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STATE OF HAWAII SOLAR WATER HEATING IMPACT ASSESSMENT (1977-2011)

1.0 EXECUTIVE SUMMARY:

This report reviews the number of solar water heating systems installed throughout the State of
Hawaii since the state tax credit for solar systems was first implemented in 1977, and analyzes
the savings in fossil fuels and electricity realized by their installation over the past 20 years from
1992 through 2011. The primary findings of this analysis are as follows:

e The total number of solar water heating systems installed since 1977 is 103,305.

e Based on an average 20 year life expectancy, the 74,018 total aggregate systems
installed from 1992 through 2011 currently saves the State 152,847 MWh in electricity
per year, which is sufficient to power 21,695 homes annually.

e This avoided electricity savings corresponds to an annual savings of 221,337 barrels of
fuel oil that would have otherwise been required to generate this electricity, and a
resulting reduction of 116,699 tons in annual avoided CO2 emissions.

¢ The total estimated value of the solar water installations that were installed cumulatively
over the 20 year period from 1992 through 2011 is approximately $332 million.

o The estimated value of the State Tax Credits that were provided under the same period

totaled approximately $116 million.

There is a direct correlation between the number of solar water heating installations

installed annually and the level of support from State and Federal credits.

2.0 SOLAR WATER HEATING IMPACT ASSESSMENT

From the inception of the State Tax Credit for solar water heating systems, the total number of
solar systems that have been installed in the State of Hawaii from 1977 to 2011 was 103,305.
These installations include those that were replaced over the years so the actual number of

solar systems in service is lower.

Since solar water heating systems have a 20 year project life, the present impact of the solar
heating systems that are installed and operating is conservatively estimated based on the
systems that have been installed over the past 20 years from 1992 through 2011. Based on
the methodology and basis for assessment analysis presented in the subsequent sections, the

annual aggregate and cumulative impact of the installation of the solar water systems over the



most current 20 year period is conservatively estimated and summarized in Table 1 below and

in the Figures that follow:

Table 1. Solar Water Heating System Impact Assessment (1992 - 2011)

Total Total
Aggregate | Aggregate
Number of | Aggregate Total Fuel Qil Avoided Ave Solar
Solar Number of | Aggregate | savings at coz2 Water
Water Solar Annual 9123 Emissions Heating Estimated
Heating Water MWh BTU/KWh |at 1527 Ibs System Total Annual
Systems Heating | Savings at | heatrate | Co2/MWH Installed Solar Water Estimated
Installed | Systems 2065 {Barrels of | (tons of Cost ($ Heating Total Annual
Statewide | Installed |[KWh/yr per] oil Per Co2 Per TAX CREDIT LEVEL per Installed Cost| State Tax
Year PerYear |Since 1992| System Year) Year) Total | State | Federal | system) Basis (S) Credit (5)
1992 1,261 1261 2604 3771 1988| 35%| 35% 0%| $3,440| Actual Data| $4,337,840] $1,518,244
1993 1,500 2761 5701 8256 4353 35%| 35% 0%| $3,440] From1992] 45,160,000 $1,806,000
1994 1,744 4505 9303 13471 7103| 35%| 35% 0% $3,440| From 1992 $5,999,360 $2,099,776
1995 1,200 6305 13020 18854 9941| 35%| 35% 0% $3,440| From 1992 $6,192,000 $2,167,200
1996 2,043 8348 17239 24963 13162 35%| 35% 0%| 53,440 From 1992| 57,027,920| 52,459,772
1997 2,750 11098 22917 33187 17497| 35%| 35% 0%| 53,440[ From 1992| $9,460,000] 53,311,000
1998 3,586 14684 30322 43910 23151| 35%| 35% 0%| 53,440 From 1992| 512,335,840| 54,317,544
1599 3,599 18283 37754 54672 28825| 35%| 35% 0%| 53,440 From 1992| $12,380,560| 54,333,196
2000 3,473 21756 44926 65057 34301 35%| 35% 0%| $3,440] From1992| $11,947,120] 34,181,492
2001 2,846 24602 50803 73568 38788 35%| 35% 0%| $3,440[ From1992| $9,790,240] $3,426,584
2002 3,094 27696 57192 82820 43666| 35%| 35% 0% $3,440| From 1992| $10,643,360 $3,725,176
2003 3,363 31059 64137 92876 48968 35%| 35% 0%| $3,440 From1992| $11,568,720] 34,049,052
2004 3,014 34073 70361 101889 53720| 35%| 35% 0%| 43,440 From1992| $10,368,160] $3,628,856
2005 3,531 37604 77652 112448 59288| 35%| 35% 0% $3,440| From 1992| 512,146,640 54,251,324
2006 4,534 42138 87015 126006 66436 65%| 35% 30% $5,250| Actual Data| $23,803,500 58,331,225
2007 5411 47549 98189 142187 74967 ©65%| 35% 30%| 55,250| Actual Data| 528,407,750 59,942,713
2008 8,424 55973 115584 167377 88249| 65%| 35% 30% $5,250| Actual Data| $44,226,000| 515,479,100
2009 8,974 64947 134116 194212 102397| 65%| 35% 30%| 55,250| Actual Data| 547,113,500| 516,489,725
2010 5,597 70544 145673 210949 111222 B5%| 35% 30%| 56,600| Actual Data| $36,940,200] $12,929,070
2011 3,474 74018 152847| 221337 116699 65%| 35% 30%| $6,625| Actual Data| $23,015,250] $8,055,338
Totals
Over the
20 Year
Period
(1992-
2011):
74018 74018 1237356| 1791810 944722 $332,863,960| 5116,502,386

For the purpose of comparison with the latest available data on Hawaii total petroleum use and

total electrical consumption in 2010, the 70,544 total solar water heating systems that were

installed over the past 19 years from 1992 to 2010 saved an aggregate of 145,673 MWh per

year in electricity. This amounted to an annual savings of 210,949 barrels of fuel oil that would

have otherwise been required to generate this electricity, and a resulting reduction of 111,222




tons in avoided CO2 emissions. Accordingly to Table F15: Total Petroleum Consumption
Estimates, 2010, (Attachment 6) and the Hawaii Energy Statistics (Attachment 7), the State of
Hawaii consumed a total of 12,610,000 barrels of oil to generate 10,013,000 MWh of electricity
in 2010. The 70,544 total solar water heating systems that were in use in 2010 resulted in a
1.7% reduction in total fuel oil used for electricity and a 1.5% reduction in electrical consumption
Statewide. The total aggregate electrical savings in 2010 from the installation of solar water
heating systems was sufficient to displace the total annual electrical use of 20,677 homes,
based on the average household electrical use of 7,045 kwh per year from the State of Hawaii
Energy Data and Trends March 2011 Table 5.8 (Attachment 8).

For the most recent year in 2011, the 74,018 total solar water heating systems that have been
installed over the past 20 years saved an aggregate of 152,847 MWh per year in electricity.
This amounted to an annual savings of 221,337 barrels of fuel oil that would have otherwise
been required to generate this electricity, and a resulting reduction of 116,699 tons in avoided
CO2 emissions. Using the same State of Hawaii Energy Data and Trends data, the total
aggregate electrical savings in 2011 from the installation of solar water heating systems was

sufficient to displace the electricity used by 21,695 homes annually.

The total estimated value of the solar water installations that were installed cumulatively over
the 20 year period from 1992 through 2011 is approximately $332 million, and the estimated

value of the State Tax Credits that were provided totaled approximately $116 million.

Figure 1 illustrates the number of solar water installations that have been installed annually from
1992 through 2011. There is a significant increase in the number of systems installed during
the 2008 through 2010 timeframe which appears attributable to the reinstitution of the Federal
tax credits in 2006.



Figure 1. Number of Solar Hot Water Heating Systems Installed
Annually Versus the Total Tax Credit Rate (1992-2011)
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The aggregate impact of the number of solar water installations that have been installed from

1992 through 2011 on avoided electrical use is shown in Figure 2. The cumulative to date

savings resulting from the 74,018 total solar water heating systems installed between 1992

through 2011 totaled 1,237,356 MWh in electricity over this 20 year period.
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Figure 2. Aggregate Impact of Solar Water Heating Systems Installed
Statewide on Avoided Electrical Consumption Per Year (1992-2011)
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The aggregate impact of the number of solar water installations that have been installed from

1992 through 2011 on avoided fuel oil use and CO2 emissions is shown in Figure 3. The

cumulative impact of the solar water heating systems has resulted in a total savings of

1,791,810 barrels of fuel oil that would have otherwise been required to generate this electricity,

and a 944,722 ton reduction in avoided CO2 emissions over the entire period from 1992-2011.




Figure 3. Aggregate Impact of Solar Water Heating Systems Installed
Statewide on Avoided Fuel Qil Use & CO2 Emissions Per Year
(1992-2011)
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Based on this assessment, the installation of solar water heating systems in Hawaii over the
past 20 years has made a significant contribution in reducing electrical energy use and the
amount of fuel oil imported to the State, while also lowering the amount of CO2 and other flue

stack air emissions that would have otherwise been generated.

3.0 METHODOLOGY/BASIS FOR ASSESSMENTANALYSIS:

3.1 Quantification of Solar Water Heating Systems Installations:

The number of solar water heating system installations in the State of Hawaii for the period from
1992 through 2011 of 74,018 systems installed cumulatively over this period was derived from
“Solar System Tax Credits Claimed (1977-2011)" (See Attachment 1). This data was derived
and compiled from the following sources which are documented on page 2 of the report: the
State of Hawaii Tax Reports, the Hawaii Solar Energy Association (HSEA), the electric utility
companies (HECO, HELCO, MECO, and KIUC), Hawaii Energy, DBEDT, and the Military. The




solar water installations tallied during this period reflect the number of systems that were
documented to have received State and Federal tax credits and electric utility rebates. Since
the life expectancy of a solar water heating system is 20 years (see Attachment 2 - Solar Water
Heaters : ENERGY STAR), it is assumed all of the solar water systems installed over the past
20 years are still in service at this time. While some of these systems may have already been
replaced, it is reasonable to assume that the majority of these systems have remained
operational. In addition, some of the older solar water systems during the preceding period from
1977 through 1991 that total an additional 29,287 installations that are not included in this
assessment also remain functional and would actually increase the impact of the solar system
installed over the past 20 years if they were also counted. It is also assumed that all of these
solar water heating systems were installed to displace the use of electrical water heaters since

the electric utility company rebates provided a significant incentive for their installation.

3.2 Estimate of Avoided Electrical Use per Solar Water Heating System Installation:

The avoided electrical consumption per solar water heating system of 2,065 kwh per year per
system is based on the analysis from Hawaii Energy - Technical Reference Manual No. 2011
Program Year 3 July 2011 to June 2012 (Excerpt pages 18-26 — Attachment 3). This analysis

is based on the following which appear to be reasonable:

Average Hot Water Use Per Person: 13.3 Gallons per day
Average Occupants per Solar Water Heating System: 3.77
Final Water Heating Temperature: 130 degrees F

1
2
3
4. Initial Cold Water Supply Temperature: 75 degrees F
5 Electrical Resistance Heater COP: 0.90

6

Fraction of Water Heating Accomplished by Solar on an Annual Basis: 90%

The Hawaii Energy estimate of 2,065 kwh per year of electricity use avoided by installation of
each solar water heating system is also consistent with an independent study, “Saying Mahalo
to Solar Savings: A Billing Analysis of Solar Water Heaters in Hawaii,” (Attachment 4) that was
prepared in conjunction with the Hawaii Public Utilities Commission . This report calculated the
savings of solar water heating installations in Hawaii using a statistical analysis of the utility bills
before and after the solar water heating systems were installed in 6,302 homes in 2009 and
2010. According to their summary, “ ... Our impact estimate of 1,912 kWh is close to the

current ex ante savings value of 2,066 kWh included in the Hawaii Energy PY2010 Technical



Reference Manual (TRM). Given that the savings estimates are so close, we did not

recommend any change to the TRM value currently in use by the program...”
Based on these two reports, the avoided electrical consumption per solar water heating system
of 2,065 kwh per year per system appears reasonable and is the basis for the electrical savings

utilized in this assessment.

3.3 Estimate of Avoided Fossil Fuel and Carbon Dioxide Emissions:

The fossil fuel consumption and carbon dioxide emissions avoided from the savings in electricity
due to the installation of the solar hot water heating systems is based on the heat rate of 9,123
Btu/kwh and a CO2 Emission Factor of 1,527 Ib/Mwh for the average of all electrical power
generation in the Hawaiian Islands. These figures were developed in the analysis from “Fuel
and Carbon Dioxide Emissions Savings Calculation Methodology for Combined Heat and Power
Systems, U.S. Environmental Protection Agency, Combined Heat and Power Partnership
August 2012" (Attachment 5). A conversion factor of 150,000 Btu per gallon was used to

convert from energy to residual fuel oil.

4.0 REFERENCES:

1. Solar System Tax Credits Claimed (1977-2011), Ron Richmond (Attachment 1)
2. Solar Water Heaters : ENERGY STAR,

http://www.energystar.gov/index.cfm?c=solar_wheat.pr_savings_benefits (Attachment 2)

3. Hawaii Energy - Technical Reference Manual No. 2011 Program Year 3 July 2011 to June
2012 (Excerpt pages 18-26 — Attachment 3)

4.  Saying Mahalo to Solar Savings: A Billing Analysis of Solar Water Heaters in Hawaii,
Jenny Yaillen, Evergreen Economic/Chris Ann Dickerson, CAD Consulting/Wendy
Takanishi and John Cole, Hawaii Public Utilities Commission (Attachment 4)

5.  Fuel and Carbon Dioxide Emissions Savings Calculation Methodology for Combined Heat
and Power Systems, U.S. Environmental Protection Agency, Combined Heat and Power
Partnership August 2012 (Attachment 5)

6. Table F15: Total Petroleum Consumption Estimates, 2010, U.S. Energy Information
Administration (Attachment 6)

7. Hawalii Energy Statistics http://energy.hawaii.gov/resources/dashboard-statistics
(Attachment 7)

8.  State of Hawaii Energy Data and Trends March 2011 Table 5.8 (Attachment 8)




ATTACHMENT 1

TAX CREDITS CLAIMED (1977-2011)
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ATTACHMENT 2

PY11 - HAWAII ENERGY TECHNICAL REFERENCE MANUAL NO. 2011 (PAGES 18-26)
SECTION 8. (REEM) RESIDENTIAL ENERGY EFFICIENCY MEASURES



Hawaii Energy - Technical Reference Manual No. 2011
Program Year 3 July 2011 to June 2012

8 (REEM) Residential Energy Efficiency Measures
8.1 High Efficiency Water Heating

8.1.1 Solar Water Heater
Measure ID: See Table 7.3

Version Date & Revision History

Draft date: February 24, 2010
Effective date: July 1, 2010
End date: TBD

Referenced Documents:
e Energy and Peak Demand Impact Evaluation Report of the 2005-2007 Demand
Management Programs — (KEMA 2005-07)
e Econorthwest TRM Review — 6/23/10
o Evergreen TRM Review — 2/23/12

TRM Review Actions:

e 6/23/10 Rec. # 6 — For PY 2010, adjust claimed demand savings based on participant data from
all service territories covered. Adjust Demand Savings based on participant data weighted
average of KEMA results across all counties. Change from 0.50 to 0.46 kW. non-military —
Adopted and incorporated into PY2010-1 TRM.

e 6/23/10 Rec. # 7 - For PY 2010, include a discussion of shell losses in the savings analysis and
supporting documentation. Discussion included in PY2010-1 TRM.

e 10/5/11 — Currently Under Review.

