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ABSTRACT

We compile and analyze measured data on 141 retrofit projects in U.S. and Swedish existing multi...
family buildings. We examine the costs of conservation measures and practices and the savings they gen...
erate. We also discuss the correlation between energy savings and initial pre-retrofit energy intensity,
amount of investment, and choice of measures.

Various HVAC system retrofits (heating controls, equipment measures, and altered operation and
maintenance practices) are the most popular conservation strategies in our sample of buildings. Most
buildings in the data. base are small to medium size multi-family buildings; 60 percent are between 10 and
50 units; only 10 percent are more than 100 units. Retrofit costs are less than $250/unit in 40 percent of
the buildings, which suggests that many building owners confined their retrofit efforts to fairly low-cost
measures. On average, initial retrofit costs are a lower fraction of annual energy expenditures in our sam­
ple of U.S. buildings than in our Swedish buildings (0.6 versus 2.1).

Median annual energy savings are 11 lVtBtu per dwelling unit, or 16% of pre-retrofit energy use.
Energy savings are between 10 and 30 percent in 60 percent of the retrofit projects. We found that
categorizing each retrofit project by strategy helped explain much of the variation in the amount invested;
however, energy savings still varied widely a.mong similar groups. Preliminary results for buildings in the
data base suggest that some envelope measures (e.g., "shell" packages and window measures) have longer
payback periods (12 and 16 years, respectively) than many of the heating system retrofit strategies (1-3
years). We also report on individual conserva.tion measures that are particularly effective in specific build­
ing and heating system types (e.g., outdoor resets for cold-climate buildings with hydronic boilers).

The work described in this paper was funded by the Assista.nt Secretary for Conserva.tion and Renewa.ble Energy, Office of Building
and Community Systems, Building Systems Division of the U.S. Depa.rtment of Energy under Contract No. DE-AC03-76SFOOO9S.



ENERGY SAVINGS IN RETROFITTED MULTIFAMll.,Y BUll,DINGS:
NEW RESULTS FROM THE BECA-B PROJECT

Charles A. Goldman and Kathleen M. Greely
Lawrence Berkeley Laboratory

INTRODUCTION

The multi-family sector, consisting of residential buildings with two or more units, comprises almost
27 percent of the U.S. housing stock (in terms of gousehold units). Annual site energy use in these build­
ings is approximately 2.3 quads (1 quad = 101 Btu) and directly or indirectly costs U.S. households
almost $20 billion. Multi-family buildings vary widely in construction complexity, from single-family style
to large office-building type structures. A recent Office of Technology Assessment study estimated the
conservation potential in the multi-family sector at 1.0 quad per year by the year 2000 (43% of the
sector's current energy use), although likely savings were only 0.3 quad, because of complex technical,
information, institutional, and economic barriers (OTA, 1982). A 1985 survey of organizations concerned
with multi-family retrofit activity highlighted some of these barriers:

@ unwillingess on the part of building owners to invest in costly measu.res without guaranteed savings,

@ problems related to split in economic interest between landlords and tenants,

e difficulty in obtaining financing for retrofits, and

e conflicting information on the performance and costs of retrofits (DOE, 1985).

The study and survey also found that documented information on the results of energy-efficiency
improvements is not widely available. We attempt to address this problem by compiling and analyzing
measured data on the costs of conservation measures and practices in multi-family buildings, a.nd the
energy savings they produce.* In this study, we examine the correlation between energy savings and initial
pre-retrofit energy intensity, amount of investment, and choice of measures. We also identify individual
measures that are effective for specific building and heating system types, a.nd discuss limitations and gaps
in the available data.

DATA SOURCES

We obtained information on retrofit projects from several data. sources, including city energy offices
[40), public authorities [40]' research institutions and national laboratories [25], private building

, non-profit and for-profit energy service companies [14], and utilities [3J. t The data
collected typically included metered energy consumption, installed retrofit measures and their costs, the
price of the space hea.ting fuel the winter after retrofit, and a brief description of the physical characteris­
tics of the building. In most cases, each data point represents one building, except in the case of public
nO'USlng: n:r()1e(~ts. which often have a number of buildings on one utility master meter.

