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Greenbuilt Monitoring Plan
March 2010
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Deep Energy Retrofit (DER)

Home Location:
[image: ]8901 Quail Hill
Fair Oaks CA

Proposed Technical Approach:

The goals of this monitoring plan are to develop a protocol for monitoring the SMUD DER GreenBuilt project and answer the following major questions:

1. Are renewable energy systems performing as expected?
2. Are energy efficiency systems performing as expected?
3. Are whole house energy and peak cooling demand savings as expected?
4. Is heat pump water heater performing as expected? What interactions are there with the solar hot water system?
5. Based on monitored results, how can performance be improved in future retrofit projects?

Greenbuilt Project as a Lab Home
The Greenbuilt house is to remain unoccupied and operate as a lab home until August 2010.  Control and monitoring equipment installed in the home allows NREL to simulate occupancy patters and record the resulting impact on energy consumption.  Automated controls include the operation of some lighting and electrical loads, activation of hot water use, simulation of internal heat gain loads and control of thermostat set points.  Occupancy patterns are controlled by an automated program that can be updated and changed remotely.  Some short term testing of equipment performance can also be accomplished remotely through the operation of control equipment.

Comparison of Monitored Performance to Expected Performance
This monitoring plan will compare measured performance to the expected performance of renewable and energy efficiency systems.  BEopt will be used to provide estimates of the expected energy performance for the monitored home. The retrofit solution will be evaluated to determine energy savings with respect to Title 24 and SMUD Baseline standards. Recommendations for improvements in the performance of future projects will be made based on monitored results.

Measurement of Energy Demand
NREL monitoring activities will focus on evaluation of the energy demand of the major end uses that are being targeted by the SMUD ZEH program including site PV generation, space conditioning energy use (Heating, AH, and AC), hot water energy use, and total electric energy use and peak demand. 

Domestic Hot Water
The Domestic Hot Water (DHW) system includes a solar hot water preheat system utilizing an Integrated Collector Storage (ICS), an Air Tap heat pump hot water heater and a 40 gallon storage tank located in the garage. The DHW system will be evaluated with long term measurements to determine its effectiveness at reducing electric use and what amount of energy is contributed by solar. Performance of the heat pump water heater will be evaluates both with and without the contribution of the ICS.

Control4 Home Energy Management (HEM) System
In the GreenBuilt home, Control4 provides automated control of selected lights and electrical loads and thermostat settings. 




Research Questions:

1. Electrical Energy Use
a. What was the simulated annual energy use of this home prior to DER?  How does this compare to past utility data?  What is the simulated annual energy use and peak demand after DER?  What is the measured annual energy use and peak demand?
b. What are the measured current-voltage characteristics of the PV system under test weather conditions?  How do measured performance characteristics compare to the published values?  What is the predicted annual performance of the PV system?  What is the measured annual production?
2. Space Conditioning System
a. What is the measured COP of the air source heat pump under test weather conditions?  How does this compare to the simulated performance under similar weather conditions?  How does this compare to published SEER and HSPF performance data?
b. How effectively does the space conditioning system maintain comfortable and/or consistent temperatures throughout the home?  How effectively does the air handling unit maintain consistent temperatures throughout the house with and without the contribution of the heat pump?  How does the thermostat set-point impact the temperature differences in various spaces?
c. How do variations in occupancy patterns affect the performance of the space conditioning system?
3. Domestic Hot Water System
a. What amount of energy is collected by the ICS?  How much thermal energy is delivered to the domestic hot water system?  What is the efficiency of the ICS?  Is the effectiveness of the system season/weather dependant?  Is there a freeze risk in the winter?
b. What is the measured COP of the heat pump water heater?  Does intake temperature to the hot water heater impact the COP?  How does this compare to the published COP?
c. What is the predicted annual electrical load and peak demand?  What is the measured annual electrical load?  What is the predicted annual reduction in electrical load?
d. How do hot water draw patterns (varied occupancy plans) impact the performance of the DHW system?  How does occupancy affect the DHW heat pump efficiency?  How does occupancy affect the ICS effectiveness?
4. Control4 System (TBD)
5. Duct Distribution
a. How does the original mass air flow measurement at the registers compare to the improved flow measurements?
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Summary of Greenbuilt House Measurement Points   
The main datalogger is located in the garage.  Two remote dataloggers are located on the roof.  Remote data loggers transmit data to the main datalogger via wireless radio signal.  The remote data loggers are powered by batteries charged by two dedicated PV array located on the roof.   Data is collected and stored at 1 minute, 15 minute  and 1 hour data intervals. Data is retrieved by NREL from the main datalogger via a cellular data modem on a regular basis. All monitoring equipment will be maintained by NREL.  The purpose and location of installed sensors are described below.