Major Changes:
o Eliminated Military figure as no foreseeable military retrofit applications will be received.
o Demand change to weighted average from KEMA 2008. 0.46 kW
e Changed individual water usage from 13.3035 to 13.3

Measure Description:

Replacement of Electric Resistance Water Heater with a Solar Water Heater designed for a 90% Solar
Fraction. The new Solar Water Heating systems most often include an upgrade of the hot water storage
tank sized at 80 or 120 gallons.

Systems must comply with Hawaii Energy Solar Standards and Specifications which call out:
= Panel Ratings
= System Sizing
= [nstallation orientation de-rating factors
= Hardware and mounting systems

Shell Losses:

The increase in size from a 40 or 60 gallon to an 80 or 120 gallon standard electric resistance water
heater would in and of itself increase the “shell” losses of the system. These shell losses are the result of
a larger surface area exposing the warm water to the cooler environment and thus more heat lost to the
environment through conduction through the tank. Engineering calculations by Econorthwest puts this at
a 1% increase in losses. This is further reduced by 90% as the solar water system provides that fraction
of the annual water heating requirements.

18




Hawaii Energy - Technical Reference Manual No. 2011
Program Year 3 July 2011 to June 2012

Baseline Efficiencies:

Baseline usage is a 0.9 COP Electric Resistance Water Heater. The baseline water heater energy
consumption is by a single 4.0kW electric resistance element that is controlled thermostatically on/off
controller based of tank finish temperature set point. The tank standby loss differences between baseline
and high efficiency case are assumed to be negligible.

Demand Baseline has been determined by field measurements by KEMA 2005-07 report. The energy
baseline also comes from the KEMA 2005-07 report and is supported by engineering calculations shown
in this TRM.

Building Types Demand Baseline(kW) Energy Baseline (kWh)
Residential 0.57 2,733

High Efficiency:

Solar Water Heater designed for a 90% Solar Fraction. The Solar Systems use solar thermal energy to
heat the water 90% of the time and continue to utilize electricity to operate the circulation pump and
provide heating through a 4.0 kW electric resistance element when needed.

Solar Contractors do not favor Photo-Voltaic powered DC circulation pumps as they have proven less
reliable in the field than an AC powered circulation pump.

The electric resistance elements in the high efficiency case do not have load control timers on them.

The energy is the design energy of a 90% solar fraction system with circulation pump usage as metered
by KEMA 2008.

The on peak demand is the metered demand found by KEMA 2008.

_ Demand High Energy High Circ. Pump %
Bulleling Tipes Efficiency (kW) Efficiency (kWh)
Residential 0.07 379 28%

Energy Savings:

Solar Water Heater Gross Savings before operational adjustments:

o Demand Savings Energy Savings
Building Types (kW) 9 g(’li/Wh) 9
Residential 0.46 2,354
Operational Factor Adjustment Factor
Solar Fraction Performance (sfp) 0.94
Persistence Factor (pf) 0.93
Demand Coincidence Factor (cf) 1.0

Solar Water Heater Net Savings after operational adjustments:

Demand Savings Energy Savings
(kW) (kWh)
Residential 0.46 2,065

Building Types
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Savings Algorithms

|Solar Water Heater - Non-Military Single Family Home

Energy per Day (BTU) = (Gallons per Day) x (Ibs. per Gal.) x (Temp Rise) x (Energy to Raise Water Temp)

Hot Water needed per Person
Average Occupants
Household Hot Water Usage

Mass of Water Conversion
Finish Temperature of Water
Initial Temperature of Water

Temperature Rise

Energy to Raise Water Temp

13.3 Gallons per Day per Person
3.77 Persons

50.141 Gallons per Day
8.34 |bs/gal
130 deg. F Finish Temp
75 deg. F Initial Temp

55 deg. F Temperature Rise

1.0 BTU/ deg. F/ Ibs.

Energy per Day (BTU) Needed in Tank

Energy per Day (BTU) Needed in Tank

BTU to kWh Energy Conversion

Energy per Day (kWh)

Days per Month

Energy (kWh) per Month

Days per Year

Energy (kWh) Needed in Tank to Heat Water per Year
Elec. Res. Water Heater Efficiency

Base SERWH Energy Usage per Year at the Meter

Design Annual Solar Fraction

Energy Usage per Year at the Meter

Back Up Element Energy Used at Meter

Circulation Pump Energy
Pump Hours of Operation
Pump Energy used per Year

Back Up Element Energy Used at Meter
Pump Energy used per Year

Design Solar System Energy Usage

Base SERWH Energy Usage per Year at the Meter
Design Solar System Energy Usage
Design Solar System Energy Savings

Design Solar System Energy Savings
Performance Factor
Persistance Factor

23,000 BTU/Day

23,000 BTU/Day

3,412 kWh /BTU
6.7 kWh / Day
30.4 Days per Month
205 kWh / Month
365 Days per Year

2,459 kWh / Year
0.90 COP

2,732 kWh/ Year

90% Water Heated by Solar System
10% Water Heated by Remaining Backup Element

2,732 kWh / Year
10% Water Heated by Remaining Backup Element

273 kWh/ Year

0.082 kW
1,292 Hours per Year
106 kWh / Year

273 kWh/ Year
106 kWh / Year
379 kWh/ Year

2,732 kWh/ Year
379 kWh/ Year
2,353 kWh / Year

2,353 kWh / Year
0.94 pf
0.93 pf
2,065 kWh/ Year

Residential Solar Water Heater Energy Savings

2,065 kWh / Year Savings

Base SERWH Element Power Consumption
Coincidence Factor
Base SERWH On Peak Demand

Base SERWH On Peak Demand
Solar System Metered on Peak Demand

4.0 kW
0.143 cf
0.57 kW On Peak

0.57 kW On Peak
0.11 kW On Peak

0.46 kW On Peak

Residential Solar Water Heater Demand Savings

0.46 kW Savings
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Operating Hours
See Table above.

Loadshape
TBD

Freeridership/Spillover Factors
TBD

Persistence
The persistence factor has been found to be 0.93 based in the KEMA 2005-07 report that found 7% of the
systems not operational.

Lifetime
15 years

Measure Costs and Incentive Levels

Table 1 — SWH Measure Costs and Incentive Levels
Description Unit Incentive Incremental Cost
Non-Military $ 750 $6,600

Component Costs and Lifetimes Used in Computing O&M Savings
TBD

Reference Tables
None
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8.1.2 Solar Water Heating Loan Interest Buydown (LIB)
Measure ID: See Table 7.3

Version Date & Revision History

Draft date: May 22, 2011
Effective date: November 1, 2011
End date: TBD

Referenced Documents:
e Energy and Peak Demand Impact Evaluation Report of the 2005-2007 Demand
Management Programs — (KEMA 2005-07)
o Econorthwest TRM Review — 6/23/10
e Evergreen TRM Review — 2/23/12

TRM Review Actions:

e 6/23/10 Rec. # 6 — For PY 2010, adjust claimed demand savings based on participant data from
all service territories covered. Adjust Demand Savings based on participant data weighted
average of KEMA results across all counties. Change from 0.50 to 0.46 kW. non-military —
Adopted and incorporated into PY2010-1 TRM.

e 6/23/10 Rec. # 7 - For PY 2010, include a discussion of shell losses in the savings analysis and
supporting documentation. Discussion included in PY2010-1 TRM.

e 10/5/11 — Currently Under Review.

Major Changes:
o Eliminated Military figure as no foreseeable military retrofit applications will be received.
¢ Demand change to weighted average from KEMA 2008. 0.46 kW
o Changed individual water usage from 13.3035 to 13.3

Measure Description:

The Solar Water Heating Loan Interest Buydown Program offers eligible borrowers an interest buy down
of $1,000 (with a minimum loan of $5,000) toward the financing of a solar water heating system from a
participating lender — see www.hawaiienergy.com for a list of participating lenders.

Replacement of Electric Resistance Water Heater with a Solar Water Heater designed for a 90% Solar
Fraction. The new Solar Water Heating systems most often include an upgrade of the hot water storage
tank sized at 80 or 120 gallons.

Systems must comply with Hawaii Energy Solar Standards and Specifications which call out:
= Panel Ratings
= System Sizing
= [nstallation orientation de-rating factors
= Hardware and mounting systems

Shell Losses:

The increase in size from a 40 or 60 gallon to an 80 or 120 gallon standard electric resistance water
heater would in and of itself increase the “shell” losses of the system. These shell losses are the result of
a larger surface area exposing the warm water to the cooler environment and thus more heat lost to the
environment through conduction through the tank. Engineering calculations by Econorthwest puts this at
a 1% increase in losses. This is further reduced by 90% as the solar water system provides that fraction
of the annual water heating requirements.

Baseline Efficiencies:

Baseline usage is a 0.9 COP Electric Resistance Water Heater. The baseline water heater energy
consumption is by a single 4.0 kW electric resistance element that is controlled thermostatically on/off
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controller based of tank finish temperature set point. The tank standby loss differences between baseline
and high efficiency case are assumed to be negligible.

Demand Baseline has been determined by field measurements by KEMA 2005-07 report. The energy
baseline also comes from the KEMA 2005-07 report and is supported by engineering calculations shown
in this TRM.

Building Types Demand Baseline(kW) Energy Baseline (kWh)
Residential 0.57 2,733

High Efficiency:

Solar Water Heater designed for a 90% Solar Fraction. The Solar Systems use solar thermal energy to
heat the water 90% of the time and continue to utilize electricity to operate the circulation pump and
provide heating through a 4.0 kW electric resistance element when needed.

Solar Contractors do not favor Photo-Voltaic powered DC circulation pumps as they have proven less
reliable in the field than an AC powered circulation pump.

The electric resistance elements in the high efficiency case do not have load control timers on them.

The energy is the design energy of a 90% solar fraction system with circulation pump usage as metered
by KEMA 2008.

The on peak demand is the metered demand found by KEMA 2008.

- Demand High Energy High Circ. Pump %
ETiEling e Efficiency (kW) Efficiency (kWh)
Residential 0.07 379 28%

Energy Savings:

Solar Water Heater Gross Savings before operational adjustments:

- Demand Savings Energy Savings
Building Types (kW) 9 %I{Wh) 9
Residential 0.46 2,354
Operational Factor Adjustment Factor
Solar Fraction Performance (sfp) 0.94
Persistence Factor (pf) 0.93
Demand Coincidence Factor (cf) 1.0

Solar Water Heater Net Savings after operational adjustments:

Demand Savings Energy Savings
(kW) (kWh)
Residential 0.46 2,065

Building Types
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Savings Algorithms

|So|ar Water Heater - Non-Military Single Family Home

Energy per Day (BTU) = (Gallons per Day) x (Ibs. per Gal.) x (Temp Rise) x (Energy to Raise Water Temp)

Hot Water needed per Person
Average Occupants
Household Hot Water Usage

Mass of Water Conversion
Finish Temperature of Water
Initial Temperature of Water

Temperature Rise

Energy to Raise Water Temp

13.3 Gallons per Day per Person
3.77 Persons

50.141 Gallons per Day
8.34 |bs/gal
130 deg. F Finish Temp
75 deg. F Initial Temp

55 deg. F Temperature Rise

1.0 BTU/ deg. F/ Ibs.

Energy per Day (BTU) Needed in Tank

Energy per Day (BTU) Needed in Tank

BTU to kWh Energy Conversion

Energy per Day (kWh)

Days per Month

Energy (kWh) per Month

Days per Year

Energy (kWh) Needed in Tank to Heat Water per Year
Elec. Res. Water Heater Efficiency

Base SERWH Energy Usage per Year at the Meter

Design Annual Solar Fraction

Energy Usage per Year at the Meter

Back Up Element Energy Used at Meter

Circulation Pump Energy
Pump Hours of Operation
Pump Energy used per Year

Back Up Element Energy Used at Meter
Pump Energy used per Year
Design Solar System Energy Usage

Base SERWH Energy Usage per Year at the Meter
Design Solar System Energy Usage
Design Solar System Energy Savings

Design Solar System Energy Savings
Performance Factor
Persistance Factor

23,000 BTU/Day

23,000 BTU/Day

3,412 kWh /BTU
6.7 kWh /Day
30.4 Days per Month
205 kWh / Month
365 Days per Year

2,459 kWh / Year
0.90 COP

2,732 kWh/ Year

90% Water Heated by Solar System
10% Water Heated by Remaining Backup Element

2,732 kWh/ Year
10% Water Heated by Remaining Backup Element

273 kWh/ Year

0.082 kW
1,292 Hours per Year
106 kWh / Year

273 kWh / Year
106 kWh / Year
379 kWh/ Year

2,732 kWh / Year
379 kWh/ Year
2,353 kWh/ Year

2,353 kWh/ Year
0.94 pf
0.93 pf
2,065 kWh/ Year

|Residential Solar Water Heater Energy Savings

2,065 kWh / Year Savings

Operating Hours
See Table above.

Loadshape
TBD

Freeridership/Spillover Factors
TBD
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Persistence
The persistence factor has been found to be 0.93 based in the KEMA 2005-07 report that found 7% of
the systems not operational.

Lifetime
15 years

Measure Costs and Incentive Levels
Hawaii Energy will be allowed to claim credit for the fraction of the energy and demand savings and total
resource benefits that is proportional to the share of customer incentive cost paid with PBFA funds.

The following distribution is provided for energy and demand impacts:

PBFA (Public Benefit Fee Administrator) 25%
ARRA (American Recovery and Reinvestment Act) 75%
Energy Savings 2065 kWh/year
Demand Savings 0.46 kW
Pre-Bonus Period (11/1/10 - 3/21/11) PBF ARRA
Energy Savings [Demand Savings Energy Savings | Demand Savings
Unit Incentive Incremental Cost |Unit Incentive |% Contribution (kWh/year) (kW) Unit Incentive |% Contribution | (kWh/year) (kw)
Military $ 1,000 $ 4,400 | $ 250 25% 516 0.12 $ 750 75% 1549 0.35
Non-Military S 1,000 | $ 6,600 | $ 250 25% 516 0.12 S 750 75% 1549 0.35
Bonus Period (3/22/11 - 6/30/11) PBF ARRA
Energy Savings |Demand Savings Energy Savings | Demand Savings
Unit Incentive Incremental Cost |Unit Incentive [% Contribution (kWh/year) (kw) Unit Incentive |% Contribution | (kWh/year) (kw)
Military $ 1,750 [ $ 4,400 | $ 250 14% 295 0.07 S 1,500 86% 1770 0.39
Non-Military $ 1,750 $ 6,600 | $ 250 14% 295 0.07 $ 1,500 86% 1770 0.39

Component Costs and Lifetimes Used in Computing O&M Savings
TBD

Reference Tables
None
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8.1.3 Solar Water Heater Energy Hero Gift Packs

Measure ID:

Version Date & Revision History
Draft date: October 4, 2011
Effective date: July 1, 2011
End date: June 30, 2012

Referenced Documents:

Energy and Peak Demand Impact Evaluation Report of the 2005-2007

Demand Management Programs — KEMA (KEMA 2005-07)

Econorthwest TRM Review — 6/23/10

Energy and Peak Demand Impact Evaluation Report of the 2005-2007 Demand Management
Programs — (KEMA 2005-07)

Evergreen TRM Review — 2/23/12

TRM Review Actions:

10/5/11 — Currently Under Review.

Major Changes:

11/22/11 — LED algorithm updated. See section 8.2.2 for changes.

11/22/11 — Akamai Power Strip kWh savings updated based on NYSERDA Measure
Characterization for Advanced Power Strips.

11/22/11 — Updated content in headings Description, Base Case, High Efficiency Case, and
Energy Savings in regard to LED lamps to match section 8.2.2.

11/29/11 — Low Flow Shower Head algorithm updated — previously claiming only 50% of total
energy savings due to inaccurately calculating hot and cold water mix. Also updated Energy
Savings table as necessary.

