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ABSTRACT

The 1992 Greenhouse Gas Emissions and Mitigaion Research Symposium, sponsored by the U.S.
Environmental Protection Agency’s Air and Energy Engineering Research Lahoratory (EPA-AEERL), was
held in Washington, D.C. on August 18-20, 1992. The purpose of this symposium was to provide a forum
of exchange of technical information on global change emissions and potential mitigation technologies.
The primary objectives of the meeting were dissemination of technical information and education in recent
research. Oral papers along with an international panel discussion. overheads, slides, and a GloED
demonstration provided for lively exchanges in the following areas: activities in EPA, DOE, and EPRI
on greenhouse gas emissions and mitigation research, and AEERL's global emissions and technology
databases; international activities of selected industrialized and developing countries; carbon dioxide (CO,)
emissions and their control, disposal. and reduction through conservation and energy efficiency, and carbon
sequestration including utilization of waste CO,; methane (CH,) emissions and mitigation technologies
including such topics as coal mines, the natural gas industry, key agricultural sources, iandfills and other
waste management sites, and energy recovery by fuel cells; biomass emission sources and sinks. including
cookstove emissions and control approaches; and energy sources, solar and renewable including renewable
energy options, alternative biomass fuels, advanced energy systems, solar energy developments, and
woodstove emissions and mitigation. The Symposium Proceedings contain 34 submitted papers.
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SESSIONI:  OVERVIEW 1A

Frank T. Princiotta, Chairperson

GREENHOUSE WARMING: THE MITIGATION CHALLENGE
FRANK T. PRINCIOTTA, DIRECTOR
AIR AND ENERGY ENGINEERING RESEARCH LABORATORY
U. S. ENVIRONMENTAL PROTECTION AGENCY

Human activity has led to an increased atmospheric concentration of certain gases, such
as carbon dioxide, methane, and chlorofluorocarbons, which resist the outward flow of infrared
radiation more effectively than they impede incoming solar radiation. This imbalance yields the
potential for global warming as the atmospheric concentrations of these gases increase. For
example, before the industrial revolution, the concentration of carbon dioxide in the atmosphere
was about 280 ppm and it is now about 355 ppm. Similarly, methane atmospheric
concentrations have increased substantially and they are now more than twice what they were
before the industrial revolution, or about 1.72 ppm. The impact of man’s activities is more
dramatic with regard to chlorofluorocarbons. These compounds do not occur naturally; they
were not found in the atmosphere until their initial discernible production several decades ago.

FACTORS INFLUENCING GREENHOUSE GAS EMISSIONS

The emissions responsible for increasing concentrations of greenhouse gases are
associated with many human activities, especially the extraction and utilization of fuels, the
large-scale deforestation in many developing countries, and other industrial and agricultural
practices. Our goal at this conference is to discuss the state-of-the-art and the research
opportunities associated with understanding the sources and mitigating releases of these
greenhouse gases. I submit that to understand the mitigation opportunities we need to understand
the fundamental driving forces for releases of these gases.

Let us concentrate for the moment on carbon dioxide, the most important of the
greenhouse gases. The following expression relates the major factors influencing the growth of
carbon dioxide emissions over time for a given country:

(CO) = (COy, x (1+P+L+E+CY
where:

(CO,), = projected CO, emissions

(COy), = present CO, emissions

P = annual population growth rate

L = annual growth rate: industrial production) = ] annual growth rate:
—annual growth rate: population industrial productio

| per capita

E = annual growth rate: energy use = |annual growth rate:

—annual growth rate, industrial energy use per unit
production unit of industnial

production

1-1



C. = annual growth rate: carbon emissions = | annual growth rate:
—znnual growth rate: energy use carbon per unit of
energy used

y = years into the future

The two major factors yielding emission growth are (1) population growth, and (2)
industrialization. These factors can be compensated for by two factors which can mitigate
growth of greenhouse emissions; these are (1) enhanced energy efficiency (i.e., reduced energy
usage per unit of industrial production) and (2) the reduction in the carbon emitted per energy
unit utilized.