Summary of Sensors

	Quantity
	Type
	Location
	Description

	5
	Temperature
	Indoor air, ceiling suspension
	Aspirated enclosure

	2
	Temperature
	Garage air, clg suspension
	

	2
	Temperature
	Attic air, ceiling suspension
	

	5
	Temperature
	Indoor air, wall mounted
	

	1
	Temp/humidity
	Outdoor, roof
	Aspirated enclosure

	1
	Anemometer
	Roof
	Wind velocity

	2
	Pyranometer
	PV array surface, horizontal
	

	1
	Pyrgeometer
	Roof horizontal
	

	5
	Temperature
	Below PV, 4 corners & center
	Surface thermistors

	1
	Power 
	PV
	Existing, 30A CT

	1
	Power
	Whole house
	100A (2 CT, 1 WattNode)

	1
	Power
	Outdoor Heat Pump
	30A (2CT, 1 WattNode)

	1
	Power
	Air Handler
	30A (2CT, 1 WattNode)

	1
	Water flow rate
	DHW
	

	2
	Temperature
	In/out from solar tank
	Submersed thermocouple

	2
	Temperature
	In/out from water heater
	Submersed thermocouple

	1 
	Temperature
	Mains temperature
	Submersed thermocouple

	1
	Power
	Heat pump water heater
	30A (2CT, 1 WattNode)

	6
	Relay control
	Electric heaters
	Simulate internal heat loads

	1
	Relay Control
	Solenoid valve
	Simulated water loads

	1
	Moisture
	Laundry room
	Overflow precaution



Refer to Appendix B for floor plans with equipment locations.
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Local Weather Data
The roof mounted weather station provides location specific measurements of temperature, humidity and wind velocity.  A humitter in an aspirated enclosure is utilized to measure dry-bulb temperature and relative humidity.  An anemometer is utilized to measure wind velocity.  Weather data will be used in the performance analysis of most systems in this home.

Photovoltaic System
To characterize PV system performance, solar irradiance, system power production, and array temperatures are measured in conjunction with weather station data.  Pyranometers are used to measure solar absorption in the plane of PV array modules and at horizontal orientation. Comparison of the absorption measurements in the different orientations allows for an analysis of the impact of array tilt on production. Five surface mounted thermistors are installed to the underside of the PV array for the analysis of how array surface temperatures effect production. PV system power production is measured with the use of a WattNode located in the garage with current and voltage measurement devices located in the main electrical panel.
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Room Temperature
Detailed room temperature measurements are taken in five rooms throughout the homes; Den, Living Room, Master Bedroom, Bed Room 2, and Bed Room 3.  In each of these locations, a temperature reading is taken in the center of the space and at a wall location.  Center space temperature measurements are taken by a thermocouple located in a ventilated solar shield enclosure suspended from the ceiling.  The purpose of the ventilated solar shield is to provide true dry bulb temperature readings without the affects of solar absorption.  Wall temperature sensors are mounted in a protective enclosure.  Individual room temperature readings will be used to study the effectiveness of the space conditioning system to maintain temperature conditions throughout the house and any temperature differences between spaces.  Variations in room temperatures without use of space conditioning equipment will also be studied.

