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INTRODUCTION
In the United States, buildings contribute
to 38% of carbon dioxide (CO?) emissions,
consume 73% of total electricity, and account
for 39% of total energy usage.' About 20% of
that total energy is consumed by residential
buildings. Residential buildings constructed
before energy codes were established
represent approximately 68% of all building
stock in the United States,? and they often
have significant air leakage and inadequate
insulation. As a result, heating and cooling
losses in these buildings can account for a
substantial portion of utility bills. Deep energy
retrofits that achieve significant reductions
in energy used for space conditioning and
producing domestic hot water are needed to
enable conversion of heating to clean energy
without exceeding the capability of existing
electric grids, and for reducing energy bills
of households in historically underserved
communities.’

The building enclosure is one of the
main targets in energy retrofit projects to
reduce overall energy consumption and the
environmental impact of buildings, especially
in cold climates.*> High-performance buildings
incorporate a combination of tight building
enclosures, mechanical ventilation, and
energy-efficient components to ensure comfort,
adequate airflow, and moisture control. In
this context, prefabricated panelized exterior
insulated enclosure systems are emerging as
a promising technology for retrofit solutions.”®
The project described herein focused on
the design, development, and testing of
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proof-of-concept prototypes for a replicable,
cost-effective "one-stop shop” retrofit solution
that addresses the need for innovation in
integrated design, fabrication, and installation.
The solution comprises a prefabricated modular
exterior enclosure system that is compatible
with a high-efficiency mechanical pod for
heating, cooling, ventilation, and domestic hot
water supplies.

The overall goal of this project was to develop
a transformative solution for integrated
whole-building energy efficiency retrofits
of residences in cold or very cold climate
regions; the first target was a solution for
single-family attached residences with the
potential of extending the approach to extend
the approach to single-family detached
homes and low-rise multifamily housing.
The project team developed a novel highly
insulated prefabricated modular exterior
building enclosure retrofit wall system and
enclosure-integrated HVAC system components
that connect to a compatible and optimally
sized modular mechanical pod to deliver
heating, cooling, ventilation, and domestic
hot water.

Interface articles may cite trade, brand,
or product names to specify or describe
adequately materials, experimental
procedures, and/or equipment. In no

case does such identification imply
recommendation or endorsement by
the International Institute of Building
Enclosure Consultants (IIBEC).
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Reviewing similar approaches of exterior
building enclosure retrofit wall systems,’ there
is a need to quantify the panel performance
relative to insulating value and airtightness.’
The primary research questions are: What is
the impact of air leakage on the hygrothermal
performance of a retrofitted panel system
under varying pressure differentials? How
do infiltration and exfiltration affect the
hygrothermal performance? What is the
effective R-value of the retrofitted panel
system, including the effects of leakage and
joints? Therefore, this study measured the
influence of air leakage on hygrothermal
performance of a full-scale integrated energy
efficiency retrofit assembly, installed at
Syracuse University's Building Envelope
Systems Test (BEST) facility, under different
pressure differentials, modeled the effects
of both infiltration and exfiltration using
Combined Heat, Air, Moisture and Pollutant
Simulation for Building Envelope Systems
(CHAMPS-BES). It assessed the effective
R-value of a retrofitted panel system,
considering the effects of leakage and joints,
and validated the results through the full-scale
tests. In addition, an EnergyPlus model was
developed." This model was used to simulate
the whole building energy savings potential
(total thermal energy use intensity (EUI)
reduction) of the retrofitted building prototype
in comparison with a reference that represents
existing conditions of the same type of
buildings to assess the technical potential for
energy-savings from all applicable buildings in
the United States.

MATERIALS AND METHODS

This study evaluates the performance of an
energy efficiency retrofit prototype using field
measurements and modeling. The research

was conducted at BEST facility, a state-of-the-art
laboratory designed to simulate and measure
the performance of building enclosure systems.
The research involved monitoring hygrothermal
conditions in March 2022. The collected

data validated a model-based evaluation
methodology using the CHAMPS-BES software.
Notably, the testing of the mechanical pod was
not within the scope of this paper. This section is
divided into four subsections, including (1) BEST
Lab Setup; (2) Descriptions of the measurements;
(3) Effective R-value quantification; and

(4) Modeling and simulation.

