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Participants will : 
1. Learn how to link the performance of individual building 
enclosure components in a holistic framework to achieve 
high-performance buildings.  
2. Explore, through built case studies, how building 
envelope design determines overall energy conservation 
and sustainability capabilities  
3.  Learn innovative practices for avoiding heat loss as well 
as moisture and air infiltration in enclosure design for 
healthy new and existing buildings.  
 4. Understand the role of building enclosure commission- 
ing in the design, construction, and operation and 
maintenance of commercial facilities.  
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Energy Retrofit of Single Family 
Dwelling in Brunswick, ME  

• Objectives  
– Verify hygrothermal performance with 

instrumentation and modeling 
– Provide direct comparison of energy 

consumption before and after restoration 
– Demonstrate constructability of an 

insulated wall system with XPS insulation 
– Provide functional and aesthetically 

attractive finished product 

Presenter
Presentation Notes
This presentation covers the restoration of a one story home in Brunswick, ME with an R-30 exterior insulated wall system.  The restoration included measurements of air leakage, moisture content of wood-based materials in the wall assembly, and energy consumption before and after restoration.  The construction was done by local contractors with guidance and instruction on installation and detailing of the insulated wall system by Sto Corp., and instrumentation and monitoring by Fraunhofer USA.  First, I will cover the restoration construction materials and methods, then I will discuss the instrumentation, data acquisition, moisture measurements, hygrothermal and energy performance, and extension of energy modeling to other climate zones with WUFI 1-D modeling.  Major objectives of the restoration were to:Verify hygrothermal performance with instrumentation and modelingProvide direct comparison of energy consumption before and after restorationDemonstrate constructability of EIFS with XPS insulationProvide functional and aesthetically attractive finished product



Pre-Restoration 

Presenter
Presentation Notes
The home is a one story slab on grade wood frame construction in Brunswick, ME, DOE Climate Zone 6, approximately 130 miles north of Boston. It was originally constructed in the 1960’s and served as an Officers’ quarters at a US Naval Air Station.  It was renovated to add ½ inch (13 mm) foil-faced polyisocyanurate insulation and vinyl siding in the 1980’s.  Windows and doors were also replaced in the 1980’s when the polyiso and vinyl siding were added.  The original wall section in the 1960’s was:painted ½ inch gypsum wallboard, 1-½ inch air gap2x4 wood framing with R-8.2 fiberglass batt insulation with vapor barrier facing, wood plank building paper, painted cedar siding,  In the 1980’s the added components were:½ inch foil-faced polyisocyanurate insulation, and vinyl siding.



Restoration Start-Up 

Presenter
Presentation Notes
Our original intent was to remove vinyl siding, polyiso insulation, and painted cedar siding to the 1 x 10 plank, and to install an air and moisture barrier system, then to adhesively fasten insulation to the substrate.  However, field testing confirmed lead was in the paint on the original cedar siding.  Thus we revised our approach to leave the cedar siding in place, and  encapsulate the lead-based paint with the air and moisture barrier coating, then install the insulation system.  We employed a licensed lead paint abatement contractor, who removed the vinyl siding and polyiso insulation , then removed cedar siding from designated areas (for example, adjacent to front entrance), and disposed of waste in accordance with environmental regulations.  The siding was then encapsulated with the liquid applied air and moisture barrier.  Gaps or seams in the lap siding were air sealed with a combination of  gun applied joint sealant and spray foam for larger gaps.



Restoration System 
Existing Wall Construction New Wall Construction  

Presenter
Presentation Notes
So, looking at the existing wall construction from inside to outside, the components were: ½ inch painted gypsum wallboard, 2x4 wood framing with 1-1/2 inch air space and R-8.2 vapor barrier faced fiberglass batt insulation, wood plank, building paper, cedar siding, 1/2 inch foil-faced polyisocyanurate insulation, and vinyl siding.Because of the lead paint issue we chose not to remove the painted cedar siding and install directly to the air and moisture barrier encapsulated cedar siding.  Note, maximum XPS thickness available was 4 inches, so a first 4 inch layer was installed mechanically and a second 2 inch layer was installed adhesively to the first layer. The adhesive used was a special polyurethance spray foam adhesive installed as vertical ribbons on the back of the XPS just before placing the boards.  The XPS board was a special pre-planed board for better adhesion.  Then a high build polymer modified portland cement base coat was applied to the rasped insulation board surface, followed  by a primer applied by roller, and a textured finish coat applied by trowel. 



