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ABSTRACT1
Multifamily housing offers a high potential for energy
savings through retrofits. However, this potential often
remains unrealized when the selection of energy
measures is based on accustomed practices or intended
to merely meet code-compliance requirements. This
paper discusses a multifamily housing retrofit project
for which the selection of energy measures was made
without performing an energy audit. The paper
evaluates the energy and cost-effectiveness of the
implemented energy measures, and extends the analysis
to identify a more cost-effective set of measures. The
analysis projects a 24% energy savings from the
measures installed in the building with a payback period
of 10 years. Further analysis shows that without
compromising on the project objectives of durability,
livability, and appearance of the building, energy
savings of up to 34% were achievable with a payback
period of 7 years.

specific system failures. In 2010, Maplewood received
federal Low Income Housing Tax Credit (LIHTC)
financing for renovation via the 2010 Georgia Qualified
Allocation Plan (QAP) through a competitive process.
According to the eligibility criteria for LIHTC financing
through QAP (GDCA 2010), the building owner must
commit to long-term ownership, all major renovations
must incorporate energy-efficiency measures (EEMs),
and the project must obtain a third-party green building
certification. These requirements motivated the property
owners to invest in upgrades for energy efficiency,
durability, and appearance of the buildings. However,
the selection of energy measures was made without
performing an energy audit. Renovation of Maplewood
started in December 2011 and was completed in
October 2012.

BACKGROUND
Maplewood Park Apartments (Figure 1) consists of 11
low-rise, 10-unit, garden style apartments that provide
low-income rental housing to families and senior
citizens. It is located in Union City, Georgia—a suburb,
18 miles southwest from Atlanta. Built in 1993,
Maplewood underwent minor renovations in 2008,
during which heating, ventilation, and air-conditioning
(HVAC) systems, appliances, and domestic hot water
(DHW) systems in some units were replaced because of
1
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Case-Study Building
Figure 1 Maplewood Park Apartments
This paper evaluates the energy and cost effectiveness
of energy measures implemented in one of the 11
buildings of Maplewood, and extends the analysis to
identify a more cost-effective set of measures. The
analysis was performed using whole-building calibrated
energy simulation based on the documented pre-retrofit
building details, diagnostic measurements (including
blower door test results), and utilty bills. The paper
identifies missed energy savings opportunities and
challenges in conducting the analysis, which could
provide lessons learned to benefit similar projects in the
future.
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CASE STUDY MULTIFAMILY BUILDING
The case study building (Figure 2) is a three-story, 10unit building consisting of six, 1,048 ft2 (97 m2), twobedroom units (Type A) and four, 1,280 ft2 (119 m2),
three-bedroom units (Type C). The building is
configured as two identical detached wings connected
by a breezeway along the east-west axis. In each wing,
the terrace level (i.e., the lowest floor) has a unit
abutting a vented crawlspace, and the first and second
floors have two attached units each. The entrance to
each unit is through the breezeway. A firewall runs up
to the roofline, separating the vented attic above each
wing. The thermal boundary of each wing lies at the
exterior walls of the units, attic ceiling over the second
floor, crawlspace below the first floor, attached wall
between the crawlspace and unit, and slab-on-grade
floor on the terrace level.

30 (RSI-5.3) during the renovation in year 2008 by
adding blown-in fiberglass insulation.
The building sits on two foundation types, slab-ongrade floor and vented crawlspace. The slab-ongrade floor is uninsulated and the vented
crawlspace has concrete block walls, open-web
celling truss, and fiberglass batt insulation between
the ceiling truss. Over time, the batts have fallen
down as a result of gravitational pull and gradual
wear. Also, the vapor barrier on the crawlspace
floor was not providing complete ground coverage
and moisture protection.
The existing windows were single hung, single
pane with aluminum frame and shaded by interior
vinyl blinds. The glass doors leading to the balcony
had single pane and were shaded by interior vinyl
blinds and porch overhang. The entrance doors of
the units had solid wood core panels.
Each unit had a central heat pump system with a
rated performance of 12 SEER and 7.5 HSPF . The
two-bedroom units were served by 1.5 ton (5.3 kW)
systems and the three-bedroom units were served
by 2 ton (7 kW) systems. Ducts were located in the
conditioned space within the dropped soffit.
All units were equipped with a 40-gal (151 L),
lowboy electric water heater with a rated
performance of 0.90 EF. All water heaters were in
poor condition with signs of corrosion. Some of the
inspected water heaters had insulation blankets.
The existing plumbing fixtures in the units included
2 gpm (7.6 L/min) faucets, 1.6 gpf (6 lpf) toilets,
and 5.0 gpm (19 L/min) showerheads.

