, the ratio was 0 . 07. These results indicated that,
for equivalent design UA changes, DOE-2 . 1 estimated that windows would have
about 60% of the effect on energy consumption that other components would
have .
When it calculates changes in loads attributable to t~indows, DOE-2.1
includes the effects of solar gains and wind speed variations. Inclusion of
these factors significantly affects the estimated energy consumption effects
of windows in two ways.
First, window UA reductions typically occur through
decreases in window area or improvements in the glazing thermal properties
(lower U-values). Either approach, however, is likely to reduce solar gains
(through smaller areas or lower shading coefficients). Reducing the solar
gains means that less solar energy is available to offset the heating
requirement. This compensating effect appears as a decrease in the apparent
effect of the UA improvement.
Second , the design UA values calculated for windows are usually based on
extreme conditions, specifically, wind speeds of 12 or 24 km/h (ASHRAE 1985,
BPA 1987) . In the procedure followed by DOE-2.1, however, the effective UA
varies depending on hourly wind speeds associated with the weather data. fn
effect , the equivalent glazing UA used in DOE-2 . 1 is based on an average wind
speed that is likely to be less than 24 km/h. This results in an effective
UA change that is less than that calculated from the design UA values.
Based on the simulation results, changing the design UA of windows an
amount equivalent to a change in another component produced less of a change
in energy consumption. (a) These results suggested that our empirically-based
analysis could be modified to capture these effects. To do so, we estimated
two separate coefficients to estimate energy savings from UA changes: one
(a)This does not strictly say that thermal improvements to windows would be
less effective than improvements to other components. It says, instead, that .
1) the design UA typically used for windows overstates the effect of window
thermal characteristics on energy consumption and 2) the design UA affects
how much solar energy is available to offset heating loads .
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for windows and a second for all other components. We used the Hood River
data to determine what proportion of the average building UA was due to
windows and what proportion was due to other components. We combined these
proportions with the DOE-2 . 1 data to split the coefficient presented earlier
into a coefficient for windows and a coefficient for other components. The
resulting coefficients were 0.00295 for windows and 0.00505 for all other
components. These coefficients were then multiplied by the change in
component design UA and heating degree-days to estimate the change in heating
energy consumption.

RETROFIT COST ANALYSIS
The initial requirement for calculating the levelized cost was to find
the per unit cost to upgrade individual components, for example, the cost per
square meter to upgrade from single pane to double pane glass. An attractive
feature of the Hood River data base was that information on actual billed
costs at a component level was available. Therefore , the cost estimations
were based on real bills , rather than on engineering cost estimates which
might or might not be based on an appropriate set of assumptions.
In the HRCP data, cost information was itemized as total cost by
retrofit component. The components included ceiling, wall , and floor
insulation as well as window retrofits. Component retrofits, however, often
consisted of several different retrofits. For example, a pre-retrofit
building could have had four walls of 10 m2 each which initially had R-14
insulation. The post-retrofit building could have had 2 walls at R-22, one
at R-14, and one at R-28. Since we wanted to estimate costs on a basis that
could be related to the estimated energy savings, we developed per unit costs
on a component basis .
The resolution was to develop a weighted R-value change. For each wall,
ceiling, or f!oor section that changed R-value, the R-value change was
calculated. The differences were then weighted (on a section-by-section
basis) by the area which changed. This approach resulted in a weighted Rvalue change for each component in each house. This measure was commensurate
across the different houses in the sample.
Retrofit Installation Costs
A standard cost per unit change in R-value per square meter was
estimated through a regression approach. Since the underlying cost data were
all generated by the same auditing and contracting process, it seemed likely
that the errors in each of the four regressions would be correlated. For
example, the wall model might produce errors for individual homes that had
about the same magnitude but a different sign compared to the errors for
ceiling estimates. This situation calls for a regression technique known as
seemingly unrelated regressions (SUR). Johnston (1972, pp. 238-241) gives an
exposition of this technique. The interpretation of the statistical results
is identical to that of Ordinary Least Squares regressions.
We implemented the approach by regressing the invoice cost for each
component that was retrofit (wall, floor, ceiling) onto a constant and the
9

