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ABSTRACT

This study was initiated to obtain a better understanding of the potential in using solar thermal energy to help mitigate CO2 emissions.  A sample scenario was developed in which solar water and space heating would be used to help satisfy a portion of the future U.S. Residential and Commercial sectors’ energy needs.  This scenario was compared against alternative measures that could be taken in the Transporta-tion and Industrial sectors.  These CO2 mitigating measures, both individually and combined, were then compared against the levels of CO2 emissions that are required to meet the terms of the Kyoto Protocol.

1. INTRODUCTION
Fossil fuels have been used for the past one hundred years to supply the energy demands of developing and industrialized nations.  They will most likely continue to be used as the primary source of energy well into this century.  However, among a number of problems associated with the consumption of fossil fuels, two are of greatest concern:  decreasing quantities of fossil fuels, which could lead to higher costs, and the pollution caused by using them.  This study focused on the latter problem, specifically tackling the question of what measures the United States could take to reduce its CO2 emissions.  The effectiveness of the various measures examined in this study is measured against the CO2 emission requirements specified in the Kyoto Protocol [1].  The Kyoto Protocol requires the United States to reduce its CO2 emissions to approximately 7% below its 1990 levels between the years 2008 – 2012, which is a reduction to approximately 18% below current CO2 emission levels.  

The United States currently consumes approximately 72 quadrillion (1015) Btu
 in delivered energy [2].  The energy consumed in the United States can be divided among four sectors:  Residential (15%), Commercial (11%), Transporta-tion (37%), and Industrial (37%) [2].  A significant portion of this energy is obtained from fossil fuels.  Associated with the combustion of these fossil fuels are CO2 emissions.  Currently the United States produces approximately 5550 million metric tons of CO2 each year [3].  As with energy consumption, CO2 emissions can be divided among the four sectors with 19%, 16%, 33%, and 32% attributed to the residential, commercial, transportation, and industrial sectors, respectively.  If the residential and commercial sectors are combined, the remaining three sectors each are responsible for approximately one third of the CO2 emissions. 

2. FOCUS OF STUDY
This study focuses on analyzing the extent to which solar thermal energy systems can be used for residential and commercial water and space heating purposes in order to help reduce the United States’ future CO2 emissions.  The effectiveness of a program that uses solar energy for these purposes is measured based upon the comparison of U.S. DOE projections for future CO2 emissions and emission levels required by the Kyoto Protocol.  The relative effectiveness of solar energy in the Residential and Commercial sector is studied by comparing it against alternative scenarios that could be taken in the Transporta-tion and Industrial sectors.

2.1 Scenario 1:  Residential and Commercial Sectors

In order to develop and analyze a possible scenario in which solar thermal technology could be used in the residential and commercial sectors, it is necessary to have an understanding of the end uses of energy in these two sectors.  Using U.S. DOE data [2], the various end uses were examined for both sectors.  Water heating accounts for 18.2% of the residential sector’s energy use and 11.4% of the commercial sector’s energy use.  Space heating accounts for 47.8% and 22.4% of the energy use in the residential and commercial sectors, respectively.  Thus, combined, water and space heating in these two sectors represent 10.2% of the total annual U.S. energy use.  The technology needed to displace conventional energy use for space and water heating with solar energy is currently available, reliable, and relatively inexpensive.  

In this scenario, the solar systems were assumed to meet 50% of the annual space and water-heating load with conventional fuels meeting the remainder.  Based on population densities and climate data, an estimate of 75% was used for the percentage of U.S. households and commercial buildings that would be appropriate candidates for switching from conventional to solar thermal water and space heating systems.  The program is assumed to begin in 2005 and end in 2015.  The calculations for this study were performed to reflect a constant installation rate of 7.5% each year, such that by the beginning of 2015, 75% of residential and commercial buildings would be equipped with these systems.

2.2 Scenario 2:  Transportation Sector
In order to develop an appropriate scenario for this analysis, data on the historical fuel economies for automobiles and light trucks were examined [4].  The data shows that significant improvements in the mileage of automobiles and light trucks occurred between 1978 and 1986.  However, after 1986 fuel economies for these two types of vehicles leveled off at about 28 mpg for automobiles and 21 mpg for light trucks.  Using this information, a scenario based on removing pre-1986 automobiles and light trucks from the current automobile and light truck fleet was proposed.  It was assumed that the pre-1986 vehicles would be replaced with new vehicles of the corresponding type; therefore, automobiles and light trucks with fuel economies identical to 1998 models (the last year for which fuel economy data were available) were chosen as replacements.  In order to depict the best-case scenario for reducing CO2 emissions, it was assumed that this program would remove 100% of the pre-1986 automobiles and light trucks from the existing motorized vehicle fleet within one year.  A government subsidy program would provide incentives to trade in pre-1986 automobiles and light trucks for newer, more fuel-efficient models.  This subsidy program would begin immediately and end one year later when all pre-1986 automobiles and light trucks have been traded in.
2.3 Scenario 3:  Transportation Sector