4/17/12 — Updated CFL and LED algorithms to refer to CFL and LED sections in TRM to ensure
accuracy. Updated energy savings numbers to be consistent with EMV revisions.

8/1/12 — Updated Low Flow Shower Head algorithm to reduce demand savings from 40% to 20%
as per EM&V review (Feb. 2012)

Description:
Potential gift pack components:

Compact Fluorescent Lamp

e Akamai Power Strip

e LEDLamp

e Low Flow Shower Head
Base Case

60 W incandescent lamps

Standard power strip or no power strip

25% 60W incandescent, 25% 40W incandescent, 25% 23W CFLs and 25% 13W CFLs (See LED
TRM)

Low Flow Shower Head rated at 2.5 gpm

High Efficiency Case

15W CFLs

Akamai Power Strip

50% 7W LED Lamp and 50% 12.5W LED Lamp
Low Flow Shower Head rated at 1.5 gpm
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ATTACHMENT 4

SAYING MAHALO TO SOLAR SAVINGS: A BILLING ANALYSIS OF SOLAR WATER
HEATERS IN HAWAII



Saying Mahalo to Solar Savings: A Billing Analysis of Solar Water
Heaters in Hawaii

Jenny Yaillen, Evergreen Economics
Chris Ann Dickerson, CAD Consulting
Wendy Takanish and John Cole, Hawaii Public Utilities Commission

ABSTRACT

Over the last several years, the market share for solar water heaters has steadily increased
in the state of Hawaii. The Hawaiian government mandated that all new homes have solar water
heaters installed, and the state offers incentives to homeowners who opt to purchase solar water
heaters for their existing homes. The evaluation of savings and market conditions associated with
this equipment is important as other markets consider the energy savings potential of solar water
heating technology. This paper provides the results of a billing analysis used to estimate savings
of residential solar water heaters in the state of Hawaii and feedback from consumers and
contractors on the remaining potential.

The billing analysis was conducted with a monthly panel data regression model using
utility billing data and program tracking data for 2,457 customers who installed solar water
heaters during program year 2009, estimating changes in household electricity consumption
between the pre- and post-installation periods.

The results of this paper are significant because they help provide an updated savings
value for solar water heaters in Hawaii and give a current assessment of market conditions.
While Hawaii’s climate is unique, these savings and market findings can assist other regions in
tapping solar water heater potential in their markets. These results will be of interest to other
states with sunny climates that have a high solar energy potential.

Introduction, Background, and Summary of Findings

This paper presents the results of a solar water heater billing analysis conducted as part of
a larger evaluation of Hawaii Energy’s conservation and efficiency programs. The analysis
focused on the residential installation of solar water heaters for the program year 2009 (PY2009)
and 2010 (PY2010)." This paper also presents some findings on the condition of the market for
solar water heaters in Hawaii.

The Hawaiian market for solar energy efficiency equipment is somewhat different from
the rest of the country. To start, Hawaii’s climate and abundance of sunshine make it an ideal
locale for the success of a measure like solar water heaters. In addition, the high energy prices
that Hawaiian consumers face provide even more reason to invest in a technology like solar
water heating.

Interest in solar water heating and renewable energy as a whole has a long history in
Hawaii. As early as 1976, Hawaii provided energy tax credits for residents and businesses that
purchased and installed renewable energy systems, including solar water heaters. In 1996 a

1 Hawaii Energy’s program year runs from July 1 to June 30. For example, program year 2009 refers to program activities
undertaken between July 1, 2009 and June 30, 2010.
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rebate was made available through the public benefit fund of Hawaii Energy Efficiency
Programs. The public benefits fund was originally collected and administered by Hawaii Electric
Company (HECO) and Maui Electric Company (MECO). Since 2009, the energy efficiency
programs and rebates have been administered through Hawaii Energy. Rebates for solar water
heaters are currently funded by the public benefits fee paid into by ratepayers along with some
funding from the American Recovery and Reinvestment Act (ARRA).

Hawaii Energy is a third-party organization that implements conservation and energy
efficiency programs throughout Hawaii. They operate a portfolio of programs that cover the
residential and commercial sectors, with some programs targeted specifically toward new
construction and residential low-income customers. The solar water heater program is currently
a part of their residential program offerings. The last time these programs were evaluated was in
2008 when KEMA, Inc. conducted an impact evaluation of the 2005-2007 program cycle of the
residential and commercial portfolio.

Our analysis focused on the solar water heater program since coming under the control of
Hawaii Energy in 2009. Total solar water heater program participation for PY2009 and PY2010
is shown in Table 1. In our final model, participants from PY2010 are used as a control group to
determine the savings realized by PY2009 participants, as the PY2010 participants had not yet
installed the solar water heater in 2009 (the year used for the billing analysis). Including the
PY2010 customers in the sample provides an additional control for external influences (e.g.,
economic conditions, household and structural changes) that may impact energy use.

Table 1. Solar Water Heater Participants

Program Year Number of
Participants
2009 3,607
2010 2,695
Total 6,302

The annual savings estimate for solar water heaters found as a result of this analysis is
shown below in Table 2, along with a 95 percent confidence interval. Our impact estimate of
1,912 kWh is close to the current ex ante savings value of 2,066 kWh included in the Hawaii
Energy PY2010 Technical Reference Manual (TRM).? Given that the savings estimates are so
close, we did not recommend any change to the TRM value currently in use by the program.

Table 2. Savings Estimate and 95% Confidence Interval

Annual Savings 95 % Conf. Interval 95 % Conf. Interval Current TRM Value
(kWh) LOWER BOUND UPPER BOUND (kWh)
1,912 1,714 2,111 2,066

Source: Analysis by Evergreen Economics of data provided by Hawaii Energy

2 The PY2010 TRM savings value of 2,066 kWh is based on the 2008 evaluation by KEMA Inc. of the 2005-2007 Hawaii

demand side management programs, which included a solar hot water heater metering study.
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Billing Regression

For the billing regression, we developed a fixed effects billing regression model using
monthly panel data to estimate changes in household electricity consumption between the
baseline (“pre”) and post-measure-installation periods. The billing regression model relates
normalized monthly electricity consumption by household by month to:

1. An indicator variable for the months in which the solar water heater was installed
Monthly dummy variables to control for external factors’

3. Interaction terms between the indicator for solar water heater installation and monthly
dummy variables

Interactions between the first two independent variables were examined and ultimately
included in the model. The final model was estimated using the linear values of the dependent
and independent variables. While a number of different specifications were explored, the final
fixed effects model was specified as follows:

kWh, = B, + BSWH , + ,Month, + B,Month, * SWH , + e,
Where:
kWh = Normalized monthly electricity consumption for each month (in kWh)
SWH = Indicator variable for post-period solar water heater installation period
Month = Indicator variables for each month excluding December
Month* SWH = Interaction terms between indicator for post-period solar water heater
installation and monthly indicators
i = Index for household (1= 1,..., n)
t =Index for monthly time period (t=1,2,..., T)
[ Bys--.» B;»] = Coefficients to be estimated in the model

[e]= Error term assummed normally distributed

Data Used in Analysis

Monthly electricity billing data and information related to the timing of solar water heater
installation were provided by Hawaii Energy for participants in program years 2009 and 2010.
Utility billing data were provided from April 2008 to July 2011.

Weather or temperature data were not included in this analysis since water heater use is
not greatly affected by daily outdoor temperature and temperatures are relatively constant
throughout the year in Hawaii. However, monthly indicator variables were included in the final

3 December was excluded to avoid perfect collinearity between independent variables.
4 As opposed to the alternative of first transforming the dependent variable and/or the independent variables by the
natural log function.
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model specification to capture any seasonal or monthly effects that may exist. Variables included
in the billing regression model are defined below in

Table 3.
Table 3. Description of Model Variables
Variable Description
kWh Normalized monthly electricity consumption by month (calculated by scaling
usage from number of meter read days to the average number of days per month)
SWH Indicator variable for months after solar water heater installation (equals 1 if in
post-installation period; else equals 0)
Month A vector of indicator variables for month of year (equals 1 if observation falls in
(January, February, that month; else equals 0)
March, etc.)
Month_ SWH A vector of indicator variables for month of year and solar water heater
(Jan_SWH, installation (equals 1 if in post-installation period and observation falls in that
Feb SWH, month; else equals 0)

Mar SWH, etc.)

Data screens were employed to ensure that only participants within a reasonable
consumption range were included in the analysis. This data screen was based on monthly kWh
usage and participants were selected for analysis if their monthly usage fell between 50 and
3,000 kWh. The effect of implementing this screen on the data is shown in Table 4 below.

Table 4. Summary of Data Screens

Program Year Total Participants | Participants with Participants
Billing Data Meeting kWh
Criteria
2009 3,607 3,606 2,457
2010 2,695 2,693 1,951
Total 6,302 6,299 4,408

Source: Analysis by Evergreen Economics of data provided by Hawaii Energy

This data screen was used in the final model presented in this paper. Column four of
Table 4 shows the number of individual participants included in the final model. Pre- and post-
installation data were included for all 2,457 PY2009 participants shown in this table. The 1,951
participants from PY2010 were included as a control group, and as such only their pre-
installation billing data were included in the analysis.

Billing Model Estimation Results

The results from the billing regression model are shown below in Table 5. All of the
estimated coefficients are of the expected sign (either negative or positive) and the primary
variable of interest (SWH) is statistically significant at the 5 percent level. About half of the
monthly indicator variables are statistically significant at the 5 percent level as well. The
coefficients on monthly indicators and interaction terms show that kWh usage varies by month,
with February, March, April, and May showing statistically significant lower usage per month,
on average, than December (the omitted variable).
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The coefficient of interest with respect to solar water heater energy savings is [; (the
coefficient on the post-installation indicator). This coefficient is negative, indicating that, after
accounting for monthly variations in electricity usage and holding all else constant, participants
experienced an estimated base decrease of 159.37 kWh per month after installation of a solar
water heater. This translates to an annual savings of 1,912 kWh due to the solar water heater
installation.

Note that this result captures all changes in usage in the post period and attributes them to
the solar water heater installation. To the extent that there are external influences that are
reducing energy use outside the program and are not controlled for in our model, then the
savings estimates derived from the model will overstate the actual energy savings of the solar
water heaters.

Table 5. Regression Results

Variable Coefficient Std. Error t-statistic p-value
(Bo) Constant 845.62 4.56 185.59 0.00
(B)) SWH -159.37 8.43 -18.90 0.00
(B,) January 13.14 6.56 2.00 0.05
(B,) February -27.05 6.79 -3.98 0.00
(B») March -33.46 6.63 -5.04 0.00
(Bo) April -39.69 6.86 -5.78 0.00
(B,) May -33.50 7.04 -4.76 0.00
(B,) June -7.60 6.23 -1.22 0.22
(B,) July -1.12 6.24 -0.18 0.86
(B2) August 11.26 6.32 1.78 0.08
(B,) September 7.61 6.31 1.21 0.23
(B2) October 1.69 6.38 0.27 0.79
(B,) November 4.93 6.57 0.75 0.45
(B3) January SWH 8.37 11.77 0.71 0.48
(B3) February SWH -6.30 12.06 -0.52 0.60
(B3) March SWH 4.81 11.45 0.42 0.68
(B;) April SWH -7.80 11.82 -0.66 0.51
(B;) May SWH 5.20 11.82 0.44 0.66
(B3) June SWH -10.30 11.17 -0.92 0.36
(B3) July SWH -1.37 11.28 -0.12 0.90
(B3) August SWH -2.33 12.51 -0.19 0.85
(B3) September SWH -0.16 12.25 -0.01 0.99
(B3) October SWH 6.43 12.26 0.52 0.60
(B;) November SWH 4.54 12.31 0.37 0.71

Source: Analysis by Evergreen Economics of data provided by Hawaii Energy

The coefficient on SWH (3;) in Table 5 above was used to calculate the annual savings
attributable to solar water heaters. The data used in the model was on a monthly basis, so the
coefficient estimate of -159.37 indicates that an average of 159.37 kWh in savings were realized
in each month that a solar water heater was installed. To get an annual savings value, this
number was simply multiplied by 12. The formula used to calculate annual savings is shown
below:

Estimated change in annual energy use due to Solar Water Heater = Coefficient on SWH * 12

©2012 ACEEE Summer Study on Energy Efficiency in Buildings 1-345



Table 6 below shows the estimated annual savings for solar water heaters installed by
PY2009 participants along with a 95 percent confidence interval and the existing savings value
in Hawaii Energy’s PY2010 Technical Reference Manual (TRM).

Table 6. Billing Regression Savings Estimate and 95% Confidence Interval

Annual Savings 95 % Conf. Interval 95 % Conf. Interval 2010 TRM Savings
(kWh) LOWER BOUND UPPER BOUND (kWh)
1,912 1,714 2,111 2,066

Source: Analysis by Evergreen Economics of data provided by Hawaii Energy

Comparison to Existing Savings Values

These billing regression results are slightly lower than, although generally consistent
with, the savings value calculated in the PY2010 TRM. The TRM value for solar water heater
savings is 2,066 kWh annually and assumes an average household occupancy of 3.77 people.
The average household occupancy reported by the surveyed PY2009 participants was 3.53,
which is slightly lower than that assumed by the TRM. A lower occupancy is generally
associated with less hot water use and consequently these households may see slightly smaller
annual savings than the TRM suggests.

In addition, the annual kWh consumption of the sample households is lower than the
average found in earlier solar water heater impact evaluations. The average annual base
consumption in the model data was 10,147 kWh, whereas the annual base consumption found in
the 2001-03 Impact Evaluation prepared by KEMA was 11,096 kWh. The kWh savings reported
by KEMA for solar water heaters in that report was 2,201 kWh. The small difference in
occupancy and base consumption between these groups may explain some of the difference in
savings found by our analysis. Despite these differences, the TRM savings value of 2,066 kWh
does fall within the 95 percent confidence interval of our estimated savings, indicating that our
analysis confirms the existing value for solar water heaters.

Solar Water Heater Market Findings

The solar water heating market provides considerable opportunity for energy savings in
Hawaii. Based on the findings in this analysis, installed residential solar water heaters can save
the average Hawaii household nearly 20 percent on their annual electric bill, which is equivalent
to about $500 to $700 annually, depending on the electricity rate for each island.” The expected
lifetime of a solar water heater is 15 years, and the savings will persist over that time. These
savings have been significant enough that the Hawaii State Senate passed SB no. 644, which
requires all new single-family residences constructed after January 1, 2010 to include a solar
water heater system. Despite this requirement for new residential homes, there is still a large
market for retrofitting solar water heaters in existing homes. The current estimates are that
roughly 75 percent of homes in Hawaii do not have a solar water heater system.

The Hawaii Energy solar water heater program recently transitioned its focus to
retrofitted solar water heating systems in order to comply with the new Senate Bill that mandated
solar water heating on all new homes. The retrofit market often consists of those customers that

5 Average residential electricity rates in Hawaii for 2010 varied from $0.2547 on Oahu to $0.3711 on Lanai.
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are the most difficult and costly to serve and, as a result, the incentive program is even more vital
to installations of solar water heaters for this market segment. The incremental cost of a solar
water heater is listed as $6,600 in the PY2010 TRM and has a rebate amount of $750. The
additional electricity cost savings provided by the solar water heater adds an extra incentive for
retrofit customers.

At the end of 2009 there was a significant rush of solar water heater installations by new
construction builders and customers in order to take advantage of the rebate before the expiration
date. There was also an initial boost in install rates at the beginning of the 2010 program year,
and again at the end of calendar year 2010. In March 2011, Hawaii Energy was approved to use
ARRA funding to double the cash rebate amount for solar water heater systems, which resulted
in 800 systems being sold in one month and completely exhausting the additional approved
funds.