weighted R-value change. The resulting parameter estimate for the R- value
change variable yielded the cost per square meter per change in R-value.
This technique had two analytic benefits. One was it allowed the notion of a
fixed cost for each component retrofit to be examined. This was done by
testing the constant term to see whether or not it was significant. Second,
we anticipated that, because insulation would have to be installed between
the floor joists as well as below them when the insulation reached certain
levels, the floor invoice cost would reflect higher costs. This effect Nould
vary with the year of construction since construction practices changed
around 1976 when the HUD standards went into effect. This sittlation is
unique to manufactured homes and the regression technique allowed us to
control for this effect. Table 4 shows the regression results.
TABLE 4.

Seemingly Unrelated Regression Results for Insulation Costs

Dependent Variable: Invoice Amount
Parameter Estimates
Floor
Variable
Intercept,$
Insulation
Quantity, $/m2;
R- value
Floor Work,$

Ceiling

6 . 17
(0.94)

4 . 15
(0 . 87)

0 . 509
(89)
91 . 71
(5.3)

0 . 338
(105)

Wall

Wind01<Js

1. 24

7.84
(.53)

{0 . 33)
1.712
(109)

Single to Double,
$/m2
Single to Triple,
S/m2
Single Storm,
S/m 2
Double Storm,
$/m2
Wood Sash,
$/m

143 . 65
{34)
234 . 20
(21)
70 . 70
(25)
91.85
{36)
45.11
(2.8)
24 . 30
(12.3)
1240.
(4.3)

T . I.M.,

$/m
1/2" Pane,
S/m2
R-Squared
No. of
Observations

0.97

0.95

0 . 96

0.93

565

565

565

594

The floor insulation regression performs very well. Both the parameters
of interest are significant and the R-squared is .96. The constant term ,
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however, is not statistically significant, indicating that the fixed cost of
installing the insulation was negligible. The cost of tl1e insulation was
estimated at 51 cents per square meter (4 . 7 cents/ft2) of R-value change. As
can also be seen, the cost of additional work associated with higher R-values
was about $91 on those houses which needed it.
Table 4 also shows the regression results for the ceiling costs. Again,
the regression performs well with the quantity parameter significant and tl1e
regression R-squared over .94. The constant term was not statistically
significant. The regression estimates the cost of ceiling insulation at 33.8
cents per square meter (3.1 cents/ft2) per unit change in R-value. Ceiling
insulation is the least expensive of the three insulation approaches. This
is probably because ceiling insulation could be blown in and the labor and
materials are generally less costly for this type of insulation .
The final insulation retrofit regression results reported in Table 4 are
for the wall insulation cost . As before , the wall cost regression performs
well by conventional standards. The R-squared is over .95 and the parameter
of interest is highly significant. The regression indicates that wall
insulation is the most expensive to retrofit at a cost of $1.71 per square
meter (16 cents per square foot) per change in R-value. This result is
consistent with expectations. Insulating walls involves the most work since
the r e is no readily available access to the interior of the walls . One
important point about the data on wall insulation i s that they did not
include any R-values beyond R-19 and that it appeared no insulated wall
sheathing was installed. Therefore, our cost estimate does not include any
retrof i t modifications of that magnitude .
Window retrofit costs were estimated through a different method than the
i nsulation costs . There did not seem to be a tractable way to aggregate or
unify glazing , sash type, and air gap in the pre- and post-retrofit windows.
The onl~ form of aggregation which made sense was to examine the area of each
window type of retrofit and treat each type of retrofit separately. For
example, a house could have two 2 by 2 meter windows retrofit from single to
double pane and one 3 by 3 meter window retrofit to triple pane . This house
would have the window retrofits aggregated to 8 square meters of double pane
and 9 square meters of triple pane. The resultant cost estimates would be
dollars per square meter of a given window type retrofit.
Another issue with window retrofits was how to treat the differences in
window sash and the air gap. This was particularly problematic because the
sash type and air gap retrofits could be mixed. The ideal measure for sash
type would have been meters of each type used . This was not available. Our
compromise was to assume that each window was approximately square, and so
the linear dimensions could be estimated from the area of the window. The
th'O air gaps, 0.64 em. (one-fourth in.) and 1.27 em . (one-half inch), · were
treated as dummy variables.
Table 4 also shows the window cost regression results. The regression
has an R-squared of . 90. Each of the coefficients, with the exception of the
intercept, was significant and had the proper sign. As can be read from the
table, relative to single pane glazing the cost of double pane windows was
estimated to be $143.65 per square meter ($13 . 35 per square foot). Triple
pane windows were estimated to cost $234 . 20 per square meter ($21.76 per
square foot) relative to single pane windows. Relative to standard aluminum
sashes , wood sashes cost $45.11 per meter ($13.75 per foot) ; thermally
improved metal (T.I.M.) sashes were estimated to cost $24.30 per meter ($7 . 41
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per foot). Unlike retrofits of other components, window retrofits required
removing the existing component as well as installing the upgraded one. The
regression appeared to capture the removal costs in the coefficients for each
upgrade, rather than in the constant term. This suggested that the removal
costs were related to the dimensions of the window replaced and the
coefficients presented for most upgrades in the table should be interpreted
as including removal, installation, and material costs.
LEVELIZED COST ANALYSIS AND RESULTS
We used these retrofit installation cost estimating relationships to
calculate levelized costs. Cost levelization is a technique that puts costs
for different alternatives on a common basis. This allowed us to compare the
cost of different retrofits, including window upgrades, on an equivalent
basis. The calculation of levelized cost is relatively easy in this case
since several of the parameters have been set by Bonneville. (Appendix A of
BPA (1986) provides a complete derivation of the Bonneville levelized cost
methodology used in this paper.) Equation 3 shm.Ys the formula for
calculating the levelized cost of the retrofit measures.
Levelized cost (mills/kWh) =
1000 * (First cost) * [ (1 + i)n * i ] I [
( line loss credit * annual energy savings
where:

n
i

=

1 + i

)n -

1

J I
( 3)

remaining lifetime, years
real discount rate

In this application the first costs were from the regression~ reported
in Table 4. Energy savings are in kWh/yr. The line loss credit accounted
for reductions in electric transmission and distribution system line losses
due to residential conservation savings and we used the Bonneville value of
1 . 1 . Throughout the analysis the discount rate (i) was assumed to be 3%.
The effects of expected lifetimes, n , of both 10 years and 30 years on the
levelized cost were examined.
The results of the retrofit analysis are given in Tables 5 and 6. The
results were calculated based on the prototypical home described earlier and
Hood River long-term average climate data. Energy savings have been
estimated using the method described earlier.
The ti'VO different measure lifetimes, 10 and 30 years, can be associated
with the remaining life of the home since retrofit would occur on homes that
have been occupied already for some period of time. As can be seen the
levelized costs vary dramatically between the 30- and 10-year lifetime
assumptions. This is to be expected since all the costs of retrofit are
incurred today and the benefits accrue over the lifetime of the measure. The
levelized costs are about 2-1/2 times as high for the 10-year lifetime
assumption.
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TABLE 5.

Ceiling, Wall, and Flool.' Retl'ofit Costs and Savings

Enel.'gy
Consel.'vation
Measul.'e
Ceiling
R-14
R-19
R-22
R-30

Measul.'e
Cost , $

Measul.'e
Savings
kWh

Levelized Cost, mills/kWh
10 Yl.' Life
30 Yl.' Life

R-19
R-22
R-30
R-38

167
102
264
264

455
182
320
192

16 . 99
25 . 87
38 . 26
63.60

39.04
59 . 45
87 . 93
146.15

R-11 to R-19

1124

569

91.74

210.80

153
397
243
243
341

157
294
150
123
152

45 . 01
62 . 58
74 . 87
91.76
103.53

103.43
143.78
172 . 02
210.00
237.90

153
397
153
153
250

181
306
103
61
44

39 . 09
60 . 60
68 . 44
116 . 97
261 . 83

89.82
138 . 21
157 . 25
268 . 76
606.46

to
to
to
to

Wall
Flool'
Pre-1976 homes
Rr-11 to R-14
R-14 to R- 22
R- 22 to R-25
R-25 to R-28
R-28 to R-33
Post - 1976 homes
R- 11 to R-14
R-14 to R-22
R-22 to R-25
R- 25 to R-28
R-28 to R-33

