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Abstract

High energy costs, uniform solar resource, and an active solar industry combine to make Hawaii a good location for cost-effective applications of solar water heating.  Ambient temperature never falls below the freezing point; thus, the climate allows for simple solar water-heating system designs. In this mild climate, solar water heating can displace a large fraction of a home’s electricity use because heating and cooling loads are small.  Sixty-two solar water heaters were installed at Kiai Kai Hale U.S. Coast Guard Housing Area in Honolulu, Hawaii, in 1998 as a pilot project under a grant from the U.S. Department of Energy (DOE) Federal Energy Management Program (FEMP).  These active, open-loop systems incorporate a single tank (electric water heater with the bottom element disabled).  An assessment of these pilot units will help the U.S. Coast Guard decide whether to implement solar water heating on the remaining 256 units in the housing area and may be useful information for other government and utility programs.  On 25 houses with solar water heating and 25 identical houses without solar, instruments were installed to measure on/off cycles of the electric water heaters and the tank outlet temperature.  This paper describes the results the monitoring for a 6-week period from June 11 to July 25, 2002, with a statistical extrapolation to estimate annual savings.  Demand savings were estimated at 1.62 kW/house, energy savings at 3008 kWh/house/year, and annual cost savings per house were estimated at $380/year resulting from solar.  For a system cost of $3,200 ($4,000 minus an $800 utility rebate) and a 25-year present worth factor of 17.1, the savings to investment ratio (SIR)was 2.03; therefore, this solar water- heating application was cost effective according to Federal Regulation 10CFR436 (which requires SIR >1.0).  The annual solar fractionwas estimated at 74%, and annual solar water heating system efficiency was estimated at 24%.  This paper describes the statistical design of the survey; the measured load profiles; the energy, demand, and cost savings; and the observed condition of the systems.  This paper also includes a discussion of the International Performance Measurement and Verification Protocol (IPMVP) as applied to renewable energy systems. 

Introduction

The DOE FEMP supports agencies in their efforts to make new federal buildings energy efficient and to maximize the use of renewable energy.  Executive Order 13123 “Greening the Government Through Efficient Energy Management” directs Federal agencies to do the following by the year 2010: reduce greenhouse gas emissions by 30%  (from 1990 levels), reduce energy consumption 35%  (from 1985 levels), and install 20,000 solar energy systems at Federal facilities.  Solar water heating for the 316 housing units at Kiai Kai Hale U.S. Coast Guard Housing Areas 1 and 2 in Honolulu, Hawaii, offer a cost-effective opportunity to contribute to these goals.  

In 1998, the U.S. Coast Guard received a FEMP grant to install solar water heating systems on 60 three-bedroom houses (Fig. 1).  The systems were of the active (pumped), direct type, where potable water was circulated to the collectors by a single pump controlled by a delta-T controller.  A single tank served as electric water heater and solar storage tank.  The heat loss resulting from sending electric-heated water to the collectors was mitigated by the following factors: installation of a timer to keep the electric heating elements turned off during the day; setting a low temperature for control of the electric heating elements; and the high ambient temperatures in Hawaii.  The systems were designed and installed by Pacific Mechanical Company at an average cost of $3,200 ($4,000 minus an $800 utility rebate) per system.  

Figure 2 is a diagram of the system design. Each house was provided with two AET Model AE-32E solar collectors(single glazed with a selective surface on copper absorber plate) of 3 m2 (31.85 ft2) area.  Solar collector performance is characterized by an optical gains fraction of 0.739, and a thermal loss coefficient of -5.53 W/m2C. Potable water was circulated by a Taco Model 006-BC-1 pump that  required 0.52 Amps at 115 V.  The pump was controlled by a Heliotrope General model DTT-94 differential temperature controller with a high-temperature limit switch (160° or 180°F).  Storage tanks capacity was 120 gallons; these tanks were insulated with 5 cm (2”) of polyurethane foam and were manufactured by American Water Heater Group.  Hawaiian Electric Company provided quality standards, design review, and technical assistance throughout the project and shared the cost with the $800 per system rebate. 