1. BEST Lab Setup:

The BEST Lab is a two-story building on the
Syracuse University South campus, located
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at Syracuse, New York, that is a baseline
residential building used for research and
development related to building enclosure
systems and energy performance. Figure 1
shows an overview of the BEST facility (top
left), lower corner section on the first floor
used for testing (bottom) and the domain of
interest for hygrothermal simulation (top right).
The southeast corner room with two exterior
walls exposing east and south was selected
for the purpose of the full-scale prototype
installation and testing of the integrated
enclosure and mechanical retrofit system. In
the design of the panel layout, the objective
was to maintain the minimum number

of panels and seams to maintain thermal
performance while considering impacts on
aesthetics and cost. The panel layout and
structural attachment system for the BEST
Lab full-scale prototype test were driven by
the overall building dimensions, foundation,
existing wall assembly, elevation, locations of
windows and doors. Panels were prefabricated
for the installation and field testing at the
BEST facility. Six mid-scale prototypes, for
the integrated building enclosure retrofit
system, were designed and fabricated, and
tested to represent varying panel types and
connections, including: (1) Opaque panel
with no seams; (2) Panel-to-panel with a
horizontal seam; (3) Panel-to-panel with a
vertical seam; (4) Panel-to-panel with a vertical

and horizontal seam; (5) Panel-to-window;

(6) Panel-to-HVAC penetration. Two separate
chamber tests measured thermal resistance
and airtightness of each mid-scale prototype.™
Thermal resistance and airtightness testing

of panels with vertical, horizontal, and
cross-joint seams showed anticipated decreases
in thermal resistance and increases in air
leakage compared with the opaque panel. Air
leakage was especially greater than expected,
with significant air-leakage at the vertical

and cross-joint seams. The difference of

results across panel types demonstrated the
importance of compression in a panel module
assembly and attachment strategy. It also
informed a revised gasket strategy. Figure 1
shows a photo of the completed prototype on
the BEST facility, with different panel types and
seam conditions.

2. Descriptions of the
measurements:

Type Tthermocouples and heat flux sensors
were used to measure the exterior and interior
surface temperatures and heat fluxes on the
interior surface, in order to calculate the effective
thermal resistance of the whole assemblies and
to validate the hydrothermal simulations. An
interior test room was constructed to setup a
realistic experiment. A total of 59 sensors were
mounted to the south, east, north, and west
walls of the test room. The sensor mounting
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Figure 1. Schematic of the case study (top), and the completed prototype with different panel

types and seam conditions (bottom).
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Figure 2. Sensor-mounting locations.

locations are shown in Fig. 2. They were selected
to include different types of wall sections (plain
walls, door, or penetration for the pod) and three
vertical sections (top, middle, and bottom). The
east wall contained 15 interior sensors, mounted
in alignment with 15 exterior sensors. Each
sensor on the east wall measured different panel
conditions, for example, an opaque structural
panel, a panel with an opening for a window,
and a panel with an opening for mechanical
component penetrations.

The south wall contained 6 interior sensors,
mounted in alignment with 6 exterior sensors
positioned at an opaque panel area and at
an exterior door. The north internal partition
wall contained 6 interior sensors located atan
internal door and an internal wall. The west
wall contained 9 interior sensors. Additional
thermocouples were used to monitor the
indoor and outdoor air temperatures. The data
acquisition was built using a Campbell CR3000
datalogger with three multiplexers. The data
collection interval was 10 minutes.

3. R-value quantification:

The effective thermal resistance was calculated
at each sensor location from measured in-situ
temperature difference among indoor, air gap,
and outdoor environment and heat flux data
by using summation technique over time. The
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estimation of the effective thermal resistance

R. is calculated by using summation technique

as below.”

R — 22/[: 1 ATk
¢ E%: 149k

)

where
R, = thermal resistance, m2K/W (ft2 °F h/BTU)

M = number of values of AT and 4 in the
source data

AT = difference in temperature between the
indoor surface and the air gap for the existing
construction, K; or difference in temperature
between the air gap and the outdoor
environment for the retrofitting plane, K

k = counter for summation of timeseries data
4 = heat flux, W/m? (BTU/h-ft))

To determine the time to compute the
estimated thermal resistance, the convergence
factor CR;, was calculated using Eq. (2), where n
is time units (12 hours).