The current solar water heater program is strong, and interviews with solar water heater
contractors reveal that they see it as a reliable technology, which requires little more than routine
maintenance. To assist in this routine maintenance, Hawaii Energy has started offering a rebate
for solar water heater tune-ups in PY2011 at a cost of $250 to participants after a $50 rebate. In
addition to contractor satisfaction with the equipment, participant surveys revealed that 97
percent of PY2009 participants and 96 percent of PY2010 participants were “somewhat
satisfied” or “very satisfied” with their solar water heater purchase. Together these two results
indicate that solar water heaters have a positive market presence in Hawaii.

Summary and Conclusions

Using a billing regression model and a sample of 2009 and 2010 solar water heater
participants, we estimated annual savings from this measure of 1,912 kWh. This generally
confirms the savings value of 2,066 kWh in use by Hawaii Energy for PY2010, as that value lies
within the 95 percent confidence interval of our savings estimate. The slight difference may be
explained by lower occupancy rates and/or lower household energy consumption in our analysis
sample relative to the values found in previous impact evaluations. For these reasons, we did not
recommend any changes to the current ex ante value of 2,066 kWh used by Hawaii Energy for
solar water heaters.

The market for solar water heaters in Hawaii now relies heavily on retrofitting water
heating systems in existing homes due to the recent legislation requiring solar water heaters in all
new construction projects. Our research found that there is still considerable potential in the
retrofit market, and that incentives can be a substantial driver toward replacement. Additionally,
interviews with contractors revealed that solar water heaters are a reliable technology that
requires little maintenance and surveys of participants revealed high satisfaction rates with the
installed equipment.
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The U.S. Environmental Protection Agency (EPA) CHP Partnership is a
voluntary program that seeks to reduce the environmental impact of power
generation by promoting the use of CHP. The CHP Partnership works closely
with energy users, the CHP industry, state and local governments, and other
stakeholders to support the development of new CHP projects and promote
their energy, environmental, and economic benefits.

The CHP Partnership provides resources about CHP technologies, incentives,
emissions profiles, and other information on its website at www.epa.gov/chp.
For more information, contact the CHP Partnership Helpline at chp@epa.gov
or (703) 373-8108.
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1.0 Introduction

Amid growing concerns about energy security,
energy prices, economic competitiveness, and
climate change, combined heat and power (CHP)
has been recognized for its significant benefits and
the part it can play in efficiently meeting society’s
growing energy demands while reducing
environmental impacts. Policy makers, project
developers, end users, and other CHP
stakeholders often need to quantify the fuel and
carbon dioxide (CO,) emissions savings of CHP
projects compared to conventional separate heat
and power (SHP) in order to estimate projects’
actual emissions reductions. An appropriate
quantification of the energy and CO, emissions
savings from CHP plays a critical role in defining its
value proposition. At this time, there is no
established methodology to quantify and make this
estimation.

This paper provides the EPA Combined Heat and
Power Partnership’s (the Partnership)
recommended methodology for calculating fuel and
CO, emissions savings from CHP compared to
SHP." This methodology recognizes the multiple
outputs of CHP systems and compares the fuel use
and emissions of the CHP system to the fuel use
and emissions that would have normally occurred
in providing energy services through SHP.

Although the methodology recommended in this
paper is useful for the specific purposes mentioned
above, it is not intended as a substitute

Summary of Key Points

To calculate the fuel and CO, emissions
savings of a CHP system, both electric and
thermal outputs of the CHP system must be
accounted for.

The CHP system’s thermal output displaces
the fuel normally consumed in and
emissions emitted from on-site thermal
generation in a boiler or other equipment,
and the power output displaces the fuel
consumed and emissions from grid
electricity.

To quantify the fuel and CO, emissions
savings of a CHP system, the fuel use of
and emissions released from the CHP
system are subtracted from the fuel use and
emissions that would normally occur without
the system (i.e., using SHP).

A key factor in estimating the fuel and CO.
emissions savings for CHP is determining
the heat rate and emissions factor of the
displaced grid electricity. EPA’s Emissions
& Generation Resource Integrated
Database (eGRID) is the recommended
source for these factors. See Appendix B
for information about these inputs.

methodology for organizations quantifying and reporting GHG inventories. EPA recommends that
organizations use accepted GHG protocols, such as the World Resources Institute’s Greenhouse Gas
Protocol? or The Climate Registry’s General Reporting Protocol®, when calculating and reporting a

company’s carbon footprint.

However, the CO, emissions savings amounts estimated using the methodology recommended in this
paper can be reported as supplemental information in an organization’s public disclosure of its GHG
inventory in order to help inform stakeholders of the emissions benefits of CHP and to highlight the
organization’s commitment to energy-efficient and climate-friendly technologies.

' CHP can also reduce emissions of methane and nitrous oxide along with other air pollutants. Although methane and nitrous
oxide are not discussed in this paper they are accounted for in the CHP Emissions Calculator. The CHP Emissions Calculator is

available at: http://www.epa.gov/chp/basic/calculator.html.

2 The Greenhouse Gas Protocol is available at: http://www.ghgprotocol.org/.

® The Climate Registry General Reporting Protocol is available at: http:/www.theclimateregistry.org/resources/protocols/general-

reporting-protocol/.
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The paper is organized as follows:

e Section 2 introduces CHP and explains the basis for fuel and CO, emissions savings from CHP
compared to SHP.

e Section 3 presents a methodology for calculating the fuel and CO, emissions savings from CHP.
Appendix A presents a sample calculation of fuel and CO, emissions savings using the EPA CHP
Emissions Calculator.*

e Appendix B explains the use of EPA’s Emissions & Generation Resource Integrated Database
(eGRID) as a source for two important variables in the calculation of fuel and CO, emissions
savings from displaced grid electricity: displaced grid electricity heat rate® and CO, emissions
factors. It also describes how to select values for these variables.

* The EPA CHP Emissions Calculator is available at: http://www.epa.gov/chp/basic/calculator.html.
® Heat rate is the ratio of fuel energy input as heat (Btu) per unit of net power output (kWh).
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2.0 What Is CHP?

Combined heat and power (CHP) is a highly efficient method of providing power and useful thermal
energy (heating or cooling) at the point of use with a single fuel source. By employing waste heat
recovery technology to capture a significant portion of the heat created as a by-product of fuel use, CHP
systems typically achieve total system efficiencies of 60 to 80 percent. An industrial or commercial entity
can use CHP to produce electricity and thermal energy instead of obtaining electricity from the grid and
producing thermal energy in an on-site furnace or boiler. In this way, CHP can provide significant energy
efficiency, cost savings, and environmental benefits compared to the combination of grid-supplied
electricity and on-site boiler use (referred to as separate heat and power or SHP).

CHP plays important roles both in efficiently meeting U.S. energy needs and in reducing the
environmental impact of power generation. Currently, CHP systems represent approximately 8 percent of
the electric generating capacity in the United States.® Benefits of CHP include:

o Efficiency benefits: CHP requires less fuel than SHP to produce a given energy output, and
because electricity is generated at the point of use, transmission and distribution losses that
occur when electricity travels over power lines from central power plants are displaced.

¢ Reliability benefits: CHP can be designed to provide high-quality electricity and thermal energy
on site without relying on the electric grid, decreasing the impact of outages and improving power
quality for sensitive equipment.

¢ Environmental benefits: Because less fuel is burned to produce each unit of energy output,
CHP reduces emissions of greenhouse gases (GHG) and other air pollutants.

e Economic benefits: Because of its efficiency benefits, CHP can help facilities save money on
energy. Also, CHP can provide a hedge against fluctuations in electricity costs.

In the most common type of CHP system, known as a topping cycle (see Figure 1), fuel is used by a
prime mover’ to drive a generator to produce electricity, and the otherwise-wasted heat from the prime
mover is recovered to provide useful thermal energy. Examples of the two most common topping cycle
CHP configurations are:

e A reciprocating engine or gas turbine burns fuel to generate electricity and a heat recovery unit
captures heat from the exhaust and cooling system. The recovered heat is converted into useful
thermal energy, usually in the form of steam or hot water.

e A steam turbine uses high-pressure steam from a fired boiler to drive a generator producing
electricity. Low-pressure steam extracted from or exiting the steam turbine is used for industrial
processes, space heating or cooling, domestic hot water, or for other purposes.

® CHP Installation Database developed by ICF International for Oak Ridge National Laboratory and the U.S. DOE; 2012.
Available at http://www.eea-inc.com/chpdata/index.html.

Prime movers are the devices (e.g., reciprocating engine, gas turbine, microturbine, steam turbine) that convert fuels to
electrical energy via a generator.
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Figure 1: Typical Reciprocating Engine/Gas Turbine CHP Configuration (Topping Cycle)

Cooling/Heating

Water Heat Recovery
Unit

Hot Exhaust

Gases
Fuel

Building

Engi Electricity or
ngine i
or Generator || el
Turbine

I

In another type of CHP system, known as a bottoming cycle, fuel is used for the purpose of providing
thermal energy in an industrial process, such as a furnace, and heat from the process that would
otherwise be wasted is used to generate power.

2.1 How CHP Systems Save Fuel and Reduce CO. Emissions
CHP’s efficiency benefits result in reduced primary energy® use and thus lower CO, emissions.

Figure 2 shows the efficiency advantage of CHP compared to SHP.? CHP systems typically achieve total
system efficiencies of 60 to 80 percent compared to about 45 to 55 percent for SHP. As shown in Figure
2, CHP systems not only reduce the amount of total fuel required to provide electricity and thermal
energy, but also shift where that fuel is used. Installing a CHP system on site will generally increase the
amount of fuel that is used at the site, because additional fuel is required to operate the CHP system
compared to the equipment that otherwise would have been used on site to produce needed thermal
energy.

In the example shown in Figure 2, the on-site fuel use increases from 56 units in the SHP case to 100

units in the CHP case. However, despite this increase in on-site fuel use, the total fuel used to provide

the facility with the required electrical and thermal energy drops from 147 units in the SHP case, to 100
units in the CHP case, a 32 percent decrease in the amount of total fuel used.

® Primary energy is the fuel that is consumed to create heat and/or electricity.
® Like Figure 1, Figures 2 and 3 illustrate the most common CHP configuration known as the topping cycle. See section 2.0 for
more information.



Figure 2: Energy Efficiency - CHP Versus Separate Heat and Power (SHP) Production (Topping

Cycle)
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Note: Conventional power plant delivered efficiency of 33% (higher heating value [HHV]) is based on eGRID 2012 (2009 data)
and reflects the national average all fossil generating efficiency of 35.6% and 7% transmission and distribution losses. eGRID
provides information on emissions and fuel resource mix for individual power plants, generating companies, states, and
subregions of the power grid. eGRID is available at http.//www.epa.qov/cleanenergy/energy-resources/egrid/index. html.

Using less fuel to provide the same amount of energy reduces CO, and other emissions. Figure 3 shows
the annual CO,emissions savings of a natural gas combustion turbine CHP system compared to SHP. In
this case, the CHP system produces about half the annual CO, emissions of SHP while providing the

same amount of energy to the user.

Figure 3: CO, Emissions - CHP Versus Separate Heat and Power (SHP) Production (Topping

Cycle)
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Note: Emissions savings are based on the efficiencies included in Figure 2 for SHP and a 5 MW gas turbine CHP system and
7,000 annual operating hours. Power plant CO- emissions are based on eGRID 2012 national all fossil generation average

(2009 data).
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3.0 Calculating Fuel and CO, Emissions Savings from CHP

To calculate the fuel or CO, emissions savings of a CHP system, both outputs of the CHP system—
thermal energy and electricity—must be accounted for. The CHP system’s thermal output typically
displaces the fuel otherwise consumed in an on-site boiler, and the electric output displaces fuel
consumed at central station power plants.’® Moreover, the CHP system’s electric output also displaces
fuel consumed to produce electricity lost during transmission and distribution.

The displaced fuel use and CO, emissions associated with the operation of a CHP system can be
determined by:

a. Calculating the fuel use and emissions from displaced separate heat and power (SHP) (i.e.,
grid-supplied electricity and on-site thermal generation such as a boiler)

b. Calculating the fuel use and emissions from CHP

c. Subtracting (b) from (a)

Equation 1 presents the recommended approach for calculating the fuel savings of a CHP system.
Equation 2 presents the recommended approach for calculating CO, emissions savings of a CHP
system.

Note: Sections 3.1 and 3.2 present the approaches for calculating the individual terms found in
Equations 1 and 2. Appendix A presents a sample calculation of CO, savings using the EPA CHP
Emissions Calculator which uses the methodology and equations outlined in this section.

Equation 1: Calculating Fuel Savings from CHP

Fs = (Fr + Fa) — Ferp

where

Fs = Total Fuel Savings (Btu)

Fr = Fuel Use from Displaced On-site Thermal Production (Btu)
Fa = Fuel Use from Displaced Grid Electricity (Btu)

Feup = Fuel Used by the CHP System (Btu)

Step 1: Calculate Fr and Fg using Equation 3 (page 8) and Equation 6 (page 10), respectively.

Step 2: Calculate Fcyp through direct measurement or using Equations 8 (page 11), 9 (page 11) or 10
(page 12).

Step 3: Calculate Fs.

'% The thermal output from CHP can also be used to produce cooling in an absorption or adsorption chiller. Accounting for
cooling introduces complexities that are not addressed in the methodology presented in this paper. However, the CHP
Emissions Calculator does account for cooling.
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Equation 2: Calculating CO, Savings from CHP

Cs = (Cr + Ca) —Ccrr

where

Cs = Total CO, Emissions Savings (lbs CO,)

Cr = CO, Emissions from Displaced On-site Thermal Production (Ibs CO,)
Ca = CO, Emissions from Displaced Grid Electricity (Ibs CO,)

Ccup = CO, Emissions from the CHP System (Ibs CO5,)

Step 1: Calculate Ct and Cg using Equation 4 (page 8) and Equation 7 (page 10), respectively.
Step 2: Calculate Ccnyp using Equation 11 (page 12).

Step 3: Calculate Cs.

Note on using Equations 1 and 2 for bottoming cycle CHP systems: In the case of bottoming
cycle CHP, also known as waste heat to power, power is generated on site from the hot exhaust of a
furnace or kiln with no additional fuel requirement. Therefore, the fuel use and CO, emissions for both
the CHP system and displaced thermal energy (Fcup, Ccrp, Fr, and Cy) are all zero.

3.1 Fuel Use and CO, Emissions from Displaced On-site Thermal Production and
Displaced Grid Electricity

3.1.1 Fuel Use and CO, Emissions from Displaced On-site Thermal Production

The thermal energy produced by a CHP system displaces combustion of some or all of the fuel that
would otherwise be consumed for on-site production of thermal energy." The fuel and CO, emissions
savings associated with this displaced fuel consumption can be calculated using the thermal output of
the CHP system and reasonable assumptions about the efficiency characteristics of the equipment that
would otherwise have been used to produce the thermal energy being produced by the CHP system.
Equation 3 presents the approach for calculating the fuel use from displaced on-site thermal production.
Equation 4 presents the approach for calculating the CO, emissions from displaced on-site thermal
production. Table 1 lists selected fuel-specific CO, emissions factors for use in Equation 4.

" In certain circumstances, CHP systems are designed so that supplemental on-site thermal energy production is sometimes
utilized.
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Equation 3: Calculating Fuel Use from Displaced On-site Thermal Production

Fr = CHPT /r)T

where:

Fr = Fuel Use from Displaced On-site Thermal Production (Btu)

CHP; = CHP System Thermal Output (Btu)

nr = Estimated Efficiency of the Thermal Equipment (percentage in decimal form)

Step 1: Measure or estimate CHPx.
Step 2: Select nr (e.g., 80% efficiency for a natural gas-fired boiler, 75% for a biomass-fired boiler).