International Performance Measurement and Verification Protocol Applied to Renewable Energy Systems

The International Performance Measurement and Verification Protocol (IPMVP) provides guidance on implementing performance measurement programs [1].  A Renewable Energy Subcommittee has prepared a draft chapter for the IPMVP addressing the special uses and requirements of Measurement and Verification (M&V) programs for renewable energy systems.  The protocol describes four options. 

Option A, “Measured Capacity, Stipulated Performance” uses engineering estimates based on system specifications to stipulate savings.  The system is initially inspected  to ensure that the equipment is installed according to those specifications.  The system is then inspected periodically to ensure that it continues to operate properly.  Option B “Measured Production/Consumption” uses long-term measurement of energy delivery over the term of a performance contract directly by metering the plant’s output or indirectly by determining savings based on analysis of end-use meters.  Option C, “Utility Bill Analysis,” infers savings by the statistical analysis of whole-facility energy consumption without end-use metering of the renewable energy system.  And Option D, “Calibrated Models,” predicts the long-term performance of a system by calibrating (renormalizing) a computer model based on data from a short-term test. 

Option B, Measured Consumption describes how to estimate energy savings indirectly by calculating the difference between the baseline load and the metered auxiliary (in this case electric) energy usage.  There are four ways to calculate savings relative to a baseline when only the auxiliary energy is measured [2]. “Control Group” compares the metered energy use with similar loads that do not have renewable energy systems. “Before and After” measures the energy use before the renewable energy system is installed and compares that with the use after the system is installed. “On and Off” turns the renewable energy system off for a short time by by-passing it and compares this to energy use when the system was on. Finally, “Calculated Reference” determines baseline energy use by engineering calculations and subtracting metered energy usage to estimate renewable energy delivery.  

Design of the Experiment

Our study used Option B, “Measured Consumption” and the “Control Group” baselining technique.  A control group sample of 25 houses without solar water heating was monitored to establish baseline water heating energy consumption.  Simultaneously, a sample of 25 houses with solar water heating was monitored, and these two sample groups were compared to ascertain the energy savings resulting from the use of solar water heaters.  For multiple small solar water-heating systems, it was impractical and unnecessary to monitor every unit.  The number of units in the sample was given by the following equation:

	Sample Size = (y(CV/r)2 / {[1 + (y(CV/r)]2 / N}

	(1)


Where N = total number of solar water-heating systems (60), CV = coefficient of variation for population (28%, obtained  from [3]), y = “t” statistic (2 for a 95% confidence level), and r = relative error.  Figure 3 shows required sample size as a function of relative error.  While arbitrary, a relative error of about 30% and a sample size of 25 represented a reasonable compromise between size (and cost) of the survey and relative error.  

This study also used Option D: “Calibrated Models.”  A statistical model of system performance as a function of load and environmental conditions (e.g., sun, temperature) was used to estimate annual energy and cost savings.  

Each of the 50 houses (25 with solar water heating and 25 without) was equipped with a model HO6-004-02 data logger (Onset Computer Corporation) to record run time of the electric water heater.  The data logger was installed at the power wire to the heater, to sense the electric field and to record the time of an “on” transition if either of two interlocked electric heating elements became energized.  Only one of the interlocked heating elements was on at any given time. The data logger would record the time of an “off” transition when neither of the elements was energized.  The power consumption of all heaters was rated at 4.5 kW, and this value was taken as constant.
Visual Inspection of Systems

Each system was visually inspected when the data loggers were installed.  Inspection points included the following: check by-pass piping valves in proper position; note damage such as broken collector glazing, torn or wet pipe insulation, or leaks; feel for temperature difference across collector loop; listen for proper operation of pump; look for dirty glazing or clouding of inner glazing surface by condensation or outgassing; check position of control switches and shading of collectors by new growth of vegetation.  Finally, the tank temperature was checked at its outlet. 