Another scenario focusing on the transportation sector was developed aimed at improving the fuel economy for automobiles and light trucks, as this is a major area into which private and government funding has been placed.  In order to portray the best case CO2 emissions reduction, this scenario was developed around what was perceived to be a challenging, yet technologically achievable goal for the automotive industry.  After examining the mileage data in Scenario 2 and receiving input from automotive experts [5] on what is technologically possible, this scenario was developed to reflect an improvement in the fuel economies of automobiles and light trucks by 50%.  This would be accomplished at a constant yearly increase of 10% between the years 2005 and 2009. 

2.4 Scenario 4:  Industrial Sector

It was not possible to analyze the specific uses of energy within the Industrial sector due to lack of DOE data resulting from the large variances within this sector.  Therefore, as a simplification, a 50% reduction in CO2 emissions was taken across the entire sector.  Although this would be an extremely ambitious and costly program, it was chosen in order to present one of the best-case scenarios for future CO2 level reduction.  Thus, the entire industrial sector will be subjected to tighter CO2 emission standards.  They will be required to decrease their CO2 emissions by 50% between the years 2005 and 2015.  The calculations for this scenario were performed to reflect a constant 5% reduction, such that by the beginning of 2015, a 50% reduction in CO2 emissions by the industrial sector would be achieved.

3. ANALYSIS

3.1 Scenario 1  

The effectiveness of solar thermal water and space heating systems in helping to decrease future CO2 emissions was estimated using the information on the total current energy consumption for these two purposes (see section 2.1).  Additionally, data were obtained from the U.S. DOE [2] on the proportions of energy obtained from the various types of fuels consumed by the Residential and Commercial sectors for water and space heating purposes.  These data are presented in Table 1.  

In addition, U.S. DOE data [3] were also examined to determine the historical and projected magnitudes of CO2 related carbon equivalent that was or will be produced from each type of fuel within these two sectors for the years 1999, 2010, 2015, and 2020 under the assumption of low economic growth.  An interpolation was also performed to estimate the carbon equivalent that will be produced from these fuels in the years 2006 and 2008 under low economic growth.  These data are presented in Tables 2 and 3.  Low economic growth was assumed as it provides the scenario for lowest CO2 emissions.

TABLE 1.  PERCENTAGE OF ENERGY USE FOR WATER AND SPACE HEATING 

	
	NG
	Electricity
	LPG
	Distillate

	Residential water heating
	66
	21
	6
	7

	Residential space heating
	69
	8
	7
	16

	Commercial water heating
	74
	16
	-
	10

	Commercial space heating
	79
	8
	-
	13


TABLE 2.  RESIDENTIAL CO2 EMISSIONS IN MILLION METRIC TONS OF CARBON EQUIVALENT PER YEAR – LOW ECONOMIC GROWTH

	Fuel
	1999
	2006
	2008
	2010
	2015
	2020

	Petrol
	26.0
	25.1
	24.8
	24.5
	23.6
	23.1

	NG
	69.5
	76.3
	78.1
	81.2
	84.3
	88.0

	Coal
	1.1
	1.2
	1.2
	1.3
	1.3
	1.3

	Elect
	192.6
	218.4
	225.5
	234.6
	251.2
	266.8


TABLE 3.  COMMERCIAL CO2 EMISSIONS IN MILLION METRIC TONS OF CARBON EQUIVALENT PER YEAR – LOW ECONOMIC GROWTH

	Fuel
	1999
	2006
	2008
	2010
	2015
	2020

	Petrol
	13.7
	13.1
	13.0
	12.8
	12.7
	12.4

	NG
	45.4
	50.4
	51.5
	54.6
	56.1
	56.6

	Coal
	1.7
	1.8
	1.8
	1.8.
	1.8
	1.8

	Elect
	182.1
	208.9
	215.7
	227.0
	243.2
	251.1


Using these data and Equation 1, calculations were performed to determine new values of expected CO2 related carbon equivalent if this solar water and space heating installation program were to be adopted.  Next, Equation 2 was used to convert the new values for the masses of expected carbon equivalent into masses of expected CO2. 