Table 5 shows that the most cost-effective way to save enel.'gy was to
insulate the ceiling. Going from R-14 to R-19 in the ceiling _cost 16 . 99
mills pel.' kwh fol.' a 30-yeal.' lifetime. If the home had an expected lifetime
of 10 years the incremental levelized cost was 39.04 mills . The range of
levelized costs varied greatly depending on the pl.'e-l.'etl.'ofit level of
insulation. As would be expected from the relationship between R-value and
energy savings , the levelized costs associated with a given change in R-value
were higher fol.' higher pre-retrofit insulation levels. Thus, the most costeffective insulation l.'etrofits would be fol.' cases where initial insulation
levels were the lowest.
Table 6 shows the savings and levelized costs associated with several
window retl.'ofit options. The l.'etl.'ofit costs were based on 5.82 squal.'e meters
(62.7 square feet) of glass and 13.9 meters (45.6 feet) of sash being
l.'eplaced. This glass al.'ea was the avel.'age amount l.'etrofit in the Hood Rive!.'
manufactured homes. All windoN retrofits started fl'om a base of single
glazing.
As can be seen, the levelized costs of window retrofits were
considel.'ably mol.'e expensive than insulation l.'etl.'ofits. As noted earlier,
window retrofits involved window removal as well as replacement.
Consequently, the levelized costs would be highe!.' than the costs based on
materials and installation alone. The 30-year installed, levelized cost of
13

TABLE 6.

Window Retrofit Costs and Savings
~feasure

Cost

s
Metal Sash to T.I.M.
Single to 1/4" Double
Single to 1/4" Double
Single to 1/2" Double
Single to 1/2" Double

~feasure

Savings
kWh

Levelized Cost,
mi lls/kl~h
30 yr 1 ife 10 yr life

Storm

1182
1594
1297
1709

397
631
509
672

138.17
117 . 19
118.26
118.04

Metal Sash to Metal Sash
Single to 1/4" Double
Single to 1/4" Double + Storm
Single to 1/2" Double
Single to 1/2" Double + Storm

845
1257
960
1372

315
539
427
590

124.17
108 . 04
104 . 14
107 . 78

285.31
248 . 26
239 . 30
247.60

Metal Sash to Wood Sash
Single to 1/4" Double
Single to 1/4" Double + Storm
Single to 1/2" Double
Single to 1/2" Double + Storm

1471
1883
1587
1998

488
723
580
753

139 . 71
120.89
126.86
123.08

321.03
277.78
291.50
282 . 82

Metal Sash to Wood Sash
Single to 1/4" Triple
Single to 1/4" Triple + Storm
Single to 1/2" Triple
Single to 1/2" Triple + Storm

1999
2534
2114
2649

682
804
763
. 845

135 . 97
146 . 19
128 . 46
145.46

+

Storm

+

317.48
269 . 27
271. 75
271.22

312.43
335 . 90
295 . 18
334.24

retrofitting metal sash single pane to a better thermal performer would range
from abou~ 104 mills to 146 mills depending on the retrofit sash type and
number of panes, and whether or not a storm would be added. In most cases
except for upgrades involving triple pane glazing , the addition of storm
windows lowered levelized costs, suggesting that the addition of a storm wa's
more cost-effective than the other measures. In general, window retrofits
appeared to be an expensive 1~ay to reduce energy consumption. The levelized
costs covered a fairly narrow band of values. This suggested that the ratio
of additional energy savings to additional costs was fairly constant over the
available measures . This differed from the cases involving insulation
measures in which incremental costs increased considerably faster than
incremental energy savings as higher insulation levels were installed .