It is interesting to note the relative magnitude of these factors expected to influence
emissions of carbon dioxide over the period 1990 to 2025. The Intergovernmental Panel on
Climate Change (IPCC-1992) in their most recent report included a base case of projected
emissions for the greenhouse gases all the way to the year 2100. Table ! illustrates my
massaging of these data to extract the factors that are imporant for developed countries
(Organization for Economic Cooperation and Development/OECD countries) versus developing,
or poorer, countries (e.g., Asian countries). The table indicates that, for the developed
countries, the drivers are projected to be primarily economic growth, whereas population growth
is expected to be fairly modest over this time period. The mitigating factors although significant
are projected to be insufficient to counteract population and economic growth, yielding an-
estimated 0.7% annual net growth of carbon dioxide emissions from the developed countries.
The situation for the developing countries is even more troublesome. Since their level of
economic activity is currently quite modest, it is projected that they will undergo rapid
industrialization, at the same time that population is growing at a relatively fast pace. Mitigating
factors, namely more efficient use of energy and less carbon intensive energy use, are projected
to be modest over this time period. This yields an expected very large growth of 3.9% annual
increase in carbon dioxide emissions over this period.

Figure 1 illustrates the expected growth in population by area (IPCC, 1992). As you can
see, the developed countries are anticipating relatively low growth rates, whereas the developing
countries, especially Asia, Africa, the Middle East, and (to a lesser extent) Latin America, are
projected to have very large growth rates over the period 1990 to 2100. As stated earlier,
population growth plus rapid industrial growth can yield large increases in carbon dioxide and
other greenhouse gas emissions.

Figure 2 illustrates, based on the expected population and industrial growth, projected
carbon dioxide emissions over the 1990-2100 time frame. The upper graphic in this figure is
the base case for the IPCC 1992 report. It projects growth in emissions from about 7.3 to about
20 gigatons* of carbon over this period, with Asia, Africa, and the Middle East providing much
of the projected growth. The lower graphic is a case I developed to illustrate how important it
is for developing countries to move in a more energy efficient, less carbon intensive path than
have the developed countries during this century. This case was developed by assuming that by
the year 2100 all the developing countries would have a carbon dioxide per capita emission rate

(*) 1 gigaton = 10° metric tons
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TABLE 1.
ASSUMED ANNUAL GROWTH FACTORS INFLUENCING CO,
EMISSIONS (1990 - 2025)
(Derived from IPCC, 1992)

FACTOR . OECD Asia
Growth of Economy Per Capita 2.2% 3.5%
Population Growth Rate 0.3% 1.5%

Growth Rate: Energy Use Per

Economic Output -1.1% -0.8%
Growth Rate: Carbon Emissions _
Per Energy Use Unit -07% | 0.3%

r Annual CO, Growth Rate +0.7% +3.9%
(Sum of above factors)
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Figure 1. Projected population by area (Source: IPCC, 1992).
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BASE CASE:IPCC 1992
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Figure 2. (0, Emissions: gigatons C for two uncontrolled cases.
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one-half of the current U.S. value, or about 2.9 tons of carbon per capita. Stated another way,
this case assumes that over the next 110 years all developing countries will have a standard of
living and economic structure with an energy use pattern similar to contemporary Europe. In
my view, this is not a wild assumption. Assuming this, emissions are almost twice that
projected by the IPCC. Perhaps this case represents an upper limit of what could happen in the
absence of serious changes in global energy use patterns.

PROJECTED GREENHOUSE WARMING

It is instructive to relate these projected emissions to anticipated global warming. I have
utilized a model 1 developed which relates emissions of individual greenhouse gases to
equilibrium temperature increases using lifetimes, and radiative forcing functions contained in
IPCC, 1990. Realized (or actual) temperature is estimated using realized projection calculations
in IPCC, 1992, which have been correlated with the model's equilibrium calculations.