* Results a.re drawn from the Buildings Energy Use Compila.tion and Analysis (BECA) residential data base at the Lawrence Berke­
ley Labora.tory.
t Numbers in brackets represent number of data points obtained from each source.
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BUll"DING CHARACTERISTICS AND RETROFIT MEASURES

Moot buildings in the data base are small to medium size multi-family buildings; 60 percent are
between 10 and 50 units; only 10 percent are more than 100 units (Table I). Apartment size

2
is compar­

able to the national multifamily stock; floor area per dwelling unit is between 500 and 1000 ft in 70 per....
cent of the buildings. Almost all of the buildings have central heating systems and are master-metered.
Eighty-five percent are occupied by renters. Gas is the dominant space heat fuel (53%), followed by fuel
oil (23%).

The sample of buildings in the data base is somewhat skewed with respect to geographic location,
with clusters of buildings in a few cities/regions. For example, 40 buildings are located in the
Minneapolis-St. Paul area, 50 retrofit projects are in the New York City-New Jersey area, and 11 projects
are in San Francisco. Most of the U.S. buildings can be grouped into three categories:

• 10-30 unit, low-rise, wood-frame buildings built in the 1950's or 1960's with hydronic heating sy&>
tems,

• steam-heated, low-rise buildings (typically 3-story walk-ups) with masonry bearing walls constructed
between 1910 and 1940,

• high....rise public housing projects built in the 1940's or 1950's with 40 to 100 units in each building.

In general, multi-family retrofits were directed toward reducing consumption in the largest end-uses:
space heating and domestic water heating. The most popular conservation strategies in our sample of
buildings were various HVAC system retrofits including (Fig. 1):

@ heating system controls, such as outdoor resets, high limit outdoor cutout, and thermostatic radiator
vents,

* heating system equipment measures, including new burners and vent dampers,

@ boiler replacements,

@ altered operation and maintenance practices.

Window retrofits were common measures, usually either storm windows or double...glazed thermal break
aluminum windows. Typically, the cost per dwelling unit for these measures was high ($500 - 1200/unit);
building owners and tenants often justified the cost by citing additional benefits of these retrofits, includ...
ing improved building appearance, increased security, and decreased maintenance expenses. In general,
envelope measures were implemented far less frequently than heating system measures in U.S. buildings,
in contrast to our small sample of retrofitted Swedish buildings, in which envelope and HVAC system
measures were equally popular. Some shell measures (e.g., wall insulation) may be implemented less often
because of the physical characteristics of many multi-family buildings (e.g., masonry walls), which make
the measures difficult to install.

Initial retrofit costs were less than $250/unit in 40 percent of the buildings, which suggests that
many building owners confined their retrofit efforts to fairly low-cost measures (Fig. 2). The median cost

retrofits was $537/unit for all buildings in the data base; costs were much higher ($1100/unit) in
the Swedish buildings. We calculated the ratio of retrofit costs to pre-retrofit energy expenditures (in
local currency) in order to derive an indicator that was not influenced by exchange rates altering over
time. For Swedish buildings, the median cost of the retrofit was 2.1 times greater tha.n annual energy
expenditures prior to retrofit, compared to a ratio of only 0.6 Cor U.S. buildings. Sweden's larger invest­
ment is not surprising since the retrofi,ts were part of government-sponsored research projects designed
eXl)!U:ltAY to evaluate the savings and costreffectiveness of combinations of retrofit measures.
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APPROACH
In most cases, we (or our data source) used the Princeton Scorekeeping Method (PRISM) to analyze

energy consumption data before and after retrofit.* PRISM estimates a weather-normalized annual energy
consumption (NAC) from parameters obtained from a regression of either utility bill or meter readings of
the space heat fuel and daily average outdoor temperature (FeIs, 1986). The NAC represents consumption
that would occur in a year with typical weather conditions.

We were not able to use PRISM in 50 projects because of data problems (e.g., insufficient number of
actual meter readings, monthly energy data without billing dates, or only annual energy consumption
data provided). In these cases, we corrected for the varying severity of winter in different years by scaling
annual estimated space heat energy consumption using the ratio of normal-to-actual year heating degree­
days (base 6S<T). Annual baseload energy use was calculated by scaling estimated summer fuel use to a
full yea.r. In most of these cases, summer fuel use was estimated by building owners.