CONCLUSIONS AND DISCUSSION
The retrofit analysis we conducted was limited to a single geographic
area, but provided initial indications that specific retrofit conservation
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measures are cost-effective in manufactured homes. For the Northwest,
estimates of new coal plant levelizcd costs are typically in the range of 4050 mills/kWh. Using 40 mills as the cost-effectiveness threshold , ceiling
insulation up to R-30 was cost-effective on a marginal basis (i . e., compared
to the next lower insulation level) for expected lifetimes of thirty years or
more . Compared to existing ceiling insulation of R-14 or lower , insulation
up to R-38 was cost-effective (where physically feasible). Limited upgrades
of floor insulation were cost-effective in newer homes . The results also
suggested, however, that some retrofits, particularly those involving glazing
changes , would not be cost-effective.
The expected measure lifetime had a major effect on the costeffectiveness. The statistics for Hood River indicated that over 80% of the
homes had been built since 1970. The quality of manufactured homes has been
improving over the last 15 years, so homes built during this period might
remain in the stock another 30 years or more . Nationally, approximately 4
million manufactured homes have been sited since 1970 , and in the Northwest
region about 180,000 have been sited. Based on our results, there may be a
significant potential for manufactured housing retrofit energy savings,
particularly through ceiling retrofits, in selected locations.
l~e did not look beyond Hood River to assess retrofits in other
locations . Hood River has a relatively mild climate, so the levelized costs
estimated here would decrease in other, more severe heating climates, and the
cost-effectiveness would improve. A first approximation of the levelized
costs in other regions could be estimated based on the HOD levels for other
heating-dominated regions. Lee et al . (19~8) uses a related approach for new
homes. The HDD value used here for Hood River was about 3055 , base 18.3°C
(5500 , base 65°F) so levelized retrofit costs based on h~ating energy savings
in another region could be approximated by multiplying the levelized costs
here by 3055 divided by the HOD value for the other region. Our analysis
included no effects of coo l ing loads, so cooling climates would derive
additional energy savings that wou l d also decrease levelized costs .
An analysis of the resource potential and development of a retrofit
supply curve would require collection of data on the number of existing
manufactured homes in ·a region and information· about their characteristics
and age distribution. For the homes in the Northwest, the average insulation
levels in the stock built sin~e 1970 would be comparable to the lowest level~
shown in Table 5; therefore, the levelized costs presented in this table for
each component would give a good indication of the cost-effectiveness of
retrofitting the average manufactured home built since 1970 .
We have conducted a similar analysis of measures applied in new
manufactured housing (Lee et al. 1988). As would be anticipated, the costs
for upgrading homes in the factory were considerably lower than the costs
reported here for upgrading them in the field. Energy conservation measure
first costs were from 50% to 100% higher for the retrofits. Several factors
contributed to the higher retrofit costs. Retrofit upgrades clearly included
added labor costs because retrofit work could not be done as efficiently in
the field as installation could be done during construction. It was likely
that the quantity discounts on materials that manufactured housing producers
enjoy would also increase the cost differences. Retrofit also required added
costs for traveling to the site. In the case of windows, retrofit typically
entailed the additional costs for removal of existing windows. Remaining
lifetime, however , played the overriding role when comparing retrofit and new
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home upgrade costs. In cases where lifetimes of less than 30 years would be
expected, the difference .between retrofit and new home upgrade levelized
costs were far more than the added retrofit first costs would suggest.
This analysis represents one of the first assessments of manufactured
housing retrofits that has drawn upon measured cost and energy consumption
data . The HRCP data base provided thorough information on the
characteristics of homes before and after retrofit. The comprehensive
retrofit cost data allowed us to develop estimating relationships that
provided insights into the costs of component retrofits. The estimated costs
appeared to be reasonable in the light of other information about component
upgrades. The billing and, less extensive, metered energy data allowed us to
use energy consumption data from the majority of the manufactured homes to
estimate energy savings associated with individual conservation measures.
Both the cost and energy estimation methodologies could be extended beyond
the manufactured homes in the HRCP to site-built homes, to analyses of new
homes (as was done in Lee et al. 1988), and to studies of other regions.
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