One system was found with the controller in the “on” position, thus keeping the pump on all night.  It  was reset to the “auto” position.  Another system was found with the controller switch in the “off” position, keeping the pump off during the day. This was reset to the “auto” position.  Two problems were common to all installed systems: the elastomeric pipe insulation was not protected from ultraviolet degradation, and the temperature indicators installed on all systems failed due to corrosion.  We recommend that, in the future, the pipe insulation be painted with elastomeric roofing compound to protect it from ultraviolet radiation.  The temperature sensors failed because of bi-metallic corrosion between the copper pipe fitting and the aluminum sensor fitting.  We recommend that these sensors be replaced with dielectric fittings.  

Data Collection and Analysis

Each data logger recorded the time when the electric heaters turned on and the time at which they turned off again, with 0.5-second resolution.  All the data loggers were programmed to start collecting data on June 11, 2002, with sufficient memory for 6 weeks of data storage.  On July 25 and 26, U.S. Coast Guard personnel removed the data loggers and shipped them to NREL.  Data were recovered using the Boxcar Software by Onset Computer Corp.  Of the 25 meters installed on houses with solar, two were not retrieved and two had zero readings.  Zero readings were an indication that the heater was turned off at the breaker in a vacant house or that the data logger was not operating.  Of the 25 meters for houses without solar, one was lost and seven had zero readings.  Vacant units were not included in this evaluation of solar system performance; therefore,  21 units with solar and 17 units without solar constituted the survey, for a total of 38 houses providing data.  A sample of data collected from one of the housing units with solar water heating and one without is illustrated in Fig. 4.  The table of “on” and “off” transition times for each data logger was converted to interval data by software that calculated the percentage “on” time for each 15-minute utility billing period.  The percent “on” time multiplied by the power rating was the average power for the 15-minute period. 

Parasitic Power for Solar Pump and Controller

Electric power used by the solar system itself was subtracted from the savings to arrive at an accurate cost savings estimate.  Each pump used 60 W of power when operating, and the controller consumption was neglected.  Run time was estimated at 6 hours per day for a daily parasitic energy load of 0.36 kWh/day (131.4 kWh/year).  The portion of this pump energy recovered as heated water is captured in the savings measurement.  Unlike the electric heating elements, which were unlikely to be on at the same time, the solar pumps were likely to be on simultaneously. The total demand of all 60 installed solar water heaters could be as high as 3.6 kW.

Electrical Power Demand (kWh) Savings

Demand charges and savings depended on the peak demand of the whole facility (not just the water heaters), and the facility peak usually occurred between the hours of 5 pm and 9 pm.  During these 4 hours, water-heating electrical demand at 15-minute intervals peaked at 12.2 kW at 8:15 pm on July 10, 2002, for the 21 houses with solar water heating (0.58 kW/house).  Electrical 15-minute water-heating demand for the 17 houses without solar water heating peaked at 38.6 kW at 7:45 pm July 11, 2002 (2.27 kW/house).  Water-heating electric demand peaked  in the morning for houses with and without solar, but demand charges were assessed in the evening.  Solar is effective at eliminating the evening demand peak.  For this sample of houses, demand savings resulting from solar were estimated at 1.68 kW/house, minus the 60 W to run the pump, for a net demand reduction of 1.62 kW.  Extrapolating to the total population of 60 houses with solar water heating, demand savings were estimated at 97.2 kW.    

The hourly electric water-heating load with and without solar water heating is presented in Fig. 6.  

Measured Electrical Energy (kWh) Savings

Electrical energy use for water heating accumulated over the monitoring period is illustrated in Fig. 7.  Water-heating energy use for the 17 houses without solar water heating over the 43-day monitoring period totaled 8147 kWh, or an average of 11.1 kWh/day/house.  Water heating energy use for the 21 houses with solar water heating for the 43-day period totaled 2330 kWh, or 2.5 kWh/day/house.  Thus, an average savings of 8.6 kWh/day was attributed to the solar water-heating systems during the monitoring period.  The monitoring period spanned the summer solstice, thus covering the longest days of the year.  In the following section of this report, annual energy savings are estimated by modeling daily energy savings as a function of weather and load.   