Detail at Soffit 

Presenter
Presentation Notes
Several details of construction posed challenges, given the thickness of the XPS based insulated wall system.  The finished wall surface would be nearly flush with the fascia board and obstruct the soffit vents.  So, in this case, 3 layers of 2 inch XPS were installed, with the first layer fitting into the vinyl track at top and the next two layers were sloped to clear the soffit vents and to better accentuate the fascia board. 



Detail at Front Entrance 

Presenter
Presentation Notes
The wall adjacent to the front entrance door could not accommodate the 6 inch thick XPS insulation system without interfering with opening and closing of the front door.  So, for this area we used only 1 inch of XPS with a ½ inch layer of cement board for greater impact and abuse resistance near the entranceway.  The cement board then received the base coat, reinforcing mesh, primer, and textured finish coat.



Detail at Windows 

Presenter
Presentation Notes
Window surrounds were detailed by encapsulating the edge of the 4 inch layer XPS in vinyl trim at the jamb and head. Then the 2 inch XPS was added with terminating edges back-wrapped with base coat and reinforcing mesh.  The sill was sloped back past the window sill trim and protected with a waterproof base coat material with reinforcing mesh embedded in it.  Then the primer and textured finish coat were applied to the sill. 



Restoration Summary 

Presenter
Presentation Notes
In summary the insulated wall system restoration with XPS is a practical option to upgrade energy efficiency of an existing structure and XPS insulation is viable from a “constructability” standpoint.  The system allowed for adaptability in the field which enabled us to refine details to address unique conditions that were encountered, such as detailing at the front entrance or around a window.  Standard installation techniques for these type systems such as rasping and installation of base coat and reinforcing mesh on the surface were easily accommodated by the system.  Successful over-cladding with the System benefits from full time supervision by experienced mechanics and direct input from the insulated wall system manufacturer.  The property has  recently been sold to a private owner.  Instrumentation, results of air leakage testing, and energy consumption data and modeling (before and after the restoration) will now be presented by Ali Fallahi from Fraunhofer USA.



Blower Door Test 

  Pre-
Retrofit   

Post-
Retrofit 

Airflow @50 Pa (cfm) 1583 1375 
ACH50 8.09 7.02 

Canadian EqLA@10 (in2) 175.0 157.87 

LBL ELA@4Pa (in2) 98.0 89.4 

13% air tightness improvement  

Presenter
Presentation Notes
To investigate the effectiveness of the retrofit strategy in improving wall thermal performance and building energy efficiency two tests were performed before and after the building retrofit: blower door test and thermal imaging test The blower door test helps determine a home's airtightness by depressurizing/pressurizing the building and measuring the infiltration rate through the building envelope. Building energy loss directly correlates with the amount of air tightness. At the Brunswick test house, the blower door test runs were conducted before and after the building retrofit. 13% airtightness improvement from the pre-retrofit to the post-retrofit stage was found. The scale of potential improvement in building airtightness was limited by:- Already existing wall foam sheathing insulation mitigating wall air leakage in the pre-retrofit stage- Existing notable air leakage paths through the ceiling penetrations, and window and door perimeters. No air tightening was done at these areas in order to gain an accurate assessment of the impact of the 6 inch XPS retrofit on airtightness.  Although a major part of the air leakage to the attic space was sealed, small openings created by the ceiling lighting fixtures could allow air to escape into the attic and outside through the soffit vents. 



Thermal Imaging 

Before Retrofit 

After Retrofit 

Presenter
Presentation Notes
Thermal imaging determines the wall surface temperatures, using materials’ emissivity . Thermal losses are revealed by comparing temperatures of different surfaces. Thermal images were taken both before and after building retrofit. The images show significant improvement in wall insulation after the building retrofit . The façade temperatures after retrofit are uniform around the building due to the continuous 6 inch XPS insulation, except the section on the south wall underneath the overhang. Note, this is the area where, because of the front doorway, only 1 inch of continuous XPS insulation was used.  In both pre- and post- retrofit images, heat loss is evident through the fenestration and the concrete slab.  As a side note, Sto Corp. added slab edge insulation with pre-base coated 4 inch thick sections of XPS at a later time to provide a thermal barrier over the slab edge.  The pre-base coated XPS insulation was then top-coated at the site to provide a color match to the textured finish on the above grade wall.  While here is an improvement in reduction of heat loss through the slab edge, the improvement is not as significant as the rest of the wall because less insulation is present (4 inch XPS instead of 6 inch XPS, and no stud cavity insulation is present at the slab edge).  In addition the slab edge is a heat storage medium, thus we believe, based on the time these images were taken, gradually throughout the night, that the slab edge is releasing heat through the course of the night.In the third set of images there is also clear reduction of heat loss from the soffit.  This is explained by the continuous XPS insulation covering an air leakage path that was present in the existing construction between the top plate and the attic.   