For purposes of comparison, energy use at each project is expressed on a per dwelling-unit basis. In
multi-family buildings, tenant turnover is often high and occupancy rates vary greatly over time. Energy
savings may be masked by increases or decreases in the number of occupied units after a retrofit. For
example, it is reasonable to assume that increases in the number of occupied units (and presumably occu­
pants) will cause an increase in hot water and appliance energy use as well as heating load (depending on
heating system type, distribution and control system, and operation and maintenance pra.ctices). For the
35 buildings where we were able to obtain information on vacancy rates, we divided energy use during
each billing period by the number of occupied units in that period to adjust for this effect.

Retrofit costs reported in this study reflect the direct costs to the building owner of contractor­
installed measures. The costs are calculated in consta.nt dollars (1985$). Costs and energy prices for
European buildings were converted at 1981 exchange rates to U.S. dollars; U:S. inflation rates were used
to convert to constant dollars.** We calculate two economic indicators: simple payback time (SPT) and
internal rate of return (ffiR). SPT is the period required for the undiscounted value of future energy sav""
ings (at today's energy prices) to equal the initial cost of the retrofit. The ffiR is the rate of interest
wh~ch, when used to discount the life-cycle costs and savings of an investment, will make the two equa.L
The ffiR calculation includes estimated annual operations and maintenance costs. We also assume that
~esidential energy prices will escalate annually at a real rate of 1 percent over the measures' expected phy­
sicallifetime, based on recent Energy Information Administration (EIA, 1986) forecasts of average residen­
tial energy price increases (weighted by consumption) over the next ten years.

RESULTS
Energy ,..,aVi~l118

Median annual energy savings for buildings in the data base were 11.2 1\1Btu (106 Btu) per dwelling
or 16 of pre...retrofit energy use. savings were between 10 and 30 percent of pre­

retrofit use in 60 percent of the projects; weather...normalized consumption increased after retrofit in 5 per­
cent or the buildings (Fig. 3). Prior to retrofit, annual consumption of the space heat fuel (adjusted for
floor area) is noticeably higher in the sample of buildings owned and managed by public housing authori­
ties (PH) compared to Swedish and other U.S. multi-Camily buildings (mostly privately owned). This
trend is evident in low-rise buildings and is rather pronounced when we note that the public housing
projects in the data base are located in climates with fewer heating degree-days than other multi-family
buildings (Fig. 4). Within each climate zone, most buildings in this study used more energy before retrofit
than the stock average for U.S. gas- and oil-heated multi-family buildings.t

$ LBL a.na.lyzed utility billing data (when available) in all projects except those conducted by the Minneapolis Energy Office and
Princeton Center for Energy and Environmenta.l Studies, who did their own PRISM analysis.
$$ We used 19S1 excha.nge ra.tes beca.use most experts believe that in more recent years the dollar has been overvalued with respect
to other ma.jor currencies.

t We used the 1982 RECS public use data. tape to ca.lculate energy consumption/rt2 of the space hea.t fuel for gas and oil-heated
multi..fa.mily buildings with five or more units. To estima.te a stock avera.ge, we weighted energy use/ft2 in four clima.te zones by
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Energy savings are correlated more strongly with energy consumption before retrofit (r = 0.68) than
with total cost of the measures (r= 0.37). We found that categorizing each retrofit project by strategy
helped explain much of the variation in the amount invested; however, energy savings still varied widely
among similar groups (Fig. 5). Various types of heating system controls were the most popular low-cost
strategy, while structural renovation of the building envelope, boiler replacement/retrofit and heating dis­
tribution system conversions (both indicated by dark square) and window retrofits were the most costly
(i.e., greater than $1000/unit). In most cases, investments in excess of $2000/unit do not save enough
energy to justify the cost. The 22 projects that invested over $2000/unit had a median payback time of
20 years.