Figure 2 Case study building
Pre-retrofit Building Characteristics
Following are the observations of the pre-retrofit
condition of the building:
The wall system is 2”x4” at 16 inches O.C. (40 mm
x 90 mm at 406 mm O.C.) wood studs with RUS-13
(RSI-2.3) fiberglass batt insulation in exterior wall
cavity and RUS-11 (RSI-1.9) insulation in party wall
cavity. The exterior wall finishes included vinyl
siding and brick veneer.
The vented attic roof of the buildings was
constructed of wood frame and had dark asphalt
shingle roofing. The original RUS-19 (RSI-3.3)
ceiling insulation in the attic was upgraded to RUS-

The existing major appliances in the units included
a standard-efficiency refrigerator, a dishwasher,
and an electric range. The unit also had connections
for clothes washer and dryer for optional
installation of these appliances by occupants.
However, at the time of the audits, the units were
unoccupied with no evidence of the use of laundry
equipment during occupancy.
The existing lighting included fluorescent lamps in
the kitchen and incandescent lamps in other rooms.
Selected Retrofit Measures
The selection of energy measures was based on the
2010 QAP requirements. The 2010 QAP requires the
project to earn a minimum of 10 out of 40 points in at
least 4 out of 7 categories, which include energyefficient
building
envelope,
lighting,
water
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conservation, indoor air quality, resource efficiency,
education, and innovation. In addition, the project must
meet or exceed compliance with the Georgia Energy
Code (i.e., 2009 International Energy Conservation
Code); meet or exceed minimum efficiency standards
for HVAC and DHW systems; and install Energy Star®
refrigerators, dishwashers, and clothes washers. To
meet the program eligibility requirements, the selected
measures included air sealing and duct sealing;
installation of insulation in crawlspace and attic; and
replacement of windows and doors, HVAC and DHW
systems, plumbing fixtures, lighting and appliances, and
roofing and wall siding. The selection of energy
measures was made without performing an energy audit.
Table 1 summarizes the pre and post-retrofit building
characteristics of Maplewood.

ENERGY ANALYSIS
The energy and cost analysis of the EEMs was
performed through whole-building calibrated energy
simulation using a multi-zone, flexible, DOE-2.1e
simulation model developed for MulTEA 2 (Malhotra
and Im 2012). Using the observed building information
and diagnostic measurements (which included blower
door test results for determining the envelope leakage)
combined with Building America House Simulation
Protocols (Hendron and Engebrecht 2010), a baseline
building energy model was established. The baseline
model was calibrated using the pre-retrofit monthly
utility bills and actual weather data for year 2011 (WBT
2012). The compliance requirements of ASHRAE
Guideline 14 (ASHRAE 2002) were followed for model
calibration. Using the calibrated model, first the
implemented EEMs were analyzed, and then, additional
measures were evaluated to identify a more costeffective set of measures. The following sections
describe the key analysis steps.
Blower Door Measurements
Air infiltration rate is one of the most influential input
for building energy modeling. Unguarded blower door
testing in multifamily buildings often overestimates the
infiltration rate, resulting in overestimated energy
savings from the air sealing measures. Guarded blower
door testing in multifamily units can isolate leakage to
the outdoors from leakage to the adjacent units and
accurately estimate the air infiltration.
2

MulTEA (Multifamily Tool for Energy Audit) is a DOEsponsored energy audit tool for multifamily buildings,
currently under development, to allow a comprehensive
energy and cost analysis of multifamily building retrofits with
simplified modeling inputs.