Wall  Instrumentation 

Presenter
Presentation Notes
After the building retrofit the building was instrumented extensively. Extensive instrumentation of the wall, ceiling and floors enables direct monitoring of the thermal process within the opaque envelopes and long term energy performance predictions. On November 16th, 2013 instrumentation was completed.  As shown, sensors T1, T2, T3, T4, T5, T6 and HF1 were installed on the South and the North walls to measure temperature gradient and heat flux across the walls. Moisture pins MC1 and MC2 measure moisture content of old siding and the embedded wood planks. Each heat flux transducer was first installed on a gypsum board panel and then placed on the wall or ceiling gypsum board. To keep a flat contact surface between two gypsum boards without any air gap, shallow grooves were cut into the gypsum panels to place the heat flow transducer and the wires, and then secured with epoxy. This method provides good contact without damaging interior finishes of the building.  Floor heat flux transducers were installed on a wood board in the same way.



Attic Instrumentation 

Presenter
Presentation Notes
As shown, the temperature gradient across the attic floor and the insulations are measured with sensors T1, T2 and T3. Heat flux transducer HF1 records how much heat is lost or gained through the ceiling. To capture the stratification and determine an average attic air temperature, additional sensors T3, T4, T5 and T6 were installed alongside the HOBO standalone measuring system. Finally, sensor T11 and T12 were installed to record the roof deck surface temperatures. To measure surface temperatures, thermocouples were bonded to surfaces using thermally conductive epoxy.



Data Acquisition  

Data Acquisition Device Weather Station 

Pyranometer Heat Flow Meter 

Presenter
Presentation Notes
The temperature sensors T1 to T10 used for this experiment are type T thermocouples.  They were acquired as a 24 gauge, special limits of error wire. The stranded wire pairs, which consist of copper and constant elements, were cut to length and welded. The tips were encapsulated with thermally conductive epoxy when secured to surfaces. The heat flux transducers are F series transducers.  They were calibrated between two pieces of gypsum in a heat flow meter. For each HF transducer, four different temperature gradients were established across the heat flow meter. Once the systems reached equilibrium, the heat flow was measured by the meter, and the voltage was measured with acquisition. A linear relationship was determined, and a heat flux coefficient was generated.Weather station and pyranometers were installed at the site of the test house to record outdoor weather conditions.



Field Test Results 

Presenter
Presentation Notes
The graphs show two examples of recorded one week data in the Fall at the test house after retrofit. The top graph shows temperature profiles across the south wall and demonstrate the effectiveness of the continuous XPS on stabilizing internal wall component temperatures relative to external temperature fluctuations.  The dark red line is temperature at the exterior surface of the retrofit system, while the green line is temperature between the two layers of XPS, the blue line is temperature at the surface of the old siding directly behind the two XPS layers, and the orange line is the temperature at the surface on the interior gypsum wallboard.   The bottom graph shows heat flux in the attic floor, north wall, east wall and west wall in W/m2.  �



Hygrothermal Model 

Modeled Wall Section 

Exterior 
• EIFS reinforcing mesh and finish 
• EIFS base coat 
• 2-inch XPS insulation 
• Polyurethane spray foam adhesive 
• 4-inch XPS insulation 
• Water-proof air barrier 
• Wood lap siding 
• Asphalt saturated paper 
• 2-inch Fiberglass batt insulation with 

vapor barrier in 2x4 wood framing 
• 1.5-inch air gap 
• Gypsum board 
Interior 

- Developed WUFI model to assess 
the risk of moisture accumulation 
in the wall assembly under actual 
climatic conditions at the site of the 
test house 
 

- Boundary conditions from 
customized *.WAC and *.KLI 
climate files, generated based on 
the collected weather data from 
interior and exterior of the 
Brunswick test house 
 

- WUFI modeled moisture contents 
first compared and verification 
against measured data, then the 
model ran for all ASHRAE climate 
zones 