Re(1) Re(1—n)

CRp = Re(1)

(2)
Atthe selected time, CR;; remains below 0.1
for at least three periods of length n. The variance
of R-values V (R ) is used at least two more
times to evaluate whether the thermal resistance

of the building component is acceptable or not.
V(R ) s calculated as follows:

V(Re) = [s(Ro)/mean(Re)] x (100%) 3)
where s (Re ) is calculated with (N - 1) degrees

of freedom, and N is the number of values of
(Re)(N=3).

4. Modeling and simulations:
Advanced exterior enclosure retrofitting systems
represent high thermal resistance. However,
different insulation components are connected
to each other using gaskets. Correspondingly,
additional leakage around seams may affect the
components’ hygrothermal behavior. The main
challenge of this problem lies in modeling of
airflow through joints, cavities, and cracks, where
determining the exact leakage path is difficult.
Assuming a small path in the junction area with
an airflow due to a pressure differential, heat
and moisture transfer can take place between
the flowing air and the building materials

of the wall assembly. Therefore, in addition

to the heat transfer behavior, analysis of the
moisture accumulation (considering moisture
sorption-retention curves of the materials) over
time was needed. The CHAMPS-BES software
was used to simulate the combined heat, air,
and moisture transfer through the wall layers.
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The model has been built on the Delphin 5
program.™ The internal energy balance, air, and
moisture mass balance are written as:

a?z%uz ‘,%((ll}'c"onv +J8 s +hjli) +oly @
B = - e +om ©
ap:;+v = _l%c (e, + jom, 4 jo. ) + g+ )
where

pY = internal energy density, J/m?

u = specificinternal energy, J/kg

Jeonv = convective water vapor flux, kg/(m?s)
j(?iff = heat conduction, J/(mZs)

h = specific of water vapor in J/kg

JrUef = energy sources/sinks, J/ms

P""a = air mass density in reference volume,
kg/m?

rma . .
J conv = convective air mass flux, kg/(mZs)

ma . . .
Oyes = air sources/sinks in reference volume,
kg/(m?3s)

p™w+v = moisture density, kg/m?

Jcony = convective liquid (capillary) water flux,
kg/(mZs)

Jcony = convective water vapor flux, kg/(m?s)
]'g#f = diffusive water vapor flux, kg/(m?s)

mw +V . . .
Oref = moisture sources/sinks in reference
volume, kg/(m?s)

Figure 3 shows an overview of the modeling
workflow. In this study, two different sections
(a vertical section and a corner section) were
analyzed. The three-dimensional (3-D) heat
transfer problem for the corner was simplified
and reduced to a 2-D problem. For the vertical
section, two types of models—one without
any leakage path (only energy balance), and
one with leakage path (energy and air and
moisture mass balances accompanied by
interior and exterior air pressure boundaries)—
were created. The actual leakage area ratio
was calculated and was accounted for in the
model geometry creation. Two difference
leakage scenarios were considered: leakage
path (a) was a symmetrical path and accounted
for the leakage from the panel-to-panel
seam interfaces, and leakage path (b) was
unsymmetrical.

Steady-state and transient simulations were
performed. Material properties and parameters
were obtained from the built-in libraries of
CHAMPS-BES. Additional material properties
were set based on laboratory measurements for
the graphite polystyrene and manufacturers’
data sheets for the gasket materials.

For the steady-state simulations, both winter
and summer conditions were analyzed. For the
winter simulations, the indoor temperature
was set to 21°C(69.8°F), and the indoor relative
humidity (RH) was set to 25%. The outdoor
temperature was assumed to be—16.7°C
(62.06°F) (heating design condition for Syracuse),
and the outdoor RH was assumed to be 80%.
The initial temperature over the whole wall was
0°C(32°F), and the initial RH over the whole wall
domain was 55%. For the summer simulations,
the indoor temperature was set to 24°C(75.2°F),

and the indoor RH was set to 50%. The outdoor
temperature was assumed to be 30°C (86°F)
(cooling design condition for Syracuse), and

the outdoor RH was assumed to be 70%. The
initial temperature over the whole wall was 22°C
(71.6°F), and the initial RH over the whole wall
domain was 55% for the summer simulations.