Step 3: Calculate Fr.

Equation 4: Calculating CO, Emissions from Displaced On-site Thermal Production

Cr = Fr * EFg* (1x10®)

where

Cr = CO, Emissions from Displaced On-site Thermal Production (lbs CO5)
Fr = Thermal Fuel Savings (Btu)

EFF = Fuel Specific CO, Emission Factor (Ibs CO, /MMBtu)

1x10°® = Conversion factor from Btu to MMBtu

Step 1: Calculate Fr using Equation 3.
Step 2: Select the appropriate EFg from Table 1.

Step 3: Calculate Cy.

Table 1: Selected Fuel-Specific Energy and CO, Emissions Factors

Fuel Type Energy Density F(a:(g(z)lfn:ll)?l\slll:\)llgstu
Natural Gas 1,028 Btu/scf 116.9
Distillate Fuel Oil #2 138,000 Btu/gallon 163.1
Residual Fuel Oil #6 150,000 Btu/gallon 165.6
Coal (Anthracite) 12,545 Btu/lb 228.3
Coal (Bituminous) 12,465 Btu/lb 205.9
Coal (Subbituminous) 8,625 Btu/lb 213.9
Coal (Lignite) 7,105 Btu/lb 212.5
Coal (Mixed-Industrial Sector)* 11,175 Btu/lb 207.1

* This is the default value for coal used in the CHP Emissions Calculator. Users can also manually
enter specific factors for type of coal used, if known.

Source: 40 CFR Part 98, Mandatory Greenhouse Gas Reporting, Table C-1: Default CO»; Emission
Factors and High Heat Values for Various Types of Fuel. Available at:
http://ecfr.gpoaccess.gov/cqi/t/text/text-
idx?c=ecfr&sid=1e922da1c1055b070807782d1366f3d1&rgn=div9&view=text&node=40:21.0.1.1.3.3.
1.10.18&idno=40.
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3.1.2 Fuel Use and CO, Emissions from Displaced Grid Electricity

Grid electricity savings associated with on-site CHP include the grid electricity displaced by the CHP
output and related transmission and distribution losses.

When electricity is transmitted over power lines, some of the electricity is lost. The amount delivered to
users'? is therefore less than the amount generated at central station power plants, usually by an
average of about 6 to 9 percent.'®'* Consequently, generating 1 MWh of electricity on site means that
more than 1 MWh of electricity no longer needs to be generated at central station power plants." Fuel
and CO, emissions savings from displaced grid electricity should therefore be based on the
corresponding amount of displaced grid electricity generated and not on the amount of grid electricity
delivered (and consumed).

Equation 5 presents the approach for calculating the displaced grid electricity from CHP. Once the
displaced grid electricity from CHP is determined, the fuel use (Equation 6) and CO, emissions (Equation
7) from displaced grid electricity can be calculated.

Note: Key factors needed to calculate the fuel use and CO, emissions from displaced grid electricity
are the heat rate and CO, emissions factor for the grid electricity displaced. EPA’s Emissions &
Generation Resource Integrated Database (eGRID) is the recommended source for these factors.
CHP fuel and CO, emissions savings calculations should be based on the heat rates and emissions
factors of the eGRID subregion where the CHP system is located, utilizing the eGRID all fossil or non-
baseload emissions factors as appropriate. See Appendix B for information about using eGRID.

Equation 5: Calculating Displaced Grid Electricity from CHP

Eg = CHPg / (1-Lysp)

where:

Ec = Displaced Grid Electricity from CHP (kWh)

CHPe = CHP System Electricity Output (kWh)

Lrtsp = Transmission and Distribution Losses (percentage in decimal form)

Step 1: Measure or estimate CHPE.

Step 2: Select Lrgp. (Use the eGRID transmission and distribution loss value for the appropriate U.S.
interconnect power grid*)

Step 3: Calculate Eg.

* eGRID lists the estimated transmission and distribution loss for each of the five U.S. interconnect power grids (i.e., Eastern,
Western, ERCOT, Alaska, and Hawaii). (¢GRID Technical Support Document:
http://www.epa.gov/cleanenergy/documents/egridzips/eGRID2012 year09 TechnicalSupportDocument.pdf).

'2 For clarity, the amount of electricity generated by a central station power plant is referred to as “generated” electricity and the
amount of electricity consumed by a facility supplied by the grid is referred to as “delivered” electricity.

'3 EPA eGRID Technical Support Document. April 2012.

http://www.epa.gov/cleanenergy/documents/egridzips/eGRID2012 year09 TechnicalSupportDocument.pdf

' DOE Energy Information Administration. State Electricity Profiles.

http://205.254.135.24/cneaf/electricity/st profiles/e profiles sum.html

> For example, assume a consumer without CHP requires 1.0 MWh of electricity each year and T&D losses equal 8%. The
delivered electricity is 1.0 MWh/yr, and the generated electricity is 1.087 MWh/yr (= 1/(1-0.08)).
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Equation 6: Calculating Fuel Use from Displaced Grid Electricity

Fa = Ec * HRg
where:
Fa Fuel Use from Displaced Grid Electricity (Btu)

Ea
HRg

Displaced Grid Electricity from CHP (kWh)
Grid Electricity Heat Rate (Btu/kWh) for the appropriate subregion

Step 1: Determine Eg using Equation 5.

Step 2: Select HRg for the appropriate subregion. (See Appendix B for information about appropriate
values and eGRID as a source for grid electricity heat rates.)

Step 3: Calculate Fg.

Equation 7: Calculating CO, Emissions from Displaced Grid Electricity

(07 = Ec * EFg
where
Ca CO, Emissions from Displaced Grid Electricity (Ibs CO,)

Displaced Grid Electricity from CHP (kWh)
Grid Electricity Emissions Factor (Ibs CO, /kWh) for the appropriate subregion

m
(0]
I nn

Step 1: Determine Eg using Equation 5.

Step 2: Select EFg for the appropriate subregion. (See Appendix B for information about appropriate
values and eGRID as a source for grid electricity CO, emission factors).

Step 3: Calculate Cg.

3.2 Fuel Use and CO, Emissions of the CHP System

The energy content of the fuel consumed by the CHP system (Fcup in Equation 1) can be determined
through several methods. Direct measurement (option 1) produces the most accurate results, but if direct
measurement is not an option the Partnership recommends the use of options 2, 3, or 4.

1) Direct measurement of the higher heating value (HHV) of the fuel consumed (typically in
MMBtunny). No calculation required.

2) Converting the fuel volume into an energy value (Btu equivalent) using a fuel-specific energy
density using Equation 8.

3) Converting the fuel weight into an energy value (Btu equivalent) using a fuel-specific energy
density (mass basis) using Equation 9.

4) Applying the electrical efficiency of the CHP system to the CHP system’s electric output using
Equation 10.
10



Equation 8: Calculating Energy Content of the Fuel Used by CHP from the Fuel Volume

Fowp = Ve * EDk
where:

Feup = Fuel Used by the CHP System (Btu)

Ve = Volume of CHP Fuel Used (cubic foot, gallon, etc.)

EDr = Energy Density of CHP Fuel (Btu/cubic foot, Btu/gallon, etc.)

Step 1: Measure or estimate V.
Step 2: Select the appropriate value of EDg. (See Table 1 on page 8)

Step 3: Calculate Fcpp.

Equation 9: Calculating Energy Content of the Fuel Used by CHP from the Fuel Weight

Fowp = W * EDf
where:

Feup = Fuel Used by the CHP System (Btu)

We = Weight of CHP Fuel Used (Ibs)

EDr = Energy Density of CHP Fuel — Mass Basis (Btu/lIb)

Step 1: Measure or estimate WFe.

Step 2: Select the appropriate EDg. In order to be used here, the values in Table 1 (page 8) must be
converted to a mass basis using the fuel-specific density.

Step 3: Calculate Fcpp.

Equation 10: Calculating Energy Content of the Fuel Used by CHP from the CHP Electric

Output
Feup = (CHPg / EEcpp) * 3412
where:
Feup = Fuel Used by the CHP System (Btu)
CHPg = CHP System Electricity Output (kWh)
EEchp = Electrical Efficiency of the CHP System (percentage in decimal form)
3412 = Conversion factor between kWh and Btu

Step 1: Measure or estimate CHPE.

Step 2: Determine EEcpp. (This value should account for parasitic losses, and is usually available in a
product specification sheet provided by the manufacturer of the equipment.)

Step 3: Calculate Fcpp.
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The CO, emissions from the CHP system are a function of the type and amount of fuel consumed. CO,
emissions rates are commonly presented as pounds of emissions per million Btu of fuel input (Ib/MMBtu).
Table 1 on page 8 lists common fuel-specific CO, emissions factors. Equation 11 presents the approach
for calculating CO, emissions from a CHP system (Ccup in Equation 2).

Equation 11: Calculating CO, Emissions from the CHP System

Cerp = Fchp * EFE

where:

Cop = CO, Emissions from the CHP System (lbs CO,)
Feup = Fuel Used by the CHP System (Btu)

EFF = Fuel Specific Emissions Factor (Ibs CO, /MMBtu)

Step 1: Measure or calculate Fgyp using Equations 8 (page 11), 9 (page 11), or 10 (page 12).
Step 2: Select the appropriate EFg from Table 1 on page 8.

Step 3: Calculate Ccpp the CO, emissions from the CHP system.
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Appendix A: EPA CHP Emissions Calculator Example Calculation

The Partnership developed the EPA CHP Emissions Calculator to help users calculate the fuel and CO,
emissions reductions achieved by CHP compared to SHP."® The default values in the Calculator are
based on the guidelines in this paper. However, users can also input selected CHP system
characteristics and emissions factors for CHP fuel, displaced thermal fuel, and displaced grid electricity.

The EPA CHP Emissions Calculator is available at: http://www.epa.gov/chp/basic/calculator.html.

The following example shows how a user would operate the CHP Emissions Calculator to determine the
fuel and CO, savings achieved by a CHP system. The example system is a 5 MW natural gas-fired
combustion turbine and heat recovery boiler CHP system that provides heating for an industrial process
at a facility in Pennsylvania. The CHP system is displacing thermal energy provided by an existing
natural gas boiler and grid electricity in the RFC East subregion (the eGRID subregion that includes
Pennsylvania)."’

Calculator Input

The following figures show the calculator inputs that are needed to evaluate this system. Figure 4 shows
the Calculator inputs related to the CHP system itself. For this example, the Calculator default values
were used for the electric efficiency and the power-to-heat ratio of the CHP system.

'® The CHP Emissions Calculator also accounts for methane (CH4), nitrogen oxides (NOx), nitrous oxide (N20), and sulfur
dioxide (SO2).
"7 Information about eGRID subregions is contained in Appendix B.
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Figure 4: CHP Emissions Calculator - CHP System Characteristics

1. CHP: Type of System

Combustion Turbine E] Submit

2. CHP: Electricity Generating Capacity (per unit)
Mormal size range for this technology is 1,000 to 40,000 kW
| 5 000 |k Submi

3. CHP: How Many Identical Units (i.e., engines) Does This System Have?

| 1‘| Submit

4. CHP: How Many Hours per Year Does the CHP System Operate?

T will enter a value E]

As a number of hours per year

7.500 Submit
OR  As a percentage 0%

9. CHP: Does the System Provide Heating or Cooling or Both?

Heating Only E]

If Heating and Cooling: How many of the 7,500 hours are in cooling mode?
As a number of hours per year

as a percentage of the 7.500 hours?

0% :
Submit
If Heating and Cooling: Does the System Provide Simultaneous Heating and Cooling?

Mo [E]

6. CHP: Fuel

Fuel Type| Natural Gas E] View Biomass and Coal

Fuel Characteristics

Submit

12. CHP: Electric Efficiency
| will enter an efficiency in one

i Use default for this technology
of the following blocks 56 aetault for this technelogy

Enter Generating Efficiency as % 28% |(HHV)
OR Enter Generating Efficiency as Btu/kWh HHV 11.806 (Btu/kWWh (HHV) Submit
IOR Enter Generating Efficiency as Btu/k\VWh LHY 10.684 |Btu/kWWh (LHV)

13. CHP: Base Power to Heat Ratio
The Power to Heat Ratio should reflect ONLY the thermal production of the generating unit {i.e., combustion turbine)
Thermal Output of the duct burners (if equipped) should not be included

Use the Thermal
Calculator to calculate
my Power to Heat Ratio

I will enter a Power to Heat ratio| Use default for this technology

Power to Heat Ratio 0 621

Submit

After entering the information about the CHP system to be evaluated, information is entered related to
the displaced on-site thermal energy production (i.e., the thermal energy produced by the CHP system
that replaces thermal energy formerly produced by an on-site boiler). Information about the thermal

equipment and fuel provides the basis for calculating the displaced thermal fuel use and CO, emissions.

Figure 5 shows the Calculator inputs related to the displaced thermal energy.
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Figure 5: CHP Emissions Calculator — Displaced Thermal Energy

]

Existing Gas Bailer E] Submit

24. Displaced Thermal: If not a Natural Gas System: What is the Sulfur Content?

23. Displaced Thermal: Type of System:

Commercial coal: 1% sulfur |

l'will enter avalue| or  High sulfur oil- 0.15% or 1,500 ppm|

Low sulfur oil: 0.05% or 500 ppm |

Enter Sulfur Content as a percent 0.00% Submit
OR  ppm - |ppm

25. Displaced Thermal: What is the CO2 Emission Rate for this Fuel? (default completed for fuel in ltem 23)
Enter alternative value 116 EIWIh COZ/MMBtu

Subrmit

26. Displaced Thermal: What is the Heat Content of this Fuel? (Enter a value in only ONE of the boxes)
1,028 |Btu/cubic foot (HHV)

OR - |Btufgallen (HHV)

OR - |Btuflb (HHWV)

Submit

27. Displaced Thermal: Efficiency (usually a boiler)

| will enter an efficiency Use default for this thermal technology

80%1 Submit

Enter Generating Efficiency as %

The equations for calculating fuel use and CO, emissions from displaced on-site thermal energy

production are:

Fuel Use from Displaced On-site Thermal Energy Production (Equation 3):

Fr = CHP:/ nr
257,964 MMBtu/yr = 206,371 MMBtu/yr / 80%
where:
Fr = Fuel Use from Displaced On-site Thermal Production (Btu)
CHP; = CHP System Thermal Output (Btu)
Nt = Thermal Equipment Efficiency (%)

CO, Emissions from Displaced On-site Thermal Production (Equation 4):

Cr=Fr*EF¢
30,155,992 Ibs CO, = 257,964 MMBtu/yr * 116.9 Ib CO,/MMBtu
where:
Cr = CO; emissions from displaced on-site thermal production (Ibs CO.)
Fr = Thermal Fuel Savings (Btu)

EFr = Fuel Specific Emissions Factor (Ilbs CO,/MMBtu)

The CHP Emissions Calculator inputs related to the displaced grid electricity are shown in Figure 6
below. eGRID emissions rates include: Total Output Emissions Rate, Fossil Fuel Output Emissions

15



Rate, and Non-Baseload Output Emissions Rate. The Partnership recommends using the Fossil Fuel
Output Emissions Rate because it most accurately reflects the emissions of generation displaced by
CHP(see eGRID information in Appendix B). The Partnership also recommends using the rate for the
RFC East eGRID subregion which includes eastern Pennsylvania where this system is located. For
transmission and distribution (T&D) losses, the Partnership recommends using the eGRID value for grid
losses from the appropriate U.S. interconnect power grid. There are five U.S. interconnect power grids
(Eastern, Western, ERCOT, Alaska, and Hawaii), and the appropriate grid for this example is the Eastern
grid, with an average T&D losses of 5.82%.