Results from buildings in the data base suggest that some envelope measures (e.g., shell packages
and window measures) have much longer payback periods than many of the heating system retrofit stra­
tegies (see Fig. 6 and Table IT). However, the apparently superior economics of heating system measures
may not persist over time. Typically, the success of most of the heating system measures is more closely
linked to ongoing operating and maintenance practices (which can be problematic over the long term)
than envelope retrofits.* There are other important differences between these groups of buildings:

• median energy use before retrofit was lower in the group of buildings that received window and shell
retrofits a.nd heating controls (5Q...65 ~tu/unit) than in buildings that installed energy management
control systems (EMCS) and heating system measures (90-110 ~tu/unit),

e the groups differ with respect to climate severity; buildings that received window and shell measures
(5000 HOD) are located in milder climates than the buildings that received heating system measures
(1000 HOD),

@ individual unit electric resistance heaters were used in 25% of the buildings that received shell
retrofits (thus precluding many of the system retrofits),

• all window retrofits were installed in high-rise buildings, while retrofits in the other four groups were
implemented principally in low-rise buildings.

In summary, two of the groups of buildings which received hea.ting system retrofits were also located in
more severe heating climates and were relatively more energy-intensive before retrofit than groups that
received shell and window measures; hence differences in cost-effectiveness a.re not attributable solely to
choice of measures.

A more detailed comparison of groups of similar retrofits is shown in Table II. There is an element
of subjectivity in the classification of many retrofit projects, in that sets of often widely assorted measures
are implemented at the same time. In some cases, we grouped retrofit projects into one of three broad
strategies: 1) heating and hot water system packages, 2) shell packages (e.g., various envelope measures),
and 3) system and shell packages. Where possible, we classified a retrofit project into a more disaggre­
gated group (e.g., window measures, heating controls, solar DHW). Energy savings are significa.nt at the
90 confidence level for aU strategies except energy management control systems (EMCS), boiler

domestic hot water systems (DHW). The savings in buildings that
received EMCS and boiler replacements were not significant at this confidence level because our sample
was small (4..,5 buildings), and savings varied widely.

We believe that it is not appropriate to evaluate metering conversions and boiler replacements in
the same context as the other strategies (hence they are separated at the bottom of Table II). Metering
conversion projects in the data base involve changing from master metering to tenant metering systems
(except for one project). A tenant metering system is not strictly a technica.l efficiency measure since
reduction in energy use is due to changes in occupant behavior. The economics of tenant metering sys­
tems appear quite a.ttractive from the perspective of the building owner, based on a sample of 10 low-rise
Minnesota buildings which have hot water baseboard heating systems and individual zone control of the

the number of households that heated with each fuel.
* See Greely et al, "Ana.lyzing energy conservation retrofits in public housing H for discussion on persistence of savings.
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Bow of hot water into each apartment (Hewett, 1986). Energy costs were included in the rent in these
master-metere.d buildings prior to the installation of the new metering system. The new metering system
divides the energy bin among individual apartments on the basis of use. After the new system was
installed, gas energy use decreased by 15-18 percent compared to pre-retrofit levels. The effect of tenant
metering on the individual tenants depends on whether or not the building owner reduces rents to account
for his lower operating expenses. If this retrofit is implemented without a rent reduction, the tenant's
total costs can increase significantly. From a public policy perspective, it is important to ensure that
metering systems do not weaken the building owner's commitment to finance future efficiency improve­
ments, and that energy costs are allocated equitably on the basis of actual use (e.g., accurate measure­
ment of delivered heat, and accounting and billing for non-space heating and standby losses).

Installing conservation measures in conjunction with equipment replacement tends to improve the
economics of rehabilitating older multi-family buildings, however, this strategy makes it difficult for us to
accurately assess the impact of boiler replacement on energy consumption. In most cases, the quality of
reported cost and consumption data, makes it impossible to perform a cost/benefit analysis of the merits
of boiler replacement versus other retrofit options. The incremental costs associated with installing a new
energy-efficient boiler are typically not available, and we can not determine the magnitude of savings
attributable to the new boiler because other measures (e.g., storm windows) are also installed. Not
surprisingly, total costs are high for this group of buildings (over $2000/unit), thus payback times are long
(12-11 years) despite significant energy savings (21 to 26 Ivffitujunit).