For the transient condition, the actual
measured values were used to determine
the simulated average heat flux over the
interior surface and compare it with the
average measured heat flux. For the models
with leakage paths, interior and exterior
air pressure boundaries were added (5, 10,
and 20 Pa pressure difference), and both
exfiltration and infiltration conditions were
analyzed.

The energy-saving potentials were estimated
by computer simulations using Design Builder/
EnergyPlus software.” Simulations were
performed to determine the annual thermal
energy consumption for before and after the
whole-building retrofit solution was applied. The
baseline condition before the retrofit represents
the median thermal EUI of the single-family
attached building type in US.

RESULTS AND DISCUSSION

The air gap temperature followed the trend of
outdoor air temperature in most cases (indicating
the presence of infiltration airflow) with a few
exceptions in which the temperature in the air
gap was similar to the indoor air temperature
(indicating the presence of exfiltration airflow).
The heat flux variation was shown in Fig. 4 (left),
which correlated well with the indoor-outdoor air
temperature difference, and was not obviously
affected by the air gap temperature. This may be
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Figure 3. Overview of the modeling workflow and CHAMPS-BES simulation setup.
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Figure 4. Thermal conditions for sections 1, 3, and 5 of the east walls during the running period: indoor temperatures, temperatures in the air gap
between the existing exterior wall and the retrofitting panel, and outdoor temperatures (left); heat fluxes (right).

due to the thermal mass of the wall that made Table 1 presents the coefficients of variance Figure 5 shows the temperature contours
the heat flux less sensitive to the fluctuating air and standard deviations of R-values. The for the sections with leakage paths (a)

gap temperature due to infiltration/exfiltration.  coefficients of variance were less than 10%; the  and (b) for the three pressure-difference

Even though section 1, 3, and 5 were at mean R-values for the existing construction scenarios for the steady-state exfiltration and
different locations, there were small differences ~ and the retrofitting panel were 1.59 and infiltration conditions. As can be seen from the
among their monitored heat flux values. This 2.53 m?K/W (9.02 and 14.36 ft2°F-h/BTU), comparison of the sections without and with
indicated similar insulation performance of the respectively (71.6°F), with mean standard leakage paths, the presence of an air leakage
opaque wall sections regardless of orientation deviations of 0.04 and 0.18 m2K/W (0.22 and path significantly affected the contours.

and elevation. 1.02 ft2°F-h/BTU). Because of the considered leakage paths,

TABLE 1. Coefficients of variance and standard deviations (SDs) for R-values

Existing construction Retrofitting panel
Wall sections | R-value, m2K/W | Coefficient of variance | SD, m2K/W R-value, m?K/W | Coefficient of variance | SD, m2K/W
E.m_1 1.53 3% 0.04 243 7% 0.16
Em_3 1.76 2% 0.04 2.80 7% 0.21
Em.5 148 2% 0.03 2.35 7% 017
Average 1.59 2% 0.04 2.53 7% 0.18
. DPa 5Pa OPa 5Pa
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Figure 5. Temperature contours for the sections with leakage paths (a) and (b).
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results from the scenario known as leakage
path (a) repres (71.6°F) ent more symmetric
contours, and it was most severe for the 20 Pa
pressure difference.

Figure 6 shows the simulated RH
distributions for the sections with leakage path
(a) for the three pressure-difference scenarios
for exfiltration and infiltration conditions. These
distributions are notable given the severity
of the influence of air leakage on the wall's
performance.

Table 2 summarizes the simulation
results for the sections with leakage paths
(a) and (b). It shows that leakage effects on
thermal resistance increased from 13% to
35% as pressure difference increased from
5t0 20 Pa. Figure 7 shows the temperature
contours for the corner section for the
Figure 6. Relative humidity distribution for the sections with leakage path (a). 5-and 20-Pa pressure-difference infiltration
conditions. The average interior heat fluxes
forthe 5- and 20-Pa cases were 13.87 and
20.58 W/m?(4.39 and 6.53 BTU/h-ft2),
respectively.