Space Conditioning System

The space conditioning system consists of an air handling unit (AHU) located in the attic and a pad mounted air-source heat pump (HP) located in the back yard.  The space conditioning system is controlled by Control4 system.  Both temperature and timed schedule set-points are available in the Control4 system.  The Control4 thermostat is located in the hallway to the bedrooms.  Power measurements for the AHU are taken with a WattNode located in the attic adjacent to the equipment electrical disconnect.  Power measurements for the AHU HP are taken with a WattNode located in the garage with current and voltage measurements devices located in the main electrical panel.  Power measurements are used to determine when and for how long the space conditioning equipment is operated and the total power consumed.  This data is used along with the detailed room temperature data to study the effectiveness and efficiency of the space conditioning system.  The home is also equipment with a whole house fan located in the attic.  The intake vent for the whole house fan is located in Living Room wall.  
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 Domestic Hot Water
The Domestic Hot Water (DHW) system consists of an Integrated Collector Storage (ICS) solar pre-heat system, an Air Tap heat pump water heater, and a standard 40 gallon storage tank.  The ICS is located on the roof above the PV arrays.  The piping between the roof mounted ICS and the DHW tank is insulated and routed through the attic.  The heat pump water heater (HPWH) and the hot water storage tank are located in the garage.  A tempering valve is installed between the tank and the home.  Five submersed thermocouple probes are installed to measure temperatures at key locations in the DHW system.  These locations include the temperature of water that enters the home from the utility water main, the temperature of the water as it enters and leaves the ICS, and temperature of the water as it enters and leaves the hot water tank.  Probes are arranged for convent comparison of temperature differences across the ICS, across the HPWH and temperature losses between the ICS and the DHW tank.  Power measurements for the HPWH are taken with a WattNode located adjacent to the DHW tank with current and voltage measurement device located in the receptacle box that feeds the HPWH.  
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Simulated Occupancy
Human occupancy contributes three major factors related to energy consumption: 1) internal heat gain impacts on space conditioning loads, 2) hot water use, and 3) lighting and electrical loads.  Internal heat gain loads are simulated using six electric resistance heaters placed throughout the home.  Since resistance heaters have a COP of 1 and the power draw is known, the quantity of thermal energy (BTU) added to the space can easily be controlled by varying the operation time of the heaters.  Besides using the heaters to simulate the heat gain produced by human occupants, the heater run times can also be modified to simulate other heat gain sources like incandescent lights and operation of the oven.  The heaters will also be used to establish baseline space heating data useful in evaluating AHU HP efficiency.
Simulation of hot water use is accomplished with the use of remote controlled solenoid valve attached to the hot water supply line in the laundry closet.  Various hot water use patterns will be run to evaluate HPWH response. Select lighting and electrical loads are controlled by the Control4 System.  

Long-term Monitoring Supervision:

Long-term monitoring will focus on seasonally-dependant variations in energy consumption and equipment performance.  NREL will supervise monitoring equipment (sensors and dataloggers) to insure proper operation and provide maintenance as required.  Data will be collected and control sequences modified as required to answer stated research questions.

Reporting Plan:

Field Test Summary
A field test summary report will be provided for each on-site field test.  Summaries will include brief descriptions of tests performed and preliminary results.

Testing and Simulation Plan
The testing and simulation plan will include a detailed description of the system characteristic tested, controlled variables and resulting outcome data evaluated.  The plan will also include a detailed test schedule of when tests will be conducted and when controlled variables are altered.  Results of testing and simulation plan will be presented briefly in Monthly Status Reports and in detail in the final Case Study Report.

Monthly Status Reports
Monitored data will be provided to SMUD monthly, along with a short summary of key observations.

Case Study Report
A Case Study Report will be provided upon completion of long-term monitoring and analysis effort.  The Case Study will include a detailed discussion of monitored data results and computer simulation comparisons to include actual measured energy vs. estimated energy use for the homes. Report will summarize total energy consumption for the cooling season, total energy use and net energy use. The report will also include a monthly summary of the total energy use and energy demand measured. Recommendations for improving the performance of future projects will be provided.