Individual Meaaure8

Typical retrofit practice is to install a set of measures concurrently, although we have compiled data
for a subsample of buildings in which individual measures were implemented. For example, the Minneap­
olis Energy Office (?vfEO) monitored energy consumption in nine, low-rise apartment buildings with gas­
fired hydronic boilers that received outdoor reset and cutout controls (Hewett, 1984). These three-story
walk-ups are aU master-metered, with wood-frame construction, lightly insulated walls and roofs, and
double-glazed windows. Initial retrofit costs were quite low ($10-20/unit), space heat savings were
significant (approximately 13 percent), and paybacks were very short (roughly one year). The results sug...
gest that an outdoor reset is probably the most cost-effective retrofit for hydronically heated apartment
buildings with castr-iron boilers.

The 1v1EO also tested and monitored the effectiveness of a set of measures designed to balance the
heat distribution system in buildings with single-pipe steam systems. Uneven heating is a common prob­
lem in steam-heated buildings and is caused mainly by large differences in steam arrival times among radi­
ators in a building, excessively short boiler cycles, and the absence of individual unit temperature controls
(Peterson, 1984).* The steam balancing techniques employed in this group of ten buildings included: 1)
installation of larger main-line air vents (to reduce the differences between steam arrival times at near and
far radiators), 2) new boiler controls which effectively lengthen the boiler cycle, and 3) thermostatic radia­
tor vents (to improve individual space temperature control) (Peterson, 1986). Boilers were cleaned and

at Annual gas savings averaged 10 I\1Btu/unit among the 10 buildings, roughly
six percent of pre-retrofit consumption. Improved comfort is often the primary motivation for this
retrofit; therefore, it is not completely surprising that three buildings had negative energy savings (i.e.,
savings are only expected to occur if the indoor temperature averaged over all of the units decreases).
Payback times ranged from one to five years for the seven buildings that realized savings.

The master-metered multi-family building has unique characteristics which pose challenges
for analysts who wish to "keep score" of the effectiveness of conservation programs/measures. Turnover
rates are high among U.S. renters (almost half of renters remain in their residences for only one year or

* High indoor tempera.tures a.re a by-product of uneven heating, which results in greater conduction and infiltration losses (opening
windows to relieve overheating).

3~82
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less), and 85 percent of the multifamily stock is occupied by renters (DOE, 1985). Evaluations of retrofit
programs directed at single-family homes generally exclude homes in which occupancy has changed; this
approach is clearly not feasible in master-metered buildings. We do not account for changes in energy use
due to possible differences in behavior patterns between occupants who moved into a building after a
retrofit, and those who previously occupied the unit. With the current level of monitoring, secondary
heating equipment use or occupant behavior changes might go undetected, masking the actual effect of
retrofits.

We do normalize energy use by the number of occupied units before and after retrofit (when data
are available), although this is at best a crude proxy in accounting for the impact of occupan~ density and
amount of conditioned space on energy use. We assume that vacant units are unheated; this may not be
true. Other data reporting problems include' missing information on key physical parameters, or incon­
sistencies in reported information, as is the case for conditioned floor area. A detailed builcJ.ing description
and operating profile, possibly one specified by a protocol, would help overcome this problem.

With a few exceptions, retrofit projects in this compilation did not meter heating energy use
separately or monitor inside temperatures. Energy savings are based in most cases on only one year of
consumption data after a retrofit. Even when energy use data are available, long-term tracking of oecu""
pied buildings is difficult, because the problem of accounting for changes in operating conditions, oecu""
paney, or the effect of additional retrofits is magnified as the monitoring period increases.

It is difficult to estimate space heat (or DHW energy) savings accurately when energy data a.re lim...
ited to utility bins from before and after a retrofit. We can, however, report on the overall quality of the
PRISM estimates. The mean value of the relative standard error of NAC is roughly 4: percent tor multi""
family buildings that were analyzed with PRISM, while the standard error of the reference te~perature is
generally a.round 4~.* In terms of ~ua.lity of fit, the a.vera.ge coefficient of determination (1' ) is 0.95 for
aU buildings, a.lthough the average r is lower (0.88) for buildings located in mild, coastal climates (e.g.,
San Francisco). It appears that the overall results are somewhat less robust compared to those obtained
in gas-heated single-family houses (Dutt, 1986).