Figure 6: CHP Emissions Calculator — Displaced Electricity

29. Displaced Electricity: Generation Profile

EGRID 2012 Average Fossil (2009 data) E Modify one of the Three
User-Defined Generating Submit
Link to EPA’s eGRID (Emissions & Generation Resource Integrated Database) Sources

30. Displaced Electricity: Select U.S. Average or individual state or NERC region/subregion for EGRID Data

RFCE Bast E W Submit

NERC Reglon Definitions

31. Displaced Electricity: Select Electric Grid Region for Transmission and Distribution (T&D) Losses

Eastern Interconnect E

5 82%1 Submit

Link to EIA's Electric Grid Interconnection lap

The total fuel use and CO, emissions of displaced grid electricity are calculated using the following
equations:

Displaced Grid Electricity from CHP (Equation 5):

Eg = CHPe / (1-Lren)
39,817.4 MWh/year = 37,500 MWh/year / (1 — 5.82%)

where:
Ec = Displaced Grid Electricity from CHP (kWh)
CHPe = CHP System Electricity Output (kWh)
Lrsp = Transmission and Distribution Losses (%)

Fuel Use from Displaced Grid Electricity (Equation 6):

Fe = Ec * HRg
380,909 MMBtu/year = 39,817.4 MWh/year * 9,566 Btu/kWh / 1000
where:
Fa = Fuel Use from Displaced Grid Electricity (Btu)
Ec = Displaced Grid Electricity from CHP (kWh)

HRs = Grid Electricity Heat Rate (Btu/kWh)
CO, Emissions from Displaced Grid Electricity (Equation 7):

Ce =Eg *EFg
16



67,211,771,200 Ibs CO, = 39,817.4 MWh/year * 1,688 Ib CO./kWh * 1000

where:
Ca = CO, Emissions from Displaced Grid Electricity (lbs)
Ec = Displaced Grid Electricity from CHP (kWh)
EFs = Grid Electricity Emissions Factor (CO; Ib/kWh)
Calculator Results

Once the user has entered all of the information on the Inputs page of the Calculator and clicked the “Go
to Results” button the Results page is displayed. Figure 7 illustrates the results for this example, which
shows that the CHP system reduces overall fuel consumption by 196,018 MMBtu/year and CO.
emissions by 22,794 tons/year.

Figure 7: CHP Emissions Calculator — Fuel and Emissions Savings Results

CHP Results

The resulfs generated by the CHP Emissions Calculator are infended for eductional and oufreach purposes only;
it is not designed for use in developing emissi

SEPA COMBINED HEAT AND

POWER PARTNERSHIP al g \\

O ¥ CHP S

on inventories or preparing air permit applications.

Annual Emissions Analysis

Displaced Displaced

Electricity Thermal Emissions/Fuel

CHP Systern | Production Production Reduction Percent Reduction

MOy {tons/year) 20.35 27.80 12.90 20.35 50%
S0; (tonsfyear) 0.13 167.11 0.08 167.05 100%
CO; {tonsfyear) 25,885 33,601 15,078 22794 47%
CHy (tonsdyear) 0.488 0.965 0.2584 0.761 61%
NzO (tonsfyear) 0.049 0.538 0.028 0.817 1%
Total GHGs (COze tons/year) 25,910 33,788 15,093 22,970 47%
Carbon {metric tons/year) 6,400 5,308 3.728 5,636 47%
Fuel Consumption (MMBtu/year) 442 855 380.909 257,964 196,018 %
MNumber of Cars Remaoved 3.99

This CHP project will reduce emissions of Greenhouse Gases (CO2e) by 22,970 tons per year

This is equal to 5,636 metric tons of carbon equivalent (MTCE) per year

This reduction is equal to
removing the carbon emissions
of 3,991 cars
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The equations for the relationship for total fuel savings and CO; savings are as follows:
Total Fuel Savings from CHP (Equation 1):
Fs = (Fr+ Fa) — Foue

196,018 MMBtu/year = (257,964 MMBtu/year + 380,909 MMBtu/year) — 442,855 MMBtu/year

where:
Fs = Total Fuel Savings
Fr = Fuel Use from Displaced On-site Thermal Production
Fa = Fuel Use from Displaced Grid Electricity

Fcup = Fuel Used by the CHP System
Total CO, Savings from CHP (Equation 2):
Cs= (CT + Cc,) — Cehp

22,794 Ibs CO, = (15,078 Ibs + 33,601 Ibs) — 25,885 Ibs

where:
Cs = Total CO, Emissions Savings
Cr = CO, Emissions from Displaced On-site Thermal Production
Ce = CO, Emissions from Displaced Grid Electricity

Ccup = CO, Emissions from the CHP System

Figure 8 shows the outputs of the CHP system in more detail, and Figure 9 shows the emissions rates
for the CHP system as well as those from the displaced thermal production and displaced electricity
generation.

Figure 8: CHP Emissions Calculator, CHP Outputs

CHP Technolegy: Combustion Turbine
Fuel: Natural Gas

Unit Capacity 5,000 kW
Number of Units 1
Total CHP Capacity 5,000 kW
Cperation 7,500 hours per year
Heat Rate 11.809 Btu/kWh HHY
CHP Fuel Consumption 442 855 MMBtu/year
Duct Burner Fuel Consumption - MMBtufyear
Total Fuel Consumption 442,855 MMBtulyear
Total CHP Generation 37,500 MWhiyear
Useful CHP Thermal Qutput 206,371 MMBtufyear for thermal applications (non-cooling)

- MMBtufyear for electric applications (cooling and electric heating)
206,371 MMBtulyear Total
Displaced On-Site Production for Existing Gas Boiler
Thermal {non-cooling) Applications 0.10 I/MMBtu NOx
0.00% sulfur content

Displaced Electric Senvice (cooling and
electric heating)
There is no displaced cooling service

Displaced Electricity Profile: eGRID 2012 Average Fossil (2009 data)

Eqgrid State RFCE East
Distribution Losses 6%
Displaced Electricity Preduction 37,500 MWh/year CHP generation
hiyear Displaced Electric Demand {cooling)
sear Displaced Electric Demand (electric heating)
2,317 MWh/year Transmission Losses
39,817 MWhiyear Total
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Figure 9: CHP Emissions Calculator, Emissions Rates

Annual Analysis for CHP

CHP System
Combustion

Tatal Emissions

Turhine from CHP System
NQy {tons/year) 2035 - 2035
S0; (tons/year) 013 - 013
C0O; (tons/year) 25,885 - 25 884
CHs (tons/year) 0488 - 0488
MNz0 {tonsfyear) 0.049 - 0.049
Total GHGs (COze tonsdyear) 25910 - 25 910
Carkon {metric tons/year) 6.400 - 6.400
Fuel Consumption (MMBtudyear) 442 855 = 442 855

Annual Analysis for Displaced

Production f

or Thermal (non-cooling) Applications

Total Displaced
Emissions from

Thermal
Production
NO, {tons/year) 12.90
S0; (tons/year) 0.08
CO; (tonsfyear) 15,078
CH4 (tons/year) 0234
Mz {tonsfyear) 0.023
Total GHGs (COze tons/year) 15,093
Carbon {metric tons/year) 3728
Fuel Consumption (MMBtu/year) 257 964

Annual Analysis for Displaced Electricity Production

Displaced
CHP Displaced Displaced

Electricity | Electricity for | Electricity for Transmission | Total Displaced Emissions

Generation Cooling Heating Losses from Electricity Generation
MO, {tons/year) 26.18 - - 1.62 27.80
S0; (tonsfyear) 157.38 - - 973 16711
CO; (tonsiyear) 31,645 - - 1,955.56 33.601
CHs (tons/year) 0903 - - 0.056 0.965
NzO {tons/year) 0.506 - - 0.031 0.538
Total GHGs (COze tons/year) 31,821 - - 1,966 33.7a85
Carbon {metric tons/year) 7.625 - - 484 6,308
Fuel Consumption (MMBtudyear) 358,740 > > 22.169 380,909

380,909 MMBtu
Fuel consumption

40.7 tons of NOx
167.18 tons of SO2
48,880 tons of CO2e

Central Station
Powerplant

27.8 tons of NOx
16711 tons of SO2
33.788 tons of CO2e

257,964 MMBtu
Fuel consumptior

On-Site Thermal
Production

12.9 tons of NOx
08 tons of 302
16,093 tons of COZe

Total Emissions for Conventional Production

37.500 MWh
Electricity to Facility

Mo Cooling

2317 MWh
Transmission Losses

206.371 MMBtu
Thermal to Facility

Total Emissions for CHP System
20.35 tons of NOx
.13 tons of SO2
25,910 tons of COZ2e

442 355 MMBtu
Fuel Consumption

20.35 tons of NO:

CHP

System

13 tons of S02
25910 tons of COZe

Absarption
Chiller

Thermal from CHP

37.500 MWh
Electricity
to Facility

206.371 MMBtu
Thermal to
Facility

Mo Cooling

19



Appendix B: Displaced Grid Electricity Fuel Use and CO,
Emissions

The displaced fuel use and CO, emissions associated with the operation of a CHP system can be
determined by:

a. Calculating the fuel use and emissions from displaced separate heat and power (SHP) (i.e.,
grid-supplied electricity and on-site thermal generation such as a boiler)

b. Calculating the fuel use and emissions from CHP

c. Subtracting (b) from (a)

The challenge of calculating the fuel use and emissions associated with displaced grid electricity stems
from the fact that grid electricity is generated by a large number of sources with different fuels and
different heat rates. The sources that are reasonably expected to be displaced must therefore be
determined in order to estimate the displaced fuel use and emissions.

Section 3.1.1 of this paper presents the Partnership’s recommended methodology for calculating the fuel
use and emissions from displaced thermal generation, and section 3.1.2 presents the recommended
methodology for calculating the fuel use and emissions from displaced grid electricity. Section 3.2
presents the recommended methodology for calculating the fuel use and emissions from CHP.

This appendix complements the methodology provided in section 3.1.2 by:

e Discussing use of EPA’s Emissions & Generation Resource Integrated Database (eGRID) as a
resource for the grid electricity heat rate (HRg) and the grid electricity emissions factor (EFg)
needed to calculate the fuel and CO, emissions associated with displaced grid electricity from
CHP.

e Explaining why, when calculating fuel and CO, emissions savings associated with CHP, the
Partnership recommends using the following factors:

o the eGRID all fossil emissions factor and heat rate for the eGRID subregion where the
CHP system is located for baseload CHP (i.e., greater than 6,500 annual operating
hours), and

o the eGRID non-baseload emissions factor and heat rate for the eGRID subregion where
the CHP system is located for CHP systems with relatively low annual capacity factors
(i.e., less than 6,500 annual operating hours) and with most generation occurring during
periods of high system demand.

B.1 EPA’s Emissions & Generation Resource Integrated Database (eGRID)
Background
EPA’s eGRID' is a comprehensive and widely-used resource'® for information about electricity-

generating plants that provide power to the electric grid and report data to the U.S. government. eGRID
provides data on:

'8 EPA has generated and published detailed information on electricity generation and emissions since 1998. The most recent
edition of eGRID, eGRID2012 version 1.0, was released in 2012 and contains data collected in 2009. More information is
available at. hitp://www.epa.gov/cleanenergy/energy-resources/egrid/index.html
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Generation (MWh)

Fuel use

Plant heat rate

Resource mix (e.g., coal, gas nuclear, wind, solar)

Emissions associated with power generation in the United States

In order to enhance the usability of this data, eGRID separates and organizes it into useful levels of
aggregation, as follows:

Note:

Plant

State

Electric generating company (EGC)

Power control area (PCA)

eGRID subregion

North American Electric Reliability Corporation (NERC) region
U.S. total

eGRID consists of historic sets of recent data; it does not include projections of the operating
characteristics of generating units in the future.

The generation data and related data categories provided by eGRID are based on generated
electricity, not consumed (i.e., delivered) electricity and therefore do not include the impact of
transmission and distribution (T&D) losses (see Section 3.1.2 and Equation 5 for more
information on T&D losses).

Aggregation Level — eGRID subregion

EPA defines eGRID subregions based on NERC regions and PCAs. There are 26 eGRID subregions
(see Figure B-1) in eGRID2012, and each consists of one PCA or a portion of a PCA. eGRID subregions
generally represent sections of the grid that have similar resource mix and emissions characteristics.

'9 According to the eGRID Technical Support Document, more than 40 tools, applications, and programs (public and private)
rely on eGRID data.
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Figure B-1: eGRID Subregion Map?

Emissions and Heat Rate Data

eGRID presents the heat rate of each listed plant, and emissions data aggregated by fuel type and by
generation source category (e.g., all fossil fuels). eGRID also presents emissions data for several
pollutants—carbon dioxide (CO.), nitrogen oxides (NOx), sulfur dioxide (SO.), methane (CH,), nitrous
oxide (N2O) and mercury (Hg)—in the form of emissions rates on an output basis (Ib/MWh) and on a fuel
input basis (Ib/MMBtu).

Notes on Terminology. For the sake of clarity and consistency, eGRID
emission rates (Ib/MWh) are referred to in this appendix as emissions factors.
Also note that, because this document addresses how to calculate avoided
CO, emissions, all subsequent references to eGRID emissions data in this
appendix refer to CO, emissions only.

Three types of generation rates provided in eGRID are discussed in this appendix?':

o Total Output
The Total Output rates are based on data for all power generation regardless of energy source
(i.e., fossil, nuclear, hydro, and renewables) within a defined region or subregion. One CO,
emissions factor (Ib/MWh) and one heat rate (Btu/kWh) value are associated with the category for
each NERC region and eGRID subregion.

20 Many of the boundaries shown on this map are approximate because they are based on company location rather than on
strict geographical boundaries.
2! In addition to the three eGRID generation categories listed here, eGRID also includes an “annual combustion output”
category. This category is not discussed in this appendix since it was primarily developed to estimate NOx and SO» emissions
from combustion generating units that are dispatched to respond to marginal increases in electricity demand, and thus not
applicable to CO2 calculations involving CHP.
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o Fossil Fuel Output
The Fossil Fuel Output rates are based on data for power generation from fossil fuel-fired plants
within a defined region or subregion. One CO, emission factor (Ib/MWh) and one heat rate
(Btu/kWh) value are associated with the category for each NERC region and eGRID subregion.
EPA characterizes this emissions factor as “a rough estimate to determine how much emissions
could be avoided if energy efficiency and/or renewable energy displaces fossil fuel generation.”?
The EPA CHP Partnership’s CHP Emissions Calculator uses the emissions factor and heat rate
from this category to determine emissions and fuel use from displaced grid electricity when
evaluating CHP systems.?

eGRID also provides emissions factors by specific fossil fuel type (i.e., for coal-, natural gas-, and
oil-fired generating plants). These emissions factors are useful in assessing the different impacts
of fossil fuels, but they are rarely used to evaluate the relationship between CHP and displaced
grid electricity emissions.

. Non-baseload Output
The Non-baseload Output rates are based on data for power generation from combustion
generating units within a defined region or subregion that do not serve as baseload units. One
CO, emissions factor (Ib/MWh) and one heat rate (Btu/kWh) value are associated with the
category for each NERC region and eGRID subregion. The term “baseload” refers to those plants
that supply electricity to the grid even when demand for electricity is relatively low. Baseload
plants are usually brought online to provide electricity to the grid regardless of the level of
demand, and they generally operate continuously except when undergoing routine or
unscheduled maintenance. EPA developed the non-baseload output emissions factors to
estimate emissions reductions from energy efficiency projects and certain types of clean energy
projects based on the emissions from generating units that are dispatched to respond to marginal
increases in electricity demand.?* eGRID calculates the non-baseload factors by weighting each
plant's emissions and generation according to its capacity factor. The generation and emissions
from plants that operate most of the time, (that is, baseloaded plants with annual capacity factors
greater than 0.8) are excluded. All the generation and emissions from fuel-based plants that
operate infrequently during the year (for example, peaking units with capacity factors less than
0.2) are included. A portion of the emissions and generation from the remaining fuel-based plants
(i.e., those with capacity factors between 0.2 and 0.8) are included, with higher portions used for
plants with lower capacity factors and lower portions used for plants with higher capacity factors.