Figure 3 relates various emission grown scenarios to projected temperature rise. Note
that this is referred to as realized (or transient) temperature rise, which attempts to take into
account the thermal inertia associated with the Earth’s features, especially oceans. (Equilibrium
temperatures, on the other hand, are sometimes reported which ignore the thermal inertia factor.
Typically, these temperatures are 1.5 to 2 times higher than the corresponding realized
temperature increases.) Also note that there are large uncertainties in these numbers, probably
by at least a factor of 2 on both the high and low ends. An atmospheric sensitivity to doubling
carbon dioxide concentrations of 2.5° C was assumed in these calculations. The two
uncontrolled emission projection cases we previously discussed were analyzed: the IPCC base
case and what 1 call the fast growth case which assumes that the developing countries will
approach the current industrialized world in terms of carbon dioxide emitted per capita. In the
IPCC base case, warming is estimated at about 3° C by the end of the next century (consistent
with IPCC, 1992). If we were to cap emissions of all greenhouse gases during the year 2000,
it is expected that this warming can be reduced about 30% to a little over 2° C. If the
international community would mitigate further and actually reduce emissions 1% a year starting
in the year 2000, we can limit the rise to about 1.5° C.

This model calculétes that it would require a 2%/yr emission reduction program to
stabilize warming to about 1° C over 1980 levels. I believe that these numbers suggest the major
challenge which faces humankind, if we decide to seriously limit the projected greenhouse
warming.

A LOOK AT THE IMPORTANT GREENHOUSE GASES

Let us now take a look at the important greenhouse gases and their relative contributions.
Figure 4 shows the projected contributions by the major greenhouse gases assuming the IPCC
(1992) base case over the period 1980 - 2100. As you can see carbon dioxide is the most
important gas with methane and chlorofluorocarbons and their substitutes also important. Note
that the analysis assumed that all countries would reasonably implement international agreements
to phase out chlorofluorocarbons. The model, however, assumes that some of the substitutes,
like HFC-134a, which are substantial greenhouse gases in their own right, will be produced and
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emitted in large quantities.

Note that the contribution of carbon dioxide is probably the best documented of the gases.
The methane calculations, for example, assume indirect effects of methane. Methane
decomposes to other greenhouse gases in the atmosphere: ozone, carbon monoxide, carbon
dioxide, and water. Note that there is a large degree of uncertainty over the magnitude, albeit
not the direction, of these indirect effects of methane. Nevertheless, I included them here since
I believe they ultimately will be important. Also note that other precursors of tropospheric
ozone have many uncertainties as well. There is the need for considerable atmospheric modeling
and measurements to relate emissions of volatile organic compounds, nitrogen oxides, and
carbon monoxide to high-level tropospheric ozone to better understand the significance of this
gas as a greenhouse warming contributor in the upper troposphere.

Figure § illustrates the relevant importance of gases over the 100-year time period of the
analysis, again using the IPCC 1992 base case. (Note that the potential cooling effect of
atmospheric aerosols has not been factored into the model calculations.) As you can note, the
short-lived gases, such as methane and ozone, are more important contributors early in this time
frame, with carbon dioxide becoming more dominant later in the time frame. This is associated
with the decay rates of the gases involved. Figure 6 illustrates an important mitigative advantage
in dealing with short-lived gases, such as methane, in that an aggressive control program can
stabilize atmospheric concentrations and mitigate warming relatively quickly. This figure shows
that, if all gases were controlled at 1% a year from the period 1980 to 2100, essentially all the
methane projected warming could be mitigated whereas only about 60% of the carbon dioxide
warming could be mitigated since the half-life in the atmosphere of carbon dioxide is so long
that emission reductions don’t lead to reduction in atmospheric concentrations until many decades
later. Figure 7 illustrates this phenomenon by plotting concentration ratios relative to 1980 for
two long-lived gases (carbon dioxide and nitrous oxide) and the short-lived methane, all of which
had their emissions reduced by [ % a year starting in the year 2000. As you can see, because
of methane’s shorter half life, it responds more quickly to mitigation, yielding lower driving
forces for greenhouse warming. Table 2 summarizes what we’ve discussed relative to the
important greenhouse gases. Note that this table also briefly summarizes major uncertainties
regarding each gas’ warming potential, and identifies major human sources.