Then, the transient conditions were analyzed

Infizration
e -18.7C

24 - 30 "C

TABLE 2. Summary of simulation results for the sections with leakage paths (a) and (b)

Leakage path (a) ) o '
: using the interior heat-flux data for the first
Pressure difference, Pa four days of March. Figure 8 shows the
P |GTER. T 0 5 20 comparison of simulated and measured data
‘ for the 0-, 5-, and 10-Pa pressure-difference
Gypsum temperature, °C 0 204 19.66 18.65 scenarios for leakage paths (a) and (b). Table 3
Oriented strand board temperature, °C 168.275 5.1 =345 =111 summarizes the error.quantlflcatlon results for
these comparisons. Field measurement data
Air cavity temperature, °C 200.275 3.74 —6.55 =1391 on temperature and heat flux validated the
Inside panel temperature, °C 232.275 3.82 -4.75 -12.52 simulation results, with average mean absolute
: error of 1.07 W/m? and root mean square error
Outside panel temperature, °C 371975 —-16.5 —16.62 —-16.7 (RMSE) of 1.31W/m? (0.33 BTU/h-t2).
Figure 9 provides a comparison of the wall
heat flux, W/m? 4.82 10.64 18.1
Gypsum heat flux, W/m 0 8 0.6 8 liquid content with and without leakage. The
R-value for existing structure, m*K/W 3.46 246 1.8 leakage model results of moisture for both
Revalue for retrofit. m2K/W 17 095 015 scenarios (a) and (b) for moisture provide an
! - i : overview of the differences over the four-day

analysis period.

Step wise energy simulations were
performed to determine the incremental
Pressure difference, Pa thermal energy savings due to each retrofit
strategy in comparison with the median

Leakage path (b)

Parameter Location, mm 0 5 20 . - .
thermal EUI baseline building conditions.
Gypsum temperature, °C 0 204 20.04 19.44 These results were presented as an
Oriented strand board temperature, °C 168.275 5.38 0.65 -71.2 evalugnon of various components of the
retrofit prototype, based on the measured
Air cavity temperature, °C 200.275 4.6 0.02 -8.03 input values, and their combined effect
Inside panel temperature, °C 232.275 4.25 -0.75 —-8.82 on the building enclosyre performance
and overall energy saving potential.
Outside panel temperature, °C 371975 -16.5 -16.6 -16.65 However, they do not represent the results
from the final retrofit solution. The final
Gypsum heat flux, W/m? 0 872 7.65 12.5 retrofit solution will be validated in the
R-value for existing structure, mK/W 3.35 2.62 2.2 field. Table 4 shows the impact of the
, enclosure and HVAC pod strategies, which
R-value for retrofit, m2K/W 4.47 217 0.69

provides 80.3% thermal energy saving
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Figure 8. Comparison of simulated and measured interior heat flux data of 0-, 5-, and 10-Pa pressure difference scenarios for leakage paths (a) and (b).

TABLE 3. Summary of the error quantification results for the heat-flux comparisons

_0Pa | 5P _f0Pa 0P| 5P| 100
114

MAE, W/m? 1.17 113 113 0.93 0.92
RMSE, W/m? 1.42 1.39 1.39 1.39 116 116
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Figure 9. Comparison of the wall liquid content with and without leakage.
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after the retrofit. Improving the airtightness
to 2.14 ACH50 leads to 0.3% reduction in
thermal EUL. Then, adding the retrofit panel
resulted in 8% reduction of the building's
thermal EUl comparing to the baseline.