Table B-1 provides the all generation, all fossil, and non-baseload emissions factors from eGRID.

22 “EPA eGRID Technical Support Document. April 2012.
http://www.epa.gov/cleanenergy/documents/egridzips/eGRID2012 year09 TechnicalSupportDocument.pdf
% The CHP Emissions Calculator is available at: http:/www.epa.gov/chp/basic/calculator.html

24 Rothschild, S. and Diem, A., “Guidance on the Use of eGRID Output Emissions Rates”,
http://www.epa.gov/itn/chief/conference/eil8/session5/rothschild. pdf
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B.2 Selecting the Appropriate eGRID Aggregation Level

As explained in Section B.1, eGRID data is aggregated in many ways (e.g., plant, state, EGC, eGRID
subregion). However, when selecting the appropriate grid electricity emissions factor (EFg) and heat rate
(HRg) required by Equations 6 and 7 in Section 3.1.2, the aggregation level should reflect the nature of
the electricity supply to the site where the CHP system is located. The Partnership therefore
recommends using the eGRID emissions factor and heat rate for the eGRID subregion where the CHP
system is located. The Partnership bases this recommendation on the following factors®:

¢ In general, eGRID subregions represent sections of the grid that have similar resource mix and
emissions characteristics, operate as an integrated entity, and support most of the demand in the
subregion with power generated within the subregion.

e Using the state aggregation level may not be appropriate, because emissions factors and heat rates
for this level often omit generation that is imported into the state or generation that is exported to
other states, and therefore may less accurately reflect the fuel use and emissions impacts of
generation displaced by a specific CHP system than the eGRID subregion aggregation level." The
EGC level likely omits an even greater amount of imports and exports than the state level, and,
therefore, also may not be appropriate for the same reasons as for the state level.

e Emissions factors and heat rates for the NERC region or U.S. average aggregation levels do not
reflect significant regional variations in the emissions from generation, and therefore do not
accurately reflect the fuel use and emissions impacts of generation displaced by a specific CHP
system.

In summary, in the absence of nationally consistent and complete utility-specific import and export data,
the eGRID subregion level heat rates and emissions factors most accurately characterize the generation
that is displaced by CHP systems.

B.3 Selecting the Appropriate eGRID Emissions and Heat Rate Category

When selecting the eGRID emissions and heat rate category, it is important to select the category that
contains central station generators representative of those that are displaced by CHP systems. At first
glance, each of the eGRID categories mentioned above (i.e., total output, fossil fuel output, and non-
baseload) may seem like reasonable choices for HRg in Equation 6 and EF¢ in Equation 7 of Section
3.1.2; however the Partnership recommends using the following factors:

¢ the eGRID fossil fuel output emissions factor and heat rate for the eGRID subregion where the
CHP system is located for baseload CHP (i.e., greater than 6,500 annual operating hours), and

¢ the eGRID non-baseload emissions factor and heat rate for the eGRID subregion where the CHP
system is located for CHP systems with relatively low annual capacity factors (i.e., less than
6,500 annual operating hours) and with most generation occurring during periods of high system
demand.

This section provides a detailed rationale for this recommendation.

Estimating the energy and emissions displaced by CHP requires an estimate of the nature of generation
displaced by the use of power produced by the CHP system. Accurate estimates can be made using a

s Rothschild, S. et al., “The Value of eGRID and eGRIDweb to GHG Inventories”,
http://www.epa.gov/cleanenergy/documents/egridzips/The Value of eGRID Dec 2009.pdf
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power system dispatch model to determine how emissions for generation in a specific eGRID subregion
are impacted by the shift in the system demand curve and generation mix resulting from the addition of
CHP systems. However, these models are complex and costly to run.

As stated previously, eGRID provides two rates that can be used to estimate the mix of generation that is
displaced by the use of clean energy technologies such as CHP: the fossil fuel output rates and the non-
baseload output rates. Use of the total output rates is not appropriate since it includes a substantial
amount of baseload generation that is not offset by CHP projects.

The following load duration curve analysis demonstrates why CHP typically displaces fossil-fuel fired
power generation, and explains appropriate uses of the fossil fuel and non-baseload emissions factors
and heat rates.

Load Duration Curve Analysis

Using eGRID data, which accurately characterizes the emissions associated with generation in a given
region or subregion, a relatively simple load duration curve analysis can be used to show the impact of
CHP additions. The load duration curve analysis presented here first introduces a typical load duration
curve, and then shows how the addition of CHP affects the resources dispatched.

Demand for electricity varies widely over the year, and different types and sizes of generators are used
to meet the varying load as it occurs. A load duration curve represents the electric demand in MW for a
specific region or subregion for each of the 8,760 hours in the year.

Figure B-2 below presents a load duration curve for a hypothetical PCA. The shape of the curve is typical
of electric load duration curves. Demand in MW is indicated on the vertical axis and the hours of the
year are indicated on the horizontal axis. Hourly demand levels are ordered from highest to lowest. In
this example, the graph shows that the highest hourly electric demand is 10,000 MW and the demand for
the next highest hour is about 9,800 MW. The minimum demand is 4,000 MW, meaning that every hour
of the year had at least this much demand. The area under the curve represents the total generation for
the year. The zones defined by horizontal lines represent a typical generating mix and dispatch order. In
a competitive electric market, the generators are dispatched based on their bid price into the market
(typically a function of the variable costs of generation, fuel, other consumable items, and operation and
maintenance costs). Generators with low variable costs will be dispatched first, and will therefore operate
many hours per year (i.e., serve as baseload generators).
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Figure B-2: Hypothetical Power System Load Duration Curve and Dispatch Order
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Generators are dispatched in order of operating cost — lowest to highest:

e The lowest-cost generators (nuclear and hydroelectric) operate whenever they are available. This
is illustrated in Figure B-2, which shows that these generators operate continuously over the
entire year.

e Coal generation is typically the next-lowest operating cost source of power. While coal plants
largely serve as baseload plants, there are periods in which coal power must be scaled back or
turned off during periods of low demand. This is indicated in Figure B-2 as the area above the
curve and below the ‘Coal’ zone line. Also, some coal capacity—generally older, less efficient
systems—are often used as intermediate sources.

¢ Natural gas and oil-fired systems typically have the highest operating costs, and therefore
operate the fewest number of hours. The generators with the very highest operating costs are
typically only used to meet peaking loads. Natural gas combined cycle plants have lower costs
and are typically used for intermediate loads (and, in some cases, for baseload generation).

Figure B-3 illustrates the effect of baseload CHP capacity that avoids 1,000 MW of central power
generation in the aforementioned hypothetical PCA. For simplicity, it is assumed that the CHP system
operates for the entire year even though CHP systems may be offline for two or more weeks a year for
planned or unplanned maintenance.
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Figure B-3: Marginal Displaced Generation due to 1,000 MW of CHP
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A review of Figure B-3 indicates the following:

Because the CHP capacity operates continuously, the load duration curve shifts downward to
reflect the 1,000 MW reduction in demand for all hours of the year.

Compared to the base case (the top curve), the additional CHP capacity displaces an equal
amount of generation each hour that it runs, shifting the load curve down while it runs. The CHP
system therefore displaces power from the last unit of generation that would have been
dispatched in each of these hours.

Depending on the hour, the displaced generator could be a coal, oil, or gas steam unit, a
combined cycle generator, a central station peaking turbine, or a reciprocating engine peaking
unit.

Generators with a lower dispatch order, such as nuclear, hydro, and certain renewables, are
unaffected. These resources operate whenever they are available so are unaffected by changes
in power demand that result from CHP additions.

The generation (and corresponding emissions) displaced with CHP is therefore the fossil plant
output represented by the hash-marked area—a mix of mostly baseload and intermediate
generation with some peaking generation.

From Figure B-3, we see that CHP additions typically displace fossil fuel-fired power generation.
Therefore, the choice of which eGRID emission factor and heat rate to use for fuel and emissions
savings calculations depends on whether the CHP system in question operates as a baseload or non-
baseload system. As mentioned previously, CHP is mostly a baseload resource since it operates most
of the year, so in most cases the eGRID fossil fuel emissions factor and heat rate should be used. For
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those CHP systems with relatively low annual capacity factors as well as with most generation occurring
during periods of high system demand, the most appropriate estimate of displaced generation is
represented by the eGRID non-baseload emission factor and heat rate.

The graphs in Figure B-4 show the eGRID fossil fuel and non-baseload rates mapped onto the
hypothetical load duration curve. The difference between the two categories is largely in the amount of
coal-fired power that is included. The all fossil category includes a greater share of coal power whereas
the non-baseload category does not include coal-fired generators that do not operate during periods of
low demand. The eGRID plant data shows that 65.7 percent of the generation in the all fossil average

generation is coal-fired while only 47.7 percent of the generation in the non-baseload measure is coal-
fired.

Figure B-4: eGRID Fossil Fuel and Non-baseload Rates Mapped onto Hypothetical Load Curve
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Note: Non-baseload share cannot be mapped exactly onto the load duration curve. An approximation is
shown.

B.5 Conclusion

When calculating the fuel and CO, emissions savings associated with CHP, the Partnership
recommends using the eGRID emissions factors and heat rates for the eGRID subregion where the CHP
system is located. Although not as accurate as a detailed dispatch analysis, a comparison of the
displaced generation from baseload CHP (Figure B-3) to the all fossil and non-baseload areas (Figure B-
4) suggests that the fossil fuel emission factor and heat rate are reasonable estimates for the calculation
of displaced emissions and fuel for a baseload CHP system (i.e., greater than 6,500 annual operating
hours). Similarly, for non-baseload CHP systems with relatively low annual capacity factors (i.e., less
than 6,500 annual operating hours) and with a relatively high generation contribution during periods of
high system demand, the most appropriate estimate of displaced generation is represented by the non-
baseload emission factor and heat rate.
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ATTACHMENT 6

U.S. ENERGY INFORMATION ADMINISTRATION, STATE ENERGY DATA SYSTEM
TABLE F15: TOTAL PETROLEUM CONSUMPTION ESTIMATE, 2010



wa)sAg ejeq ABiaug ajels
uonesjsiuiwpy uoneuwuoju) AGiaug 's'n

"S8JON

[BOIUYOS]| 8y} Ul Paquosep aJe suondwnsse pue ‘seinpsooid UONBWIISS ‘S80IN0S Ble@ :S80.N0S

‘Buipuno. Juspuadapul 0} anp sjusuodwod Jo wns

|enba jou Aew S|EJ0| e "BUIj0SEH J0j0W OlUl Ppapuad|q [OUBYIS [8N} S8pNjoul wnajoad [e10] :S8J0N

GO0 UBYL SS9] 8NnjeA nig J0 ‘G0 UBY] SS8] dnjeA Hun [edIsAyd = (S) ‘Umoys aIaypm

£7180°28 £'8/¢ 1'9¥9'92 ¥'/22'8 1'889 6 YL L /¥/°000°2 8129 896'716'Y £8Y'6Y9° L 9G/°0¢} 29g'eve S9JElS palun
9'/91 90 6201 2'95 a4 ge 65662 Y01 01681 8€G'6 016 168 BuiwoAm
¥'/GS g9 0'0v¥ Szl Ll L0g 2Sv'v0L 080°L 826°18 2'el €e9°l 66€°L UISUODSIM
¥'202 9l ¥ ISH 8'9% €2 G 196°LE 12 €01'82 606°L 6.1 861°1 eluibIIA IS8
1'G9/ 20 2'¥09 0zel Syl 8l 60.°8E1 L€ €82°0L1 ¥2£'22 €1L2 2se'e uolbulysep
9258 L'el % ¥'SS GGl ¥'ve GLL'8G) 0912 ¥62'9¢1 2LE'6 06l°c 660, eluIbiIA
8’18 (s) €'es €g L 891 0/9'Gl S $08'6 2€6 01S‘t 8y JuouwLIdA
€02 G0 6222 6'0% Y gl ¥82'6¥ 18 9v6°'0F £96'9 1€8 €9 yen
2'p8's 8'9 6'62.C 0'850°E 6'Se 9'02 602°2€2° L PrL L LyY'86Y 6612 €82'G /GE'S sexa|
2'60L €2 G'665 8'G8 26 Szl 189°0E | 168 PO LLL oiadt 82t 601°C 29SSOUUD |
G'8LL 10 2’68 102 9¢ 8'G 22022 8l £8€91 86G‘C v.G 6vY' L eloMEQ YINoS
2’625 Ll YAV G'GS 99 8/ G68°/6 182 £26'v8 cly'6 28¢e’lL G68° | BUII0JBD YINOS
£'96 10 ¥'29 0l 0§ ¥'8l esh'LL €2 8/9°L1 G/9'L £88 gze'e pue|s| epoyy
ocLe't 8'9 €6 8'v22 €'ee LELL 60922 vl 1GE'€L1 6.E°0% €€€9 96€°l2 elueAjAsuuad
0'65€ (s) 92le 6'v¢ 29 €G 69/'G9 9 G16°/G €¥6'S 1811 Gel'l uofa10
L'¥0S 10 £'88¢ 6°001 9'9 €8 GY6°16 ve G0G' L $96'91 20€°L 0512 'woyepo
A 8l L6 9202 102 L'1e ov6‘lee 18¥'2 Sy vLL 160°vE ve8'e (WA oo
9'eSt ¥'0 2’88 6'2S L€ g/ 166°L2 69 00191 2Ie'6 GeL 9/} ejoMeq YLoN
2’198 1'e SelL 1'€8 €'Ge 2'9¢ 62829l 825 18L°€€1 €671 2LL'S ¥0v'8 BuljoI/e) YUoN
9'LLEL G0z ¥'€66 ¥'€8 8'/2l Sopl 821162 ove's 18881 P¥6'Cl L8 12 251°/2 SIOA MBN
9'v52 G0 0061 8'%S 0¢ €9 ¥7E'8Y 26 188vE €80°L 1 059 8e9°|L 0DIX3|\ MON
9eLL'L 9l L'yh6 iadn! 671 9'8¢ 912102 G92 68521 0106} 812 ¥eL'L Kesiop maN
6'/Sl L0 901 6Ll Gl v'/2 £€8'62 9Ll 15002 796°| Sve'e LS¥'S auysdwey meN
092 10 8'902 [ 0¢ [ 6vE'SY Se ¥2£'8¢ 189°G 9/G eyl epeAsN
1’222 €0 v/l 8'Ge 9¢ 9'8 8ve' LY /S YARNAS ovv'9 816 G122 ByseIgeN
LLLL 0. 70l 9'6¥ 02 28 $S1°LE PSLL Y161 2ee's LEY 2802 BUBJUO
2119 Gl 1’595 9'e8 2. 26l 66692} ¥G2 201501 6LLGI 8GG'| 196'Y UNOSSI
L'2ey 60 8'66¢ 8L/ 8'G 8/ 996'8/ LE1 2529 sylLel L6L°L 1£0°2 iddississiy
£'ee9 ¥'0 L'L9Y 6'921 vel 9'92 LSELLL ¥9 6¥9'98 ov6‘le eIy 1629