It is also instructive to estimate the impact of chlorofluorocarbons (and related
compounds). Although these compounds are potent greenhouse gases based on their radiative
properties, recent data suggest that they have been responsible for ozone depletion in the lower
as well as the upper stratosphere. Since ozone in this lower region is a potent greenhouse gas,
there is a net cooling associated with this ozone depletion which opposes the radiative warming
impact. It appears that chlorofluorocarbons have not been the significant greenhouse warming
contributors previously believed. Figure 8 shows the results of model calculations which do not
take into account the cooling effect. What is most interesting is that it is possible that the net
effect of replacing chlorofluorocarbons with compounds such as HFC-134a, which is a potent
greenhouse gas in its own night, could be warming! This could occur since such replacements
which are chlorine free (and therefore non-ozone depleting) will contribute to warming without
the opposing cooling associated with ozone depletion.
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WHAT PENALTIES ARE ASSOCIATED WITH DELAYING MITIGATION?

One important question relative to mitigation is: what penalties are associated with
delaying implementation of a mitigation program? Or stated differently, how much mitigation
opportunity would be lost if a mitigation program were started later rather than sooner? Figure
9 attempts to answer this question by plotting realized (transient) projected warming at 2100 for
three cases as a function of the year the control of all greenhouse gases would be initiated.
Included is a business-as-usual case per the IPCC 1992 emission scenario. Three control cases
are included, two where emissions are reduced by 1% and 2% a year, respectively; and the third
where emissions are capped at the year control is initiated at that emission level for all
greenhouse gases. Looking at the two decline cases, you can see that a 10-year delay in
initiation of a mitigation program yields a significant diminishment in the ability to mitigate
projected global warming. The graphic suggests that a 20-year delay in a 1%/yr mitigation
program would require a 2%/yr program to achieve the same degree of warming mitigation that
would have been achieved by the more modest program 20 years earlier.

MITIGATION CHALLENGES FOR THE U.S.

In order to understand the factors influencing greenhouse gas emissions in the U.S., I
have utilized another projection model. This model calculates emissions of carbon dioxide,
methane, and chlorofluorocarbons as a function of input factors such as population growth,
industrial growth, fuel use patterns, energy utilization efficiency, introduction of renewable
energy technology, and mobile source miles per gallon. This model incorporates the electric
utility module described in an earlier paper (Princiotta, 1990).

Figure 10 shows projected équivalent emissions for the 1980-2020 time period for a
business-as-usual case (DOE, 1987). Figure 11 shows the expected increase of carbon dioxide
emissions over the same time period for the major energy/use sectors. This projection suggests
that significant emission increases will result primarily from both increased use of coal to
generate electricity, and growth in the mobile source sector due to a larger auto, truck, and
aircraft fleet. Figure 12 shows that growth in electricity use is a critical parameter in
determining carbon dioxide emissions from the important electric utility sector. Although
introduction of renewable technologies, such as those based on solar or biomass energy sources,
would help mitigate emissions later in this time frame (Princiotta, 1990), the use of so-called
clean coal technologies such as integrated gasification combined cycle (IGCC) will have little
impact. Figure 13 shows that, even with a major introduction of IGCC technology (up to
300,000 MW), only a modest amount of carbon dioxide is mitigated. These results assumed
efficiency for IGCC is 41% vs 37% for conventional coal-fired units; yielding only an 11%
savings in coal use.

Figure 14 illustrates current and projected emissions from the major U.S. sources of
methane. Note the importance of landfills, emissions from cows and sheep, and coal mine and
natural gas pipeline leakage.

Last year the Administration (DOE, 1991) proposed an energy strategy that would have
a significant impact on greenhouse gas emissions. This strategy promoted a major research,
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development, and demonstration program to develop new fuel production and utilization
technoiogies, with emphasis on renewable and nuclear systems. It also promoted the enhanced
use of natural gas and nuclear power, and the use of renewables as electric utility and
transportation fuels. More efficient utilization of energy, especially electricity, was also
promoted.