CONCLUSION

We found that energy savings are between 10 to 30 percent of pre-retrofit energy use in 60 percent
of the buildings in our compilation~ La.rge variations are observed in energy savings and in costs per unit
of energy saved among similar measures. On average, initial retrofit costs are a lower fraction of annual
energy expenditures in our sample of VoS. buildings than in Swedish buildings (0.6 versus 2.1). This
difference can be partly attributed to two fa.cts: Swedish buildings have lower pre-retrofit energy intensi­
ties than American buildings, and also receive relatively costly shell improvements more often than U.S.
buildings. Many conservation investments are attractive from a building owner's perspective: the median
real rate of return for buildings in this study is 14 percent, which compares quite favorably with real rates
of return from tax-free bonds (3-5%). Preliminary results also suggest tha.t, in our sample of multi-family
UUjlJ.UJ,.u~I3, some envelope measures (e.g., and measures) have longer median payback periods
than many of the retrofit Cl't.,.",,'t..:e&4f'lI'1J::3lCl

We are to compile evidence on the effectiveness of individual conservation measures in
specific building and heating system types (e.g., outdoor resets for cold-climate buildings with hydronic
boilers). There are several on-going research projects (e.g., DOE:LBL, Princeton CEES; Gas Research

for Neighborhood Technology; Bonneville Power Administration's ELCAP project) in
which detailed monitoring (i.e., energy end-use data and indoor temperature measurements) will be used
to assess the performance of selected multi-family retrofits. We plan to use the data from these monitor-

projects to improve our understanding of retrofits in which there is only whole-building energy data.

$ The mean relative standa.rd error of NAC is lower for gas-heated buildings compared to oil-hea.ted buildings (3 VS~ 5%).
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This study is part of an on-going project (BECA); data contributions from readers are welcomed.
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Table I. Building and demographic characteristics.

@ Building Type:

High-Rise .

Low-Riseb .

@ Heating System Type:

Central .

Individual Unit eo

@ Space Heat Fuel:

Natura.l Gas.eo.eo .
Oil .

Electricity .

Mixed .

District Heating .

e Size of Dwelling Units:

< 500 ft2junit .

5~750 it2junit .
75()...1000 ft2/nnit .

1000-1250 ft2junit .

125~1500 ft2juuit 0$.

1500-1750 ft2/nnit .
1150-2000 ft2junit .

No.

01
P · aro)ects

52
82

127

7

15
33

6

12
15

2

28

71
19

4

4

4

% of

Total

Proiects

31
58

90

5

53
23

4

9

11

1

20

50

14
3

3

3

4» Climate Zone:d

1 (> 7000 HDD) .
2 (5500-7000 HDD) .
3 (4000-5500 HDD) .
4 «4000 HDD) eoeo

4» Occupa.ncy:

Family .

Senior .

Adults Only .

Mixede .

@ Ownership:

Renter-Occupied .

Owner-Occupied .

* Dwelling Units per Building:

< 10 .

ID-25 .

25-50 .

5~100 .

100-150 .

150-200 .

> 750 .

No.

of

Projects

43

28

58

12

34

9

11

48

118

13

24
38

46

11

10

3

1

% 01
Total

Proiects

30

20

41

9

24

6

8

34

84
9

11

27

33

12
1

2

1

a Total number of' projects is
tics.

bLow-Rise == -4 stories or less.

. information is not available on certain building characteris-

C "Mixed Fuel" means that either two fuels are used for space heating (typically gas and oil,
aei>enOlIJlit on availability), or that fuel switching occurred after the retrofit.

d Climate zones as defined by the Residential Energy Consumption Survey (Energy Informa­
tion Administration, Houling Characteri,tic8 198e, 1984, p. 211).

e "Mixed" occupancy projects include a combination of the above categories.
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Table U. Energy savings and cost-effectiveness of varkn..18 retrofit strategies...