Presenter
Presentation Notes
A base case hygrothermal model was developed using WUFI Pro 5.2 software to numerically evaluate the risk of moisture accumulation in the retrofitted walls of the Brunswick test house. The developed model is transient, one-dimensional heat and moisture transfer models and capable of assessing the hygrothermal behavior of the wall assembly under actual climatic conditions found at the site of the test house in Brunswick, ME during the field data collection period. For this purpose the hygrothermal property of the wall layers retrofitted with continuous insulation wall system were obtained from WUFI’s database and the boundary conditions came from customized *.WAC and *.KLI climate files, which were generated based on the collected weather data from the interior and exterior of the Brunswick test house during 2013-2014. Driving rain coefficients were set based on ASHRAE standard 160. The rain load calculation and the exterior surface heat transfer coefficients were wind-dependent. Initial moisture content in different layers was assigned based on typical built-in material moisture at 68F. The calculation startup period was three years to establish an equilibrium state for moisture transfer, and the fourth year of modeling as used for the data presented herein. The WUFI modeled moisture contents were compared and verified against measured data, then the model was run for all ASHRAE climate zones.



Hygrothermal Model 

Comparison of Modeled MC against Measured MC 

Comparison of Modeled MC of a Typical Occupied Single-Family House 
at Different ASHRAE Climates 

Presenter
Presentation Notes
After comparing the measured and modeled moisture content and verifying the accuracy of prediction, the WUFI models were run for different ASHRAE climate zones to investigate the risk of moisture accumulation of the wall retrofitted with the continuous XPS insulated wall system if this house was located in different U.S. locations. For this purpose, the outdoor weather file for each ASHRAE climate region was obtained from the WUFI climate database and the indoor RH and temperature were calculated using ASHRAE 160 model for a three-bed room occupied single-family house with moisture generation and a year-round AC system. The heating set point was set at 20C and the cooling set point at 24C. The top graph shows measured and modeled moisture content of the cedar siding and wood plank on what would be considered a worst case wall, the north wall, since it is the coolest wall with least sunlight.  Moisture content of the wood components on this wall never exceeded 7.5%.  The discrepancy in measured versus modeled is believed to be either a limitation of measuring capability at these low levels, or assumptions built into the WUFI model that may cause some deviation from the measured results.  The bottom graph compares the annual moisture content of a typical occupied single-family house with the same geometry and the same insulated wall system construction as the Brunswick test house in different U.S. climates. It is clear that the moisture content of the wood does not exceed 9% and stays below the 20% safety threshold. These results are based on the assumption that there are no holes, openings or air paths exist across the wall to create a shortcut for moisture migration. 



Energy Model 
- Developed EnergyPlus model to compare the energy 

consumption between pre- and post-retrofit stages 
 

- A two-thermal zone model with boundary conditions from 
climate files generated based on the measured data from 
interior and exterior of the Brunswick test house 

 
- EnergyPlus model was calibrated against historical utility 

bills; then the calibrated model used for predicting energy 
consumption at different retrofit scenarios and different 
ASHRAE climates 

 

Comparison of Modeled Gas Consumption against Historical Gas Bill 

Model Annual Heating Gas 
Consumption (Therm) 

Annual Post- Retrofit 
Savings (Therm) 

Annual Post- Retrofit 
Savings (%) 

Pre-Retrofit 460.7 - - 
Post-Retrofit 380.8 79.9 17.3 

Comparison of Modeled Pre- and Post- Retrofit Gas Consumption 

Presenter
Presentation Notes
The purpose of this energy simulation is to investigate the potential energy performance benefits of retrofitting a typical residential building using the continuous insulation exterior wall system. For this purpose, a numerical energy model using EnergyPlus 8.1 was developed to compare the energy consumption between pre-and post-retrofit stages. The developed energy model was first calibrated with historical gas bills and then was used to compare the energy performance of the continuous insulation wall system with the energy performance of other retrofit configurations. The model consists of two thermal zones: a single, well-mixed conditioned zone and an unconditioned attic space. The outdoor climate condition came from a weather file based on recorded data during the course of field testing at the site of Brunswick test house. Heating set point was set at a constant 20°C (68°F). Space cooling was not provided. Since the building was unoccupied during the testing period, no internal gains were considered in Models Base1 & Base2. In order to predict energy consumption of the building with reliable accuracy, the EnergyPlus model was calibrated against historical utility bills both for pre-retrofit and post-retrofit stages. For this purpose, the computer-generated annual gas consumption was compared with historical gas bills from February 2013 to July 2013 for pre-retrofit stage calibration and from November 2013 to August 2014 for post-retrofit stage calibration. The set point temperatures for both pre-retrofit and post-retrofit stages were at 68F (20C) and the weather files came from actual weather data on the Brunswick site. As shown in the graph, generally there is a good agreement between the modeled and actual monthly gas consumptions. Less agreement exists during pre-retrofit stage; however, the discrepancies between EnergyPlus modeled gas consumption and historical gas bill consumption is less than 9%. Based on calibrated energy modeling results when the pre-retrofit wall (R-12.3 wall) is retrofitted to continuous XPS insulated wall system (R-38.3 wall), approximately 17% gas consumption savings can be achieved annually. This saving is equivalent to a gas consumption reduction of approximately 80 therms/year.