9'068 9'¢ 9'GLL ¥'18 S0l G'6¢ 0569091 €65 8LL'PEL 686'Cl 602 1166

1’509 62 £'05P '8l G'6¢ Sv6 006°L L} 891 82¢'v8 8Ge'e 869 80891

G'¥2S 6'C 0'veP LOY G/ 162 6GY' L6 0G9 cL18 0029 162°C 669'G puejAre|y
1’102 9C Lvel LLL ¥'02 0'/¢ 100°ZE cly 09622 G¥8'2 £88'¢c 1069 aurep
29v6° L 6'ce 1'9v9 962} 6'9 82 £89°19¢ 129'G G¥6'SL1 00182 182°1 GeL eueIsINo
€vy9 €92 €'09% syl G SLL 182611 88V 2978 £¥5'92 Sl 1882 Aonuey
0'€6¢ 8l 2'eve £sel L€ 06 2LVLL 962 VLYY £G6'82 G18 L£€°2 sesuey|
8'62¥ 6l €'10¢ 1’68 08l 6'8l 2LL'es L1€ G0.'SS GLE6L 8G6G‘e 18 BMO|
6'/8. gl ¥'209 S6vl 00l G6l 2eLYYL 962 606111 £69'Ge 186°L 188'Y BueIpU|
€692t A 1’596 L'v92 Ll €92 119'9€2 702 829'8/1 008‘sY 9922 6.9 siou||
0891 (s) 1’821 0'le ¥'e 6'Y 608'0€ (s) 29/'€2 €81's 6.9 G8ll oyep|
9'8¢e2 2'8. 0vEl g'le L€ 60 18Y LY 01921 r1ve 0/9°c .18 652 IremeH
€160t z' G2l6 ¥'€6 L1l o€t £69'002 2le 2LL'8L1 €L1'91 8e2'2 ¥9€°e e|bioen
L'¥08° | 2’86 ' yes L L'92t £'Ge G'6 890°0€¢€ 61091 8¥0'c82 02912 L¥69 YeY'S Bpuo|4
g'le G2 8l 90 €2 el 9/6'¢ vy 96/°2 i cly 612 10D jo ‘1sia
0'¥6 90 9'99 891 Ge G/ 1SS L Y01 50621 €8.°2 GG $E9°L areme|aq
¥'Eve R4 6'G€2 6L g9l a2 29.°€9 ¥9. cvevy 89¢'2 960°c 262°€l 1No)OBUU0YD
9'v6¥ 20 0GPy 8'85 28 G2l 00126 YA ¥2L'9. 89/°01 08G°l 12e 0peIojo)
£'695°C Gel 0'%90°c 8'2ey G'Se g'ee 2.2'€59 2vee 6/9'295 8/82L 1689 28G'8 eluioye)
L'6¥€ ¥'0 L'¥82 G2s 6'S 19 0GS‘¥9 S/ LEV'2S €1e'6 eeL'l £6G°1L sesueyly
9'ees L0 L'65¥ G'65 1'6 9v 22986 LLL 95668 L90°0 169°1 961°}L 'uOZY
8'9/2 R4 €202 02y o€l L6 G188y G6. ¥06°'9¢ G60°ZL S0e2 AV BySe|y
9'/95 el 0'€9¥ S8 9'6 €6 69%01 Gl2 /56°G8 L9EY 1 8/8°IL 65€°2 eweqgely

nig uoljjuL s|alleg puesnoyyl ajels
|eloL lamod uonenodsuel] | [euisnpuj |eloJawwo) | |enuapisay |eloL lamod uonenodsuel] | [euisnpuj |eloJawwo) | |enuapisay
PITIBETE] 2111093

0102 ‘se1ewilsg uondwnsuo) wnajollad [elol :GlL4 djqel



ATTACHMENT 7

HAWAII ENERGY STATISTICS



NV 8¢:6 ¢10¢/62/TT 0T40T

0T0Z-000Z A3uno) Aq uopejndogd o3de4 oq jlemeH

(L0380) yoog sed memen Jo 8115 HOGE PUo O6ST puois) puo Ajuned Ay vanondogd 01304 A JUspISay BNDS

Aunos inew m Aunod [eney m Aunos nesey m AINEUOH 40 Aunod pue Al m
010z 600Z 800Z L00T 900¢ S00E 0T £00T 00e 1002 000z
oo
r T
21qwoJ2Jaqy I8N JouIaN0D-
‘diysprewals - 0

INO W) Jauaq |Im Aay) 1sni aw ‘fenuarod
ABlJaua uea|d ‘ssajpunog sirevweH alojdxa awm L a0
Se pue ‘puiw U suoiesaual ainny Yy sanssi

[eIUSWUOIIAUS T 00| 9\
*Awou099 INo Jo poojgay|
ayp osfe s ¥ ‘84| Jo Aurenb

1no Joy siseq ay} Ajuo jou

@
=
(suoyuw) uonendog 0y3e4 ag

SI JUBWIUOJIAUS pUe|S| INO

FTT
. - : . : ' T : - P
lemeyIpagp@a0ijoARISUS :[rews == et G o - -~ a5’ pE'l bET EE EE'T
9£52-985 (808):xed
108€-286 (808) :auoyd Lot
£1896 IleMeH ‘NNjOuoH 0T0Z-000Z Ayuno) Ag uoijejndog 03oe4 2 liemeH
100|4 1§ ‘eluelaIag 'S SEC
wsLno] 7% uawdojanag spuan

olWouU0923 ‘ssauisng Jo 1daq
uondwnsuo?d ABiaus sl pue ‘sjeob ABlaua s ‘llemeH olul S1yBIsul pue uolrewloul eiauab apinoid sieys Buimojol syl

2210 ABiau3 a1e1s IremeH
sonsnels Abisug nemeH

ryoaess " IPBIN 7® SMBN NUdD J0ISOAU| 7 Jadojanag 321N0Say welbold ABleu3 1noqy SwoH

pajoauuo) Aelg @ Josoy / 1abreT / I9[lews 9zIS X8l  SWOH 1d3dd @ AoD TTemeH ﬂ

SONSIE)S-PIroqySep/sa2inosal/Aob  1teamey ABisusa//:dny sonsnels Aiaug 1remen



NV 8¢:6 ¢10¢/6¢/TT 0T40¢

0T0Z-000Z 39NPOId 213S8WI0Q 504D [EUJWON |jleMeH

(203001 ¥o-0@ 308 WRSEH 0 IURIS DEOF OF FAET LORANI0 JADIS PUT DTN 3 PUS JOH0] IHD0I] IS0 S500D 1300005

oToZ B00T 2007 L00Z 00T S00T gz E0OT fileirs TOOT oDoT

P

YImaas 5

(S| ] 1PAPOLY IISILUOE 5045 |BULIOH

P

"paniasal siybu | “IlemeH Jo arels ‘TT0Z © YBuAdoD

iogyoeqpasay | Adiod AoeAlld | 3Sn Jo suual

SONSIE)S-PIroqySep/sa2inosal/Aob  1teamey ABisusa//:dny sonsnels Aiaug 1remen



NV 8¢:6 ¢10¢/6¢/TT 0T40¢

515A|BUY JWOUDIT JO NESING '§'1] PUE UCHENSIUILUPY UOIJEWIoU| AB1au3 taunosg

110 0102 6002 BO0OZ  LOOZ 9002 SO0  #00Z EQOZ €002 TOOZ  OOO0Z

%0

%l

£y

%9

%8

- WLl

ddo Jo Juadiad e se s350) Adiaug

SONSIE)S-PIroqySep/sa2inosal/Aob  1teamey ABisusa//:dny sonsnels Aiaug 1remen



NV 8¢:6 ¢10¢/62/TT

SONSNBIS-pIeoqysep/saa4nosal/aoh iremeyAbisus//:dny

0T40¥

600Z-0L6T seanyipuadx3 pue uopdwnsuo) [an4 |Isso4 llemeH

o 5] sasnypuadsg

00T -

ildivs

[LCNRIEEINLLPY UoReLo U] ALIUT) TTOT ANy “a57) ABSUT AADTTy UDMADY [WalRAS DI ADAUT MO)E 1annog

0661 a6t 0L6T

[smig woypuL) vopdwnsuo

sAINMpUdE] [an4 ||1S504 ==

uBHWINEUG] [3ng 15504 ==

600Z-0L6T S24npuadx3 pue uoldwnsuod [and 15504 lemeH

sonsnels Abiau3g 1remeH



NV 8¢:6 ¢10¢/6¢/TT 074069

0T0Z-0L6T uondwnsuo) A31p329|3 jlemeH

[uoiElgsuw Py vonew o) ABiau3) 1107 BnEny omoy (weisds opog ABisUZ 81015 n0g

600 9002 E0DE 000 66T WERL TGl BEET  SBEL  IB6T  &L6T 9461 ELET 046D
0

g
Iy
(symp) uoidwnsuo] AUNIa|3 apimalels

0o0'0t

SYMS ZEL'OT

000'ZT

010Z-0£6T uondwnsuo) A31214323|3 llemey

SONSIE)S-PIroqySep/sa2inosal/Aob  1teamey ABisusa//:dny sonsnels Aiaug 1remen



NV 8¢:6 ¢10¢/62/TT

SONSNBIS-pIeoqysep/saa4nosal/aoh iremeyAbisus//:dny

0T409

0T02-900Z uoiidwnsuo) pue 3s0) 312143293 [enuuy |lemeH

(suoim $) Auaaala jo 1503

005% -

000'Ts -

005'TS -

0o0°ZS -

005'ES -

D0S'ES -

{La3ga} on0z-9002 'spualy ABiaud Ajuew jaunog

Aunay eney w Aunag nemey Aunes jnep niMeusK o Aunod g AU =

0taL GO0E BOOE L00E 200

0GE0T s85°0T §95°01

0T0Z-9007 uopdwnsuo) pue 3503 ANIN3I3(3 [ENULY (lEMEH

00o'z

00o'y

00o's

000's

000°'ET

[s4mo) uondunsues AY31a139(3 [Enuuy

sansnels Abisug 1remeH



NV 8¢:6 ¢10¢/62/TT

SONSNBIS-pIeoqysep/saa4nosal/aoh iremeyAbisus//:dny

0T40/

0TA4-SOA4 350D pue uopdwnsuo) A3d14393 sejpuaby aje3s |lemeH

[Bue) A &) AiuEe [ jo @0

0TS -

LA

orts -

oats 4

oars -

0TAd

EEPS

ZsrS

TTOL Wnny fwesno ) pue UL 0@ JAU0UDDT SIS N 0 UL 8 0a] 130 nog,

ARRL R #IRG

B0Ad B4 L£0Ad SlAd S0Ad

Tsa1s rests R 0 150 e POLLINSLICE) AL IL20]3

OTAI-S0Ad 1507 pue vopdwnsuo) ANNI2|] sapualy ajeas IIEMEH

- oooT

{5yane | vepdwrs e ApseE

sonsnels Abiau3g 1remeH



NV 8¢:6 ¢10¢/62/TT 0T408

10380 spuad) ABau3 Ayluop aunog

3333 3$33 233333 3233 43
N B B B B8 5858 88 8 8 8 8 3 3 3 8 8 8%
i i i i i i I i i i 1 i i I i i i —vDD.D.w
- 05°0%
NEMEH=0m S . 00'TS
@
0s'15 __m
]
0028 o
g
05 =
1 o
68°€S o 00°€s 2
. i 1]
05°€S W
o
- 00rs =
. - 05'PS
95
—__u_u.mm

ZT0Z-900Z 'S'N SA IEMEH JO 33B3S lid duljosen JenSay AjyIuoln agesany

SONSIE)S-PIroqySep/sa2inosal/Aob  1teamey ABisusa//:dny sonsnels Aiaug 1remen



NV 8¢:6 ¢10¢/62/TT 0T 406

0T0Z-900Z 'S'N 'SA l|lemeH @314d aujjosen Jejnbay Ajyyuo\ abelany

(L0380) 0TOZ-900T ‘spuai) ABiaug Alyiuopy :anos

Ot-Inr - OT-ver  gO-INT 60-Uer  BO-INf  BO-Uer  LO-|Ar  LO-Uer So-Inf 90-uer

1 1 [ 1 1 1 1 ﬂm_.:._”m
- 00°ZS
=
0525 &
=3
T
ce B
00°€S g
=
[1+]
. -
0S'€S m.
w
—
oovs &
‘§'N—e— -
dleIS—0— .
ninjoucy jo Auno?d g A1 - 0SS
Aunod lemeH —a—
Alunod inew 00°5%

0T0Z-900Z "S'N SA (A&3uno) Aq) nemey ad1id auljosen JejnSay Ajyiuoly a8esany

SONSIE)S-PIroqySep/sa2inosal/Aob  1teamey ABisusa//:dny sonsnels Aiaug 1remen



NV 8¢:6 ¢10¢/62/TT 0TJ00T

*$921n0S elep Ag papinoid are sarepdn se abueyd 01 193lgns si pue ajgissod se Aj@relndoe se pajuasaldal pue painseaw S| 8isgam Siy) U0 UMOYS erep ay L

0T0Z-900Z 'S'N 'SA l|leMeH @2}4d aujjoses Jejnbay [enuuy abesany

{LO3EA) OTOT-900F ‘spuad) ADraud Ajgaucpy -aunos

010z BO0T 2002 L00T S00E
: : : DOEs
SETS
05°Es
a
m|m
E
- D0'ES o
[
o
&
5
o
=
~
] n
05'ES s
4]
B
"5
00'vs
HIR]S i
NNOUCH 0 AJURCD %3 ALY
AJUNOTY [1BME | il
ARy INe - I—

0T0Z-900Z 'S'N SA llEMEH 32144 duljosen Je|nday |enuuy adesany

SONSIE)S-PIroqySep/sa2inosal/Aob  1teamey ABisusa//:dny sonsnels Aiaug 1remen



ATTACHMENT 8

ENERGY-DATA-TREND
TABLE 5.8 RESIDENTIAL ENERGY CONSUMPTION PER HOUSEHOLD



Table 5.8 shows the residential energy consumpgtemhousehold in Hawaii. From
1960 to 2008, residential energy consumption peisébold increased about 78 percent from 47
MBTU per household to 84 MBTU in 2008; resideng#ctricity consumption per household
increased about 108 percent from 3,382 kWh perdimld to 7,045 kWh per household.
Table 5.8. Residential Energy Consumption per Houswld

Hawaii Residential Energy Consumption per Household
State Total Other Index
Household Energy Electricity Energy Total Energy  Eleitlyi Others
Year HH MBTU/HH kwh/HH MBTU/HH 1970=100 1970=100  1970=100
1960 152,014 47 3,382 1 62 54 19
1965 174,998 56 4,920 1 75 78 32
1970 204,505 76 6,283 4 100 100 100
1975 251,986 75 6,599 2 99 105 57
1980 296,074 71 6,218 7 94 99 189
1985 322,687 62 5,823 3 82 93 70
1990 356,267 86 6,523 5 114 104 130
1991 361,403 72 6,629 5 9% 106 133
1992 367,095 81 6,642 6 107 106 168
1993 371,002 81 6,654 5 107 106 134
1994 375,478 83 6,810 5 110 108 138
1995 382,340 84 6,817 5 111 108 138
1996 388,840 84 6,882 5 112 110 139
1997 391,637 84 6,813 5 111 108 146
1998 395,139 84 6,683 7 111 106 190
1999 399,712 83 6,728 6 110 107 163
2000 404,391 84 6,837 6 111 109 175
2001 409,863 80 6,838 6 106 109 172
2002 415,228 84 6,980 6 111 111 173
2003 421,614 81 7,181 6 108 114 161
2004 427,125 83 7,403 6 110 118 162
2005 432,097 83 7,323 6 110 117 167
2006 435,287 84 7,311 7 111 116 179
2007 434,297 85 7,370 7 113 117 189
2008 437,919 84 7,045 9 111 112 253

Source: Energy Information Administration, Statefjy Data System
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