Expected = Projected – (Fuel%Water x Rate x Year x LoadWater) – (Fuel%Space x Rate x Year x LoadSpace)
(1)


Mass_CO2 = Expected x (44/12)
(2)

where

Expected is the new expected value of C equivalent 

Projected is the U.S. DOE projected value of C equivalent

Fuel%Water and Fuel%tSpace are the percentages of fuel used for water and space heating

Rate is the annual installation rate of solar water and space heating systems (7.5% for this analysis)

Year is the number of years since beginning of the installation program (i.e., 2010 = 5, fifth year)

LoadWater, and LoadSpace are the energy load carried by solar water and space heating systems (50% for this analysis)

Mass_CO2 is the tTotal mass of CO2 based on carbon equivalent conversion

3.2 Scenario 2  

The first step in analyzing this scenario was to determine the quantity of older automobiles and light trucks that would be removed from the current motorized vehicle fleet and replaced with 1998-similar models.  As stated previously,  it was assumed that all pre-1986 automobiles would be removed within one year.  Using U.S. DOE and DOT data [2, 4], the approximate number of pre-1986 automobiles and light trucks in the current motorized vehicle fleet was found to be 26.997 million and 19.150 million, respectively.

The next step was to determine the amount of gasoline that would be saved if these pre-1986 vehicles were removed.  Therefore, U.S. DOE and DOT data were again used to determine the number of miles each of these vehicles travel in a given year (9000 for automobiles and 9200 for light trucks) and their fuel economies.  The fuel economy data are shown in Table 4.  Using this information, the necessary calculations could be performed in order to determine the decrease in the quantity of CO2 emissions if these vehicles were not in use.  

TABLE 4.  AVERAGE FUEL ECONOMIES IN MPG

	Year
	Automobiles
	Light Trucks

	1978
	19.9
	18.2

	1979
	20.3
	18.5

	1980
	24.3
	20.1

	1981
	25.9
	20.5

	1982
	26.6
	20.7

	1983
	26.4
	20.6

	1984
	26.9
	20.7

	1985
	27.6
	21.5


However, since this program was set up as a subsidy scenario in which incentives would be given to trade in pre-1986 vehicles for newer models, the amount of CO2 produced by these newer vehicles needed to be added into the model.  This was done in three different ways based on three different assumptions illustrated in the following cases.  

Case 1:  The first way this scenario was analyzed was based on the assumption that the owners of the vehicles who participated in this program would drive their newly acquired vehicles the same number of miles as they had driven their older vehicles.  Although this may be true in some instances, statistically speaking this would not be the case according to data provided by the U.S. DOT and DOE regarding the number miles newer vehicles are driven vs. older vehicles.  Therefore, this case would lead to a very conservative estimate on CO2 emissions.

Case 2:  The second way that this scenario was analyzed was to assume that the owners of the vehicles that participated in this program would drive their newly acquired vehicles the same number of miles that the U.S. DOT states that they should based upon statistical data for owners of new vehicles.  Although this may be the statistically correct way of analyzing this scenario, it was felt that it did not take into account the socio-economic factors that influence who owns older vehicles and the reasons that they drive a lesser number of miles each year.  Therefore, it was felt that this would result in an overestimation of the amount of CO2 emissions that would be produced by the newer vehicles.  

Case 3:  The two previous ways of analyzing this scenario led to the third way, in which the expected number of miles that the owners of the new vehicles would drive is the average between the number of miles that the vehicles’ owners used to drive with their older vehicles and the number of miles that the U.S. DOT states that an owner of a new vehicle will drive.  

3.3 Scenario 3
To evaluate this scenario, data were gathered on the historical fuel economies of automobiles and light trucks (See Table 4).  The fuel economies for 1998-model automobiles and light trucks were 28.7 and 20.9, respectively.  Since this scenario is focused on increasing the fuel economies of the newly produced automobile and light truck fleet by 50% relative to 1998-model values between the years 2005 and 2010, the new fuel economies of these vehicles needed to be calculated.

In addition to creating these future projections of fuel economies, the size of the future automobile and light truck fleet needed to be estimated.  This was done through the use of the U.S. DOT’s historical data on the size of the automobile and light truck fleets.  Using data from the past 30 years for the automobile fleet and the past 20 years for the light truck fleet, it was found that both fleets grew at nearly constant rates.  Using a linear regression analysis, future projections of the size of the automobile and light truck fleets were generated.  

Finally, it was assumed that the mixture of ages for the automobiles and light trucks would remain constant in the future.  For example, if 15% of the automobiles in 1998 were 15 years old or older, in 2010 15% of the automobiles would still be 15 years old or older.  This allowed the magnitudes of the automobile and light truck fleet to grow yet kept the ratios constant.