Simultaneous Weather Information

Weather data for the assessment period (June 11 to July 25, 2002) was obtained from  measurements made at a large photovoltaic system installed by Powerlight Corp at JN Automobile Showroom in Honolulu.  Table 1 displays horizontal insolation , ambient temperature, and wind speed for the monitoring period from June 11 to July 24, 2002.  This measured data was compared with Typical Meteorological Year (TMY) data for the same dates.  Figure 8 illustrates global horizontal daily radiation and daily average of wind speed and temperature measured in Honolulu during the monitoring period.

Table 1.  Weather data measured during the testing period from 6/11/02 to 7/24/02, and data from Typical Meteorological Year for the time period 6/11 to 7/24

	Parameter to be Measured
	Measured in Honolulu
6/11/02 to 7/24/02
	Typical Meteorological Year
6/11 to 7/24

	Horizontal Daily Average Solar Insolation (kWh/m2/day)
	6.89
	6.48

	Average Temperature (°C )
	25.32
	25.77

	Average Wind speed (m/s)
	2.47
	5.32


Measured Solar Water Heating System Efficiency

The plane of array (tilted = latitude) insolation corresponding to 6.89 kWh/m2/day horizontal insolation for the monitoring period is 6.26 kWh/m2/day [5].  The measured system efficiency is calculated as follows:

	Measured Efficiency = (8.6 kWh/day savings- 0.36kWh/day for pump) / (6.26 kWh/day insolation) / (5.9 m2 gross collector area) = 0.22.  
	(2)


In other words, electrical energy saved corresponded to 22% of the solar energy striking the collector during the monitoring period of June 11 to July 24, 2002.

Estimated Annual Energy and Cost Savings

Daily energy savings per house resulting from solar is estimated by linear regression of savings measured during the testing period with the following four parameters: Average Daily Solar Plane-of-Array Insolation (kWh/m2/day), Daily Average Ambient Temperature (°C ), Daily Average Wind speed (m/s), and Daily Hot Water Load per house (kWh/day/house).  The statistical fit and the coefficients constituting the model are listed in Table 2.  Referring to the “Standard Error” of (Table 2), it is evident that savings are a very strong function of the water-heating load (good correlation), which is not surprising because load is a parameter in estimating savings (savings equal load without solar minus load with solar).  Annual savings are a weak function of environmental conditions (which don’t change much in Hawaii due to the tropical climate).   Plane of array insolation was estimated by multiplying daily horizontal solar radiation by the ratio of solar radiation on a tilted surface to that on the horizontal surface [5].  The agreement between the statistical model and the measured savings is illustrated in Fig. 9.

Table 2.  Linear Regression Statistics and Model for Daily Energy Savings (kWh/day/house) as a function of Plane-of-Array Insolation (kWh/m2/day), Ambient Temperature (°C), Wind Speed (m/s) and Daily Hot Water Load (kWh/day/house)

	Linear Regression Statistics
	

	Metric
	
	

	Multiple R
	   0.881664
	

	R Square
	   0.777331
	

	Adjusted R Square
	   0.750341
	

	Standard Error
	   0.748481
	

	Observations
	38
	

	Parameter Measured 
	Coefficients
	Standard Error

	Intercept
	2.7700
	9.459809

	Daily Solar (kWh/m2/day)
	0.1590
	0.119507

	Temperature (°C)
	0.0219
	0.378879

	Wind Speed (m/s)
	- 0.1960
	0.326352

	Load/house (kWh/day/house)
	0.4770
	0.077466


The model described by the linear regression was supplied with Plane-of-Array solar radiation, ambient temperature, and wind speed [5] in order to estimate saving over the course of a year.  The average daily water-heating load over the monitoring period for houses without solar was 11.1 kWh/day/house, which corresponded to the amount of energy required to raise 275 kg (73 gallons) of water from ambient 25.3°C to a delivery temperature of 60°C (neglecting tank losses).  The load for other months was estimated by stipulating that the same mass of water (275 kg/day) was heated from the average ambient temperature of that month to the 60°C stipulated delivery temperature.  This resulted in a higher load, and the potential for more solar savings, in the winter months.