The net effect of these policies, if successfully implemented, is shown in Figure 15. The
bottom graphic compares carbon dioxide emissions for the U.S. strategy case with the previously
discussed business-as-usual scenario (upper graphic). Such a policy can approach emissions
stabilized at least over this time interval. As can be seen, the major reduction has been achieved
in the coal-electric sector. This results from a lower growth in electricity demand due to
enhanced end use efficiency, and due to increased use of gas, nuclear and renewable power
generation displacing carbon-intensive coal-fired power plants.

CONCLUSIONS

Let me summarize what I believe all these graphics and analyses seem to tell those of us
who are interested in greenhouse gas mitigation technology

(1)  Agncultural, medical, and industrial technologies have allowed for unprecedented
population and economic growth; development and application of low-emitting
technology could deal with the potential of unacceptable greenhouse warming.

(2) Technologies and practices could be developed that provide cost effective
mitigation, not just for the developed countries that are generating the bulk of the
emissions in the short term, but also for the developing countries that will likely
be the dominant emitters in the longer term.

€)] Research could help reduce the uncertainties associated with several key gases:

- For methane, emission and activity factors need improvement, and the
indirect effects of methane decomposition in the atmosphere needs
clarification. Also the apparent deceleration in the growth of methane
atmospheric concentrations cannot be easily explained by current
source/sink information.

- For tropospheric ozone, the mechanisms for formation in the upper
troposphere from the important precursor gases are not fully understood.

- For chlorofluorocarbons, the balance between radiative heating and
stratospheric cooling needs to be better understood. Also, results of an
evaluation of likely substitutes for global warmmg impact would be of
interest.

4) Cafbon dioxide is the key greenhouse gas which is directly linked to fossil fuel
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combustion, especially coal combustion. Major efforts could provide an
alternative energy path emphasizing renewable technologies such as solar, and
biomass with a focus on electric power production.

(5 Methane provides a ripe opportunity for mitigation research. By controlling the
major human sources, such as coal mines, landfills, and natural gas pipelines,
methane atmospheric levels could be stabilized within a relatively short period,
with substantial near-term mitigation impacts.
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Methane reductions can play a large role in providing low
cost, if not profitable, opportunities for reducing
greenhouse gas emissions, in addition to other benefits for
the atmosphere. This paper reports on opportunities for
reducing emissions of methane which have been examined
through a number of EPA efforts and activities developed by
the Intergovernmental Panel on Climate Change.

BACKGROUND: METHANE I8 AN IMPORTANT GREENHOUSE GAS

- Methane concentrations are currently rising in the earth's
atmosphere and continuing increases have been projected for the
future [1,2,3]. These increases are largely correlated with
increasing populations, and currently about 60 percent of global
methane emissions are associated with human activities (Fig. 1).

The benefits of reducing methane emissions from these
anthropogenic sources will be substantial for several reasons.
First, methane is a potent greenhouse gas and reductions in
methane emissions would be 20 to 60 times more effective in
reducing the potential warming of the earth's atmosphere over the
next century than reductions in CO, emissions (2]. Second,
methane released from human activi%ies is a wasted resource, and
these activities can likely be redesigned to profitably benefit
from the efforts taken to reduce the methane emissions. Thirqd,

reductions in methane emissions will provide benefits of reducing

the risks of increasing tropospheric ozone and reducing the
earth's oxidizing potential [3,4,5,6,7]. Stabilizing CH,
concentrations may reduce expected global tropospheric O,
increases, and while more uncertain, may allow OH to return to
about current levels by 2100 after a significant suppression [8].

Importantly, relatively small reductions in methane emissions of
40 to 60 Tg/yr, or about 10 percent of annual emissions, can halt
the annual rise in methane concentrations. This assumes that the
rate of CH, destruction (by OH) remains the same (2,3,8]).