Energy Model 

Case A 
(No Insulation) 

Case B  
(Only Ceiling 
Insulation) 

Case C  
(PolyIso Walls 

+ Ceiling 
Insulation) 

Case D  
(EIFS Walls + 

Ceiling 
Insulation) 

Modeled Retrofit 
Scenarios 

Comparison of Heating Energy Savings for  
Different Retrofit Scenarios at Different 
ASHRAE Climates 

Construction  R-IP 
  

Exterior Walls - no insulation  4.7 

Exterior Walls – PolyIso (0.5” Polyiso + 2” Cavity 
Fiberglass) 

12.3 

Exterior Walls – StoTherm ci XPS (6” XPS + 2” 
Cavity Fiberglass) 

38.3 

Ceiling - no insulation 2.7 

Ceiling – Insulated (11”Cellulose + 4” Fiberglass) 51.5 

Presenter
Presentation Notes
Four different configurations of wall and ceiling insulation were modeled. The construction nominal R-values are listed in the table.The heating gas consumption reduces and the energy performance increases in progression from Case A (No Insulation), Case B (Ceiling Insulation Only [which replicates a more typical retrofit condition with no continuous insulation]), Case C (Polyiso Walls + Ceiling Insulation [which replicates the pre-retrofit condition]), and Case D (Continuous XPS insulation wall system + Ceiling Insulation [which replicates the post-retrofit condition]). The graph shows the amount of heating gas reduction achieved as result of applying the continuous XPS insulated wall system to the wall for different ASHRAE climates. It is apparent that the wall system achieves higher savings and in colder climates. 



Conclusion 
  Based on WUFI modeling results and the measurements, the risk of moisture accumulation in 

the retrofitted continuous XPS insulated wall system in the Brunswick test house is low and 
remains below 7.5%. At different ASHRAE climate regions, the risk of moisture accumulation 
does not exceed 9% and stays below the 20% safety threshold.  
 

  Based on calibrated EnergyPlus results when the pre-retrofit wall (R-12.3 wall) is retrofitted to 
continuous XPS insulated wall system (R-38.3 wall), approximately 17% gas consumption 
savings can be achieved annually. This saving is equivalent to a gas consumption reduction of 
approximately 80 therms/year. 
 

Molded EnergyPlus results of different Brunswick test retrofit scenarios shows that replacing the 
0.5” Polyiso insulation with 6” of XPS in the continuous insulation wall system improves heating 
energy performance from 51 to 139 therms/year savings in very cold climate zones and from 2 to 
32 therms/year savings in hot ASHRAE climate zones. 

 
Molded EnergyPlus results of different Brunswick test retrofit scenarios shows that adding the 

continuously insulated XPS wall system to an uninsulated wall improves heating energy 
performance considerably from 143 to 438 therms/year savings in very cold climate zones and 
from 7 to 115 therms/year savings in hot ASHRAE climate zones. 
 

Presenter
Presentation Notes
Based on WUFI modeling results and the measurements, the risk of moisture accumulation in the retrofitted continuous XPS insulated wall system in the Brunswick test house is low. Moisture contents of the plank wood and the original cedar siding remain below 7.5% and don’t reach the critical threshold for wood deteriorations.  At different ASHRAE climate regions, the risk of moisture accumulation does not exceed 9% and stays below the 20% safety threshold. Based on calibrated energy modeling results when the pre-retrofit wall (R-12.3 wall) is retrofitted to continuous XPS insulated wall system (R-38.3 wall), approximately 17% gas consumption savings can be achieved annually. This saving is equivalent to a gas consumption reduction of approximately 80 therms/year. Modeled EnergyPlus results of different Brunswick test retrofit scenarios shows that replacing the 0.5” Polyiso insulation with 6” of XPS in the continuous XPS insulated wall system improves heating energy performance from 51 to 139 therms/year savings in very cold and from 2 to 32 therms/year savings in hot ASHRAE climate zones.Modeled EnergyPlus results of different Brunswick test retrofit scenarios shows that adding the continuous XPS insulated wall system to an uninsulated wall improves heating energy performance considerably from 143 to 438 therms/year savings in very cold and from 7 to 115 therms/year savings in hot ASHRAE climate zones.
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