For each wing of the case study building, single point
guarded and unguarded blower door testing was
conducted in each unit. Table 2 summarizes the blower
door measurements. It shows that the air leakage to
adjacent units accounted for 5.6% to 19.5% of the total
air leakage in a unit, and averaged 13.4% in wing one
and 11.7% in wing two. It is to be noted that air leakage
to the adjacent units was highest for the units located on
the middle floor of each wing (i.e., units 2, 3, 7 and 8)
given that these units share the largest surface area with
adjacent units.
Table 2 Pre-retrofit single point unguarded and
guarded blower door test results
Unit #
Wing 1
1
2
3
4
5
Total
Wing 2
6
7
8
9
10
Total

Unguarded
CFM503

Guarded
CFM50

CFM50

Difference
% of Unguarded

1,628
1,435
1,718
1,104
1,544
7,429

1,445
1,101
1,400
1,027
1,458
6,431

183
334
318
77
86
998

11.2%
23.3%
18.5%
7.0%
5.6%
13.4%

1400
1250
1275
1223
1225
6,373

1,304
1,015
1,027
1,132
1,149
5,627

96
235
248
91
76
746

6.9%
18.8%
19.5%
7.4%
6.2%
11.7%

Normalization of Utility Bills
Acquiring utility bills was not a program requirement.
However, pre-retrofit utility data for year 2011 was
collected after obtaining tenant waivers to grant access
to the utility bills. But the utility data provided did not
have the billing cycle dates. This made weather
normalization of the data a challenging task requiring an
iterative process to deduce the billing dates.
Analysis of utility bills showed (1) anomalies in billed
energy use across units, suggesting a high level of
irregularity in the occupancy, usage, and operational
characteristics of the units; (2) anomalies in billed
energy use across 12 months, as several units did not
follow the typical weather-driven heating and cooling
energy use profiles; and (3) inconsistent energy use
profiles across units. Normalization of utility bills was
difficult given the unexplainable energy use profiles
observed in the utility bill data. Therefore, few utility
bills that carried major anomalies had to be excluded
from the analysis. The remaining bills were adjusted for
calendar months, normalized for an average unit, and
3

Air flow (CFM) at 50 Pascal, infiltration measurement
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finally, converted to whole-building average daily
energy use for each month.

NMBE of 4.75% and a CV(RMSE) of 9.3% was
deemed calibrated.

Calibration of the Building Energy Model
For the energy analysis of existing buildings, calibration
of the building energy model is very important. For
multifamily buildings, utility bills, if available for
individual units, provide a better understanding of how
the units are occupied, used, and operated. However, as
recommended in Hendron and Engebrecht (2010),
utility bills were not heavily relied on as a tool for
model validation, but used as an approximate check of
model accuracy. This choice recognizes that (1) it is
extremely difficult to accurately determine occupant
behavior during the time period reflected in the utility
bills and (2) the large number of uncertain input
parameters allows multiple ways to reconcile the model
with the small number of utility bills, and there is no
reliable methodology for performing this calibration
because the problem is mathematically undetermined.
Having said this, an energy model of the building was
developed using the known (observed and measured)
building details, the default values for unknown
building details 4 , and the effects of maintenance and
repairs (Hendron and Engebrecht 2010). The
normalized pre-retrofit monthly utility bills for the year
2011, which included all energy end uses of the 10-units
of the building (i.e., heating, cooling, domestic water
heating, lighting, and appliances), was used for model
calibration.
For calibrartion, adjustments to building energy model
inputs were made, which include lighting and
equipment loads, heating and cooling months, and
thermostat setpoints. After the final adjustments, a good
match could be established between the simulationpredicted and billed energy use. Figure 3 shows the
fitness of the calibrated model by comparing the
simulation-predicted energy use and the billed enegy
use for year 2011. Considering the compliance
requirements of ASHRAE Guideline 14 (ASHRAE
2002) for model calibration (i.e., the computer model
shall have an NMBE5 of 5% and a CV(RMSE)5 of 15%
relative to monthly calibration data), the model with an
4 Building

data for this project were available in detail, but
occupancy characteristics could not be determined. Since the
energy audit was not a program requirement, energy
professionals were consulted at a late stage, after the building
was vacated for renovation. Therefore, interviewing
occupants and building staff to determine occupancy and
operational characteristics was not possible.
5 NMBE: Normalized mean bias error; CV(RMSE):
Coefficient of variation of the root mean square error