Table 3.  Estimate of annual energy savings per house due to solar water heaters from the statistical model of Table 2

	Month
	Daily Plane of Array Solar Insolation (kWh/m2/day)
	Ambient Temp.
 (°C )
	Wind speed (m/s)
	Daily Water Heating Load (kWh/day)
	Daily Solar Savings (kWh/day)
	Monthly Hot Water Load Per House (kWh/
month/
house)
	Monthly Solar Savings per House (kWh/
month/
house)
	Solar Fraction
	Solar Efficiency

	Jan
	4.9
	2.7
	4.3
	12.0
	8.9
	371
	276
	0.74
	0.31

	Feb
	5.5
	22.8
	4.3
	11.9
	9.0
	334
	252
	0.75
	0.28

	Mar
	5.8
	23.6
	5.0
	11.7
	8.8
	362
	273
	0.75
	0.26

	Apr
	5.9
	24.3
	5.1
	11.5
	8.7
	344
	261
	0.76
	0.25

	May
	5.9
	25.3
	5.3
	11.1
	8.5
	345
	265
	0.77
	0.25

	June
	5.9
	26.3
	5.4
	10.8
	8.4
	325
	252
	0.78
	0.24

	July
	6.2
	26.9
	5.7
	10.6
	8.3
	329
	257
	0.78
	0.23

	Aug
	6.2
	27.4
	5.4
	10.5
	8.3
	324
	257
	0.79
	0.23

	Sep
	6.2
	27.2
	4.9
	10.5
	8.4
	316
	252
	0.80
	0.23

	Oct
	5.7
	26.4
	4.6
	10.8
	8.5
	334
	263
	0.79
	0.25

	Nov
	5.1
	25.1
	4.6
	11.2
	8.6
	336
	257
	0.77
	0.28

	Dec
	4.8
	23.4
	4.3
	11.7
	8.8
	364
	273
	0.75
	0.31

	Annual
	5.7
	25.1
	4.9
	11.2
	8.6
	4,086
	3,139
	0.77
	0.26


Results indicated that energy use for water heating per house was reduced by 3139 kWh/year by the solar water heaters.  The parasitic 131 kWh/year to run the pump was subtracted for a net energy savings of 3008 kWh/year.  The fraction of the water-heating energy requirement supplied by solar, on an annual average, was as follows:

	Solar Fraction = (3008 kWh/year solar savings) / (4086 kWh/year load) = 0.74
	(3)


On an annual average, the efficiency of the solar water heaters was calculated as follows:

	Solar Efficiency = (8.6 kWh/house/day solar savings – 0.36 kWh/day for pump) / 

(5.7 kWh/m2/day solar insolation) / (5.9 m2 collector area) = 0.24
	(4)


The solar water heaters converted 24% of the annual radiant solar energy to hot water energy.  

Cost savings were estimated assuming that the solar savings came “from the middle” of the HECO Schedule P rate structure: $9.50/kW (for demand from 500 to 1000 kW) and $0.064/kWh (for energy from 200 to 400 kWh/kW).  Demand savings of 1.62 kW per house resulted in a $185/year cost savings, and energy savings of 3008 kWh per year saves $196.  Annual cost savings per house was thus $380.  Savings for the group of 60 houses with solar already installed was estimated at $22,800/year.