Retrofit Number of Median Site Median Median Median
Strategy Projects Energy Savings Total Cost SPT ffiR

[No. of Units] (MBtul (%) (1985 $1 (yea.rs) (%)
unit-yr.) unit)

Heating Controls 18 1 15 50 1.2 89
[5268] ±3 ±4 ±60 ±O.5 ±49

System Packagesb 29 11 13 110 1.8 31

[2117] ±4 ±3 ±100 ±1.0 ±74

EMCSc 5 16 18 510 2.8 26

[2874] :1';11 :1:14 ±110 ±1.4 ±38

System and Shell 18 17 26 1260 7.8 9

Packages [764] ±9 ±5 ±260 ±7.0 ±10

Distribution System 7 24 25 780 8.9 14
Conversiond [118] ±13 ±5 ±1280 ±3.6 ±9

Shell Packages 12 6 4 280 11.5 4

[3840] ±4 ±4 ±210 ±6.4 ±13

Window Measures 12 11 16 1090 16.9 5

[11143] ±2 ±2 ±110 ±2.3 ±2

Solar DHW 6 2 6 570 36.5 0

[388] ±4 ±6 ±20 ±57.0 ±O

Metering Conversione 11 11 18 230 1.4 53
[2983] ±4 ±3 ±10 ±O.3 ±21

~ .1 .- k 4 26 16 2430 12.9 1·"Ir

& Controls [414] ±11 ±9 ±1290 ±8.4 ±9

Replacement 1 21 18 2430 17.2 0

&. Windows [393] ±5 ±3 ±200 ±2.2 ±O

a Results are median values standard error (se) of the sample median. Standard error
of the SarnDJle median is computed from:

Be [median (X)] = IQ (X) / N O.5

where is the interquartHe ra.nge and N is the number of projects.

kages" refer to sets of retrofit measures implemented at the same time, so that the sav­
ings attributable to individual retrofits cannot be determined. "Systems packages" are retrofits
to space heat and hot water systems. "Shell packages" means that various envelope measures
were implemented (e.g., insula.tion, caulking and weatherstripping, storm windows).

C EMCS refers to energy mana.gement control systems.

d At these projects, the heating distribution system was converted from steam to hot water.

e category "Metering Conversion" includes conversion of electricity billing from master­
metered to individual unit submetering and installation of tenant metering systems that divide
total gas use in an apartment building on the basis or indicators that are proxies for the
amount of heat delivered (e.g., number of hours that the thermostat calls for heat).
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fig. 1. Relative frequency with which retrofit measures were illStaJJed in multi...ramily buildings.
Retrofit code is: lA, attic insulation; ,floor insulation; lA, wall insulation; DC, general insula'"
tion; CW, caulking and weatherstripping; DR, storm d rs; window measures; 'WR, window
replacement; :HR., heating system replacement; HS, heating system retrofit; He, heating controls;
eM, computerized heating control system; ID, duct insulation, OM, operations and maintenance;
WH, water heating retrofit; SW, solar domestic hot water; Le, lighting controls; 18, lighting
retrofits; Me, metering conversion; and SR, structural renovation.

COST OF RETROFIT
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Fig. 2. Distribution retrofit costs for buildings in the data bue.
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SAVINGS VI. PRE-RETROFIT CONSUMPTION
BY BUILDING TYPE
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Fig. 3. Plot of energy savings as a function of pre-retrofit energy use, grouped by building type
(low-rise versus high-rise) with public housing and Swedish buildings identified separately. Elec­
tricity use is expressed in terms of site energy, 3,412 Btu per kWh.
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4. use before retrofit (NAC) is plotted against heating degree-days (base 65<Y) for
each retrofit project.
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ENERGY SAVINGS VI. COST BY STRATEGY
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5. Annual resource energy savings are compared to the total cost of the retrofit investment in

128 multi-family buildings. In most cases, the savings include changes in consumption for all end
uses or the space heat fuel (i.e., domestic hot water, cooking). Electricity is measured in resource
units or 11,500 Btu per kWh.



GOLD:MAN, ET AL.

SAVINGS AND COSTS OF MULTIFAMILY
RETROFIT STRATEGIES
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Fig. 6. Energy nvinp and coats of heating system and envelope retrofits in multieCamily build...
m.p. "System" refen to groups of measures that affect the beating or hot water systems.
uEMCS" are energy management control systems. "Shellu includes combin.ations of retrofits
which reduce heat loa through the building shell.
$ The upper bound (or one standard error is at 33 lviBtu/unit,...year.