Contacts:

SMUD				Mike Keesee			913-732-5244 office
								913-296-8715 mobile

GreenBuilt			Jim Bayless			916-294-9693 office
								916-257-0908 mobile

NREL				Dave Roberts (Lead)		303-275-7496 office
				Lieko Earle			303-275-4355 office
Cheryn Engebrecht		303-275-4360 office
				Stacey Rothgeb			303-619-7283 mobile
				Ed Hancock			303-517-8238 mobile
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	Pre-Retrofit
	Final*
	Baseline

	Thermal Envelope

	Vaulted Ceilings
	R-19
	R-32 blown-in cellulose over existing R-15 batt w/ radiant barrier
	R-30

	Flat Ceilings
	R-19
	R-32 blown-in cellulose over existing R-15 batt w/ radiant barrier
	R-40

	Band Joist Areas & Attic perimeter
	No Insulation
	Rake and "pack" insulation to perimeter edge
	uninsulated

	Knee Walls
	R-11
	R-6 metallic-reflective face rigid foam (1") over R-11 batt 
	 

	Above Grade Walls
	R-11
	R-13 cellulose insulation (west wall only)
	R-13

	Foundation Walls/Basements 
	Uninsulated 
	R-10
	uninsulated

	Air Sealing
	None
	Air Sealing to comply with Energy Star Thermal Bypass Checklist
	none

	Windows

	Above Grade Windows & Sliding Glass Door
	Single Pane Wood with Aluminum Frames
	Vinyl low e
	single pane aluminum

	
	U-value = 1.07 est  
	U-value = 0.29 to 0.28
	 

	
	SHGC = 0.70 est
	SHGC = 0.22 to 0.19
	 

	Exterior Doors  
	Solid Wood, Frame/Panel with Single Pane Glass
	Front – Solid Wood with weather stripping
Den – Insulated with glass panel
	Solid Wood, Frame/Panel with Single Pane Glass

	Mechanical Systems

	Space Heating
	Heat Pump, 8.0 HSPF
	High Efficiency Heat Pump, HSPF 9.75
	92 AFUE w/ variable speed motor

	Central A/C
	Heat Pump, SEER 13
	Heat Pump, SEER 16/EER 13
	SEER 14.5/EER 12

	Ducts
	Uninsulated in unconditioned attic
	R-6 insulated in vented attic or buried under insulation, tested to 4.5% leakage
	uninsulated

	Thermostat
	Manual
	"Smart" Thermostat
	Manual

	Whole House Fan
	None
	Advanced Whole House Fan
	Whole House Fan

	Ventilation
	None
	Bathroom low sone fans with Timer Controls (spot)
	None

	Domestic Water Heating
	Storage Tank, Electric 
	Heat Pump "booster" retrofit, 2.11 COP
	Storage Gas, EF .62

	Lighting & Appliances

	Lighting (units)
	Incandescent
	100% hardwired Energy Star Compact Fluorescent Fixtures. LED fixtures in Master Bath. Solar tube day lighting in common bath.
	Incandescent

	Ceiling Fans
	Incandescent
	Energy Star with pin-based Energy Star CFLs
	Incandescent

	Refrigerator
	Approx 20 years old
	Tier 3 Energy Star
	Tier 3

	Dishwasher
	none
	Level 2 Energy Star   EF = 0.68
	Level 2

	Advanced Controls 

	Electrical Loads
	none
	Control4 System, Wireless green switch
	 

	Shading
	none
	Retractable shading w. wind and solar sensors
	 

	Site Renewables

	Solar Domestic Hot Water
	none
	Integrated Solar Water Collector
	None

	Power Generation
	none
	2,295W AC PV System
	None



* Note: Updates to final characteristics based on 12 January 2010 field observations indicated it italics.

Appendix B:  Equipment Locations
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