Using these three pieces of information, the future quantities of CO2 produced from the future automobile and light truck fleets could be calculated.  These new CO2 values were substituted into the model in lieu of the values that the U.S. DOE stated that these future vehicles should produce, if current trends remained constant.  Using these substituted values, new projections of the overall U.S. CO2 levels were created.

3.4 Scenario 4
As stated previously, this was a difficult sector to analyze since the data presented by the U.S. DOE did not delineate the end uses of energy into concise categories as it did with the other three sectors.  Therefore, a simplification was made in order to analyze this sector:  an across-the-board 50% reduction in CO2 emissions was applied on the entire sector.  As this is an extremely ambitious scenario, it was spread out over a period of ten years from 2005 to 2015, yielding a constant decrease in CO2 emissions by 5% each year.  For example, by 2007 the industrial sector would achieve a 10% reduction below the U.S. DOE’s projection [1] of CO2 emissions for that year, since it is the end of the second year of this program.  Once these CO2 reduction rates were established, new projections of future CO2 levels for this sector could be calculated.  Using these new projections in lieu of the U.S. DOE’s estimates for future CO2 emissions levels from this sector, an analysis was performed to see how these tighter emissions controls would affect the overall U.S. CO2 levels.  The U.S. DOE’s historical and future projections of tons of carbon equivalent emissions for the industrial sector for the years 1999, 2010, 2015, and 2020 are 480.4, 296.2, 521.3, 536.9, respectively, for the low economic growth assumption. 

4. RESULTS

Figure 1 shows the results from the analysis of Scenarios 1, 3, and 4.  It should be noted that the results of Scenario 2 are not shown, since Cases 2 and 3 of Scenario 2 were found to have counter-productive results, while Case 1 yielded negligible benefits.  Also shown in Figure 1 are the results from a final analysis that was performed in order to determine future CO2 levels if scenarios 1, 3, and 4 were all adopted.  This can be seen as the “All of Above” curve in Figure 1.  All of these scenarios were developed using the U.S. DOE future projections associated with low economic growth as a baseline.  Therefore, these values are what can be expected as best-case future CO2 levels, if no other CO2 mitigating measures are taken.  The final important feature to note in Figure 1 is the level set by the Kyoto Protocol for the United States.  As can be seen, the relatively ambitious programs analyzed in this study, even when combined, will help the United States reach approximately only half way to its required levels between the years 2008 and 2012.

[image: image1.emf]4000

4500

5000

5500

6000

6500

7000

7500

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

Year

Million Metric Tons of CO2   

Kyoto Protocol

Low Economic Growth

1. Solar

3. mpg x 1.5

4. Industrial

All of above

4000

4500

5000

5500

6000

6500

7000

7500

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

Year

Million Metric Tons of CO2   

Kyoto Protocol

Low Economic Growth

1. Solar

3. mpg x 1.5

4. Industrial

All of above


Fig 1.  Total U.S. Carbon Dioxide Emissions.

Although Scenarios 1, 3, and 4 each helped to curtail CO2 production, the degree to which they could help and their anticipated relative costs should be noted.  Scenario 4, in which CO​2 emissions from the Industrial sector would be reduced by 50%, was the most effective; although, it is also expected to have the greatest relative implementation cost.  Scenario 3, in which the fuel efficiencies of automobiles and light trucks would be improved by 50%, was the next most 

effective as well as the next most expensive.  Scenario 1, in which solar thermal energy would be used for water and space heating applications, was the third most effective plan and also expected to be the least expensive, since it uses currently available, affordable technology.

5. CONCLUSIONS

It was found in this study that effective measures could be taken against the production of CO2 emissions through the use of solar thermal water and space heating systems.  In the scenarios that were chosen for this study, it appears that the use of solar thermal energy in the residential and commercial sectors would be competitive with aggressive alternative measures that could be taken in the transportation and industrial sectors.  Additionally, the technology that would be used to implement the solar thermal CO2 mitigating methods is currently available and could be used in a manner such that a radical change in life style would not be imposed.

There are many possible options to reduce future CO2 levels.  The scenarios used in this study were chosen because they appeared to be reasonable starting points as a way to help reduce CO2 emission levels.  Certainly, other scenarios can be created or variations of these scenarios can be tested, but the work that has been performed in this study can be used as a starting point for understanding the scope of the problem and the relative effectiveness of some CO2 mitigating measures.  This study has also revealed that significant work still remains to be done in order to determine the best course of action for the United States to lower future CO2 emissions to levels that the international community sees as appropriate.
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� The U.S. government publications report all energy terms in BTUs.  Since 1 BTU is equal to 1055 J, the reported numerical BTU values can be considered to be kJ.  