A subtotal of 8.3% thermal EUI reduction
was achieved by retrofitting the enclosure.
It also shows the incremental thermal EUI
reductions due to increased equipment
efficiency for air heating (43%), cooling
(0.5%) and domestic water heating (28.5%),
with a subtotal thermal EUl reduction of 72%
from the energy pod. From the total thermal
EUl reduction (80.3%) from the integrated
retrofit solution, 44.92% was from space
heating, 0.70% from space cooling, 6.11%
from ventilation, and 28.56% from the water
heating energy reductions. It should be
noted that the calculated R-value is lower
than the target value and the airtightness
level is higher than the goal. The R-value
for the retrofitting panel includes leakage
and joint effects, and the analysis showed
that 33% thermal leaks took place at the top
and bottom boundaries of the retrofitting
assembly due to insufficient insulation and
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TABLE 4. Specific energy-savings for median thermal EUI single-family attached residences

. ; Incremental ;
Retrofit strategy Baseline? Project goal f,\:gt'g;’;;’ée N | Specific strategies gg‘zﬂglsenergy Elr:g:g%/afavmgs
Airtightness 2.2 ACH, 1.05ACH,, 214 ACH, Precompressed foam tape 0.3%
gasket solution, enclosure,
integ.ratedI Iwi‘ndow and
door installation 8.3%
Insulation R-value of 17¢ | R-value of 30 R-value of Insulated prefabricated panel | 8%
(measured 16.979 solution, including panelized
R-value = 27°) roof modules
Heating equipment | 80 AFUE? 3.0COP 4.24 COP Pod-based heat pumps 43%
efficiency
Cooling equipment | 9.1 EER? 23 EER 23 EER Pod-based heat pumps 0.5%
efficiency 72%
Domestic Hot Water | 0.56 EF¢ 243 FEF 243 EF Pod-based heat pumps 28.5%
(DHW) efficiency
Expected energy - 75% - - 80.3%
savings
Indoor air quality <800 ppm of CO, Pod-based ener(?y recovery ventilation with heat- recovery efficiency of
atleast 80% and CO,-enabled boost function

a Baseline conditions for single-family attached building located at 150 Small Road, Syracuse, N.Y.

b Estimated airtightness level for single-family attached buildings in cold climate regions.

¢ Based on the target airtightness of maximum 1.0 L/s/m? exterior enclosure surface area at 50 Pa.

d 2074 Building America House Simulation Protocols by the National Renewable Energy Laboratory for buildings built between 1980 and 1989.

e Based on the midscale Building Energy and Environmental Systems Laboratory’s chamber test results for retrofitting panels. (R-value of 27 was used as

additional insulation from the panel.)

f Elimination of the top- and bottom-joint effects, which occupied 30% of the total joints by leakage area (total measured air leakage rate was 3.19 ACH50).

g Effective R-value for the retrofitting panel, ignoring the top- and bottom-joint effects.

sealing. As mentioned before, the reported
results are based on the project prototype,
but the final solution will be validated in the
field. If the main issues are corrected, based
on the project goal (values reported on the
Project Goals column), 78% thermal energy
is saved after the retrofit (savings of 14.4%
from the enclosure system and 63.6% from
the integrated HVAC pod).

CONCLUSION

This case study explored the significant
potential of prefabricated, panelized exterior
insulated enclosure systems for retrofitting
single-family attached residences in cold
climates. By integrating numerical tools with
in situ measurements, the performance of
afull-scale, integrated energy efficiency
retrofit assembly was thoroughly evaluated.
The research specifically focused on the
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impact of air leakage on hygrothermal behavior
of the exterior insulated envelope systems.

The effect of air leakage on hygrothermal
behavior, especially moisture, was shown

to be significant. CHAMPS-BES software
enabled the testing of integrated retrofit walls
compared with actual field testing, providing a
cost-effective way to predict assembly behavior.
However, the airflow model (combining

heat, air, and moisture transfer) required
significantly more computational time than
was needed for the actual hygrothermal wall
model (design without leakage). Although
simulations of air leakage are more accurate,
they are computationally complex and not
typically considered for design and evaluation.
The energy model developed and applied for
Syracuse, New York, estimated an impressive
80.3% reduction in thermal EUI through a
retrofitting approach that included an exterior

insulated panel system combined with
enhanced mechanical equipment efficiency.
The numerical modeling, simulation, and
measurements not only facilitated practical
suggestions for strengthening building
enclosure panel elements and evaluating
retrofit solutions but also laid the foundation for
methodological advancements in the design,
construction, operation, and retrofitting of
energy-efficient buildings.
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