Figure 3 Simulation-predicated energy use compared
with utility bill energy use
Analysis of Energy Efficiency Measures
The calibrated model was used with TMY3 weather
data for evaluating the EEMs, which included 8 EEMs
implemented in the building and 6 additional EEMs to
identify a more cost-effective measure package. The
cost data for the measures implemented in the project
was available from contractors quotes. Costs of
additional measures were determined from the National
Residential Efficiency Measures Database (NREL
2012). 6 Cost analysis was performed based on the
electricity cost of 0.145 $/kWh (DOL 2012). Simple
payback period was used as a measure for costeffectiveness.
Table 3 lists the results of energy and cost analysis of
EEMs. The annual energy end use results are shown in
Figure 4. Among the 8 implemented measures (EEMs 1
through 8), crawlspace insulation shows as the most
cost effective measure, followed by window
replacement, DHW and HVAC system replacement.
Lighting replacement resulted in 3.5% energy savings
but had 13 year payback period, which was unusually
high due to the cost of fixture replacement included in
the measure cost. On the other hand, increasing attic
insulation from RUS-30 (RSI-5.3) to RUS-38 (RSI-6.7) and
kitchen appliance replacement showed as the least cost
effective measures with very small energy savings and a
high payback period. Although some measures resulted
in increased air-tightness, attributing the savings from
6 Cost

data from these two resources were found to differ for
implemented measures. Therefore, comparisons among
measures analyzed using one cost data source with those
using another source should be used with reservations.
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increased air tightness to individual measures was
difficult. Air sealing is usually considered as a potential
energy saving measure in retrofit projects. However,
considering ASHRAE Standard 62.2 ventilation
requirements (ASHRAE 2010), air sealing in this
building demanded additional ventilation for
maintaining indoor air quality because of the ventilation
deficiency in bathrooms and kitchens. The analysis
projects a 24% energy savings from the measures
installed in the building with a payback period of 10
years.
The additional EEMs (EEMs 9 through 14) included air
sealing the crawlspace and insulating crawlspace walls,
installing exterior insulation on exterior walls (since the
wall siding replacement was considered for appearance
and durability), storm windows, programmable
thermostats, and heat pump water heaters. Among these,
installing storm windows was the most cost effective
measure with 4.2% energy savings and 4.3 year
payback period. Other measures showed about 2-3%
energy savings with 5-7 year payback period.
Combining measures from the two EEM groups, energy
savings of up to 34% was achievable with a payback
period of 7 years.

made without performing an energy audit. The paper
evaluates the energy and cost-effectiveness of the
implemented EEMs, and extends the analysis to identify
a more cost-effective set of measures. The analysis was
performed through whole-building calibrated energy
simulation. The analysis projected a 24% energy
savings from the measures installed in the building with
a payback period of 10 years. Further analysis showed
that without compromising on the project objectives of
durability, livability, and appearance of the building,
energy savings of up to 34% were achievable with a
payback period of 7 years.
The case study provided unique opportunities to learn
about several aspects of a multifamily building retrofit
that would benefit future projects in terms of improved
building audit process, streamlined tasks, and higher
energy savings. However, the case study presented
many challenges in accomplishing a number of tasks.
Several missed opportunities were identified which
were either not pursuesd or could not be achieved. The
analysis required comprehensive building data, utility
bills for model calibration, and cost data for the retrofit
measures. Obtaining these data for this case study was
not straightforward. In addition, making use of the
available data was no less challenging. The results of
the detailed whole-building energy simulation to
evaluate additional energy-retrofit measures emphasized
the importance of having energy consultants involved at
an early decision making stage.
With the renovation completed more than a year ago,
we anticipate to follow up this case study by obtaining
the post-retrofit utility bills to validate the simulationpredicted energy savings from the implemented EEMs.
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Table 1 Retrofit measures
Retrofit measures

Pre-retrofit characteristics

Post-retrofit characteristics

Energy measures
Crawlspace insulation

No effective insulation

RUS-19 (RSI-3.3) fiberglass batt insulation between the joists

Attic insulation

RUS-30 (RSI-5.3) blown-in fiberglass insulation

Added 4” of blown-in fiberglass insulation over existing
insulation to achieve RUS-38 (RSI-6.7)

Window replacement

Single-pane, aluminum frame (1.31 U-valueUS (7.44 UvalueSI), 0.80 SHGC)