Conclusions

This study presents measured data for the purpose of evaluating the performance of solar water heaters at U.S. Coast Guard housing in Honolulu, Hawaii, in order to guide future decisions regarding similar installations.  The detailed load and time-of-use information may be useful for designers, utilities, state agencies, or others implementing solar water heating programs in Hawaii.  Each of the systems cost $3,200 after the HECO rebate.  Using the currently specified present worth factor of 17.1 (corresponding to 25-year analysis period) from NIST [6], the savings to investment ratio (SIR was calculated as follows:

	SIR = ($380/year) ((17.1 years)/($3,200) = 2.03.
	(5)


Regulation 10 CFR 436 defines projects as cost effective if the SIR is larger than 1.0.  Thus, solar water heating is cost effective in this application.  The combination of uniform solar resource, avoided high cost of energy, and competitive solar industry make the Hawaiian Islands one of the best opportunities for cost-effective solar water heating projects.
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Appendix A Review of 1996 and 1998 Monitoring Study

FEMP directed NREL to measure electric water heater demand profile on a sample of 47 of the housing units before installation of the solar systems.  Results of this 1996 study indicated that the two-bedroom units used an average of 10.1 kWh/day for electric water heating, the three-three bedroom units averaged 15.0 kWh/day, and the four-bedroom units averaged 17.2 kWh per day.  Total annual water heating energy consumption for the 278 houses was estimated at 1,534,000 kWh, and the associated annual energy cost to the Coast Guard was $142,882/year.  After installation of the solar water heaters, data were recorded in nine houses for 10 months in 1998, indicating that average per house water heating electricity consumption dropped from 15.0 kWh/day to 1.9 kWh/day, a savings of 87% (the solar systems were designed to save 90%).  Baseline water heating energy use for houses without solar water heating was reduced from 15.0 kWh/day in 1996 to 11.1 kWh/day in 2002.  This difference is attributed to the installation of timers to control electric demand by turning heaters off, to changes in heaters and hot-water appliances, and to changes in occupant behavior.  Water-heating electric energy use for houses with solar increased from 1.9 kWh/day in 1998/99 to 2.5 kWh/day in 2002, a difference that could be attributed to a degradation in solar system performance, but may also  result from the sample size (the 1.9 kWh/day is the average of only nine houses, 2.5 kWh/day is the average of 21 houses).
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Figure 3
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Figure 4

[image: image5.jpg]15-minute demand (kW)

With Solar

Without Solar

386 kW peak ' ‘

12.2 KW peak

600 1200 1800 000

time of day

16-minute demand (kW)

000 600 1200 1800 000

time of day





Figure 5
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Figure 6

[image: image7.jpg]~ With Solar — Without Solar|

9000 §
8000

~
o
=]
=]

000

FNRS .
=}
=}
=}

000

w
S
=}
s}

2000
1000
0 - T

Water Heat Electric Energy
Consumed (kWh)

6/11/02 6/18/02 6/25/02 7/2/02 7/9/02 7/16/02 7/23/02
date



 

Figure 7.
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Figure 8
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Figure 9

List of Figure Captions

Fig. 1.  Daily energy savings per house as predicted by the statistical model of Table 2 versus actual savings measured during the testing period (6/11 to 7/24/02).  The 45-degree line indicates perfect agreement.

Fig. 2.  Solar water-heating systems on the roof of houses in Kiai Kai Hale U.S. Coast Guard Housing Area, Honolulu, Hawaii

Fig. 3. Diagram of the Solar Water Heating Systems considered in this study

Fig. 4.  Hourly Load Profile, averaged for 21 houses with solar water heating and 17 houses without.  Profile is for the monitored period from 6/11 to 7/24/02.   Solar water heating decimates (do you really mean “decimate”?) the evening peak electrical use for water heating.

Fig. 5.   The number of houses that would have to be monitored to achieve a specified relative error

Fig. 6.  Raw data from two houses showing time series "on/off" status of water heaters in a house without (top) and with (below) solar water-heating systems, for the period from 6/11/02 to 7/24/02.  The electric water heater is on when the data logger records a 1, off when it records a 0.

Fig. 7.  Electrical water heating demand (15-minute averages) for 21 houses with solar water heating and 17 houses without solar water heating, showing peak water-heating demand during utility evening peak (5 pm to 9pm)  

Fig. 8. Accumulated Electric Water-Heating Energy Consumption (kWh) for 21 houses with solar water heating and 17 houses without

Fig. 9.  Daily global solar radiation on the horizontal insolation?, wind speed, and ambient temperature measured in Honolulu during the monitoring period
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