Double-pane, low-e, vinyl frame (0.35 U-valueUS (1.99 UvalueSI), 0.27 SHGC)

HVAC system
replacement

Unit A: 18 kBtu/h (5.3 kW), 12 SEER, 7.5 HSPF heat
pump; Units B and C: 24 kBtu/h (7 kW), 12 SEER, 7.5
HSPF heat pump

Unit A: 18 kBtu/h (5.3 kW), 14.5 SEER, 8.3 HSPF heat
pump; Units B and C: 24 kBtu/h (7 kW), 14.5 SEER, 8.5
HSPF heat pump

Domestic water heater
replacement

Electric 40-gal (151 L), 0.90 EF

Electric 40-gal (151 L), 0.93 EF

Lighting replacement

Unit A: Two T12 lamps, a 15W pin-base tube, and 18-60W Unit A: Two T12 lamps and 18-13W CFLs; Units B and C:
incandescent lamps; Units B and C: Two T12 lamps, a
Two T12 lamps and 21-13W CFLs
15W pin-base tube, and 21-60W incandescent lamps

Appliance replacement Standard efficiency cooking range/oven, refrigerator and
dishwasher
Air sealing

Standard cooking range/oven, Energy Star qualified
refrigerator and dishwasher

Gaps around service penetrations through walls and ceiling Air sealing and caulking that reduced air leakage by 25%

Other measures
Wall siding replacement Vinyl siding

Fiber cement siding

Roofing replacement

Asphalt shingles

Asphalt shingles

Duct sealing

Seams and joints not sealed

Seams and joints sealed with mastic in the air handler

SHGC: solar heat gain coefficient; SEER: seasonal energy efficiency ratio; HSPF: heating seasonal performance factor; CFL:
compact fluorescent lamp

Table 3 Results of energy and cost analysis of EEMs
Energy efficiency measures
Baseline

Energy use
(kWh)
117,201

Savings
kWh

%
-

$
-

-

Measure Payback
cost ($) (year)
-

-

Implemented measures
1
2
3
4
5
6
7
8

Insulate crawlspace ceiling with RUS-19 (RSI-3.3) batt insulation

114,494

2,707 2.31%

$393

$300

0.8

Increase attic insulation from RUS-30 (RSI-5.3) to RUS-38 (RSI-6.7)
Replace windows and doors
Replace 12 SEER, 7.5 HSPF heat pumps with 14 SEER, 8.3/8.5 HSPF units
Replace incandescent lamps and fixtures with CFLs
Replace kitchen appliances
Replace 0.9 EF electric water heaters with 0.93 EF units
Air seal building to reduce air infiltration by 25%

116,870

331 0.28%

$48

$1,205

25.1

8.53% $1,449
3.98% $677
3.52% $599
0.84% $144
2.57% $436
2.44% $415

$5,850
$5,871
$7,851
$10,544
$3,012
$4,758

4.0
8.7
13.1
73.4
6.9
11.5

107,208
112,533
113,070
116,211
114,193
114,339

9,993
4,668
4,131
990
3,008
2,862

Air seal crawlspace and insulate crawlspace walls with RUS-5 (RSI-0.88) rigid
insulation
10 Air seal crawlspace and insulate crawlspace walls with RUS-13(RSI-2.3) batt
insulation
11 Install RUS-5 (RSI-0.88) rigid insulation on exterior walls

113,735

3,466 2.96%

$503

$3,809

7.6

113,411

3,790 3.23%

$550

$3,134

5.7

113,864

3,337 2.85%

$484

$3,371

7.0

12 Install storm windows

112,294

4,907 4.19%

$712

$3,080

4.3

13 Install programmable thermostats

115,595

1,606 1.37%

$233

$1,700

7.3

14 Replace electric water heaters with heat pump water heaters

101,515

15,686 13.38% $2,275

$16,000

7.0

Implemented EEMs package (EEM 1 through 8)

89,715

27,486 23.5% $3,986

$39,390

9.9

Cost-optimized EEMs package (EEM 1, 3, 4, 5, 11, 13 and 14)

76,891

40,310 34.4% $5,845

$40,943

7.0

Additional measures
9

EF: energy factor
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