Due to the potency of methane in the atmosphere and its
relatively short lifetime, stabilizing methane concentrations may
act to substantially reduce potential warming. The results of
holding methane emissions at about constant levels (i.e., 500 Tg)
throughout the next century are shown in Fig. 2 (examined using
the IPCC scenarios for future emissions of the greenhouse gases
and the Atmospheric Stabilization Framework (ASF), a model used
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in support of the IPCC [3]). The expected warming over the next
century is reduced by about 1°C or 25 percent of the expected
warming post 1990. This reduced warming is similar to the
reduced warming which would result from stabilizing CO, emissions
at 1990 levels (while concentrations continue to rise to over 500
ppm), and the reductions in warming from stabilizing CH,
concentrations or CO, emissions are virtually identical through
the year 2050 [9].

OPTIONS FOR REDUCING METHANE

Opportunities for reducing methane emissions from its major
anthropogenic sources have been identified and reviewed through
EPA efforts and expert meetings held under the IPCC ([4,10,11].
In total, it currently appears to be technically feasible to
reduce methane emissions on the order of 120 Tg/yr (75 to
170 Tg/yr). Over the next 10 years about one-third to one-half
of these reductions would be needed in order achieve the
necessary 40 to 60 Tg reduction to stablllze atmospheric methane

concentrations.

The options for reducing methane emissions include:

. Rumipants: Ruminants world-wide are likely the second
largest anthropogenic methane source, emitting 65 to 100 Tg
[12]. Methane emitted from ruminants is a lost opportunity
to transform more carbon into useful product such as meat or
milk during the natural fermentation of feed. In developed
countries, specific feeds have been identified which may
reduce methane emissions while enhancing the productivity of
the cattle. Additionally, in the United States,
administration of bovine somatotropin (bST), provided it
receives regulatory approval, could increase milk production
while reducing methane emissions on the order of 10 percent
[personal communication]. In other regions of the world,
programs to increase animal productivity through strategic
supplementation (i.e., the use of supplements such as
molasses urea blocks to address livestock nutrient
deficiencies) have been initiated. These programs have
cost-effectively increased milk production and reproduction
efficiency while reducing methane emissions by perhaps as
much as 60 percent per gallon of milk [13).

o Animal wastes and wastewater treatment: Animal wastes may
contribute about 20 to 30 Tg [14) of methane and wastewater
treatment an additiocnal 25 Tg [8]. Methane recovery systems
can profitably capture 50 to 80 percent of the methane
emitted by anaercbic waste management lagoons, as
demonstrated by systems around the world. Such lagoons are
used primarily at dairy and swine operations and account for
over one-third of total emissions from animal wastes.
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Recovered methane may be used directly or used to generate
electricity ([15]. Opportunities to employ methane recovery
systems exist in the United States and many other countries.

Rice cultivation: Rice cultivation may be the largest
anthropogenic methane source. Over the long term, methane
emissions can likely be reduced by 10 to 30 percent by an
integrated management approach to irrigation, fertilizer
application, and cultivar selection. Additional research is
necessary to develop management practices for rice growing
that will maintain rice productivity and reduce methane
emissions (16]. -

Biomass burning: Methane emissions resulting from biomass
burning to clear new lands and after cropping and for energy
purposes are estimated to range from 20 to 80 Tg. These
emissions can be reduced through fire management programs,
encouraging the use of alternative agricultural practices,
and the use of more efficient cookstoves [12,17,18].

Landfills: Landfills currently account for about 20 to 70
Tg of methane from the anaerobic decay of wastes [12],
primarily from developed countries. Recovery systems can
reduce emissions by 50 to 90 percent in existing landfills
by collecting the medium BTU gas. The recovered gas may be
burned directly in nearby industrial boilers or used to
generate electricity, or at a minimum flared. The first two
options could serve to displace CO, emissions from fossil-
based fuels. Commercial operations in the United States,
Western Europe, and other regions show that these systems
are operated profitably. Furthermore, the United States is
proposing rules to reduce emissions of air contaminants
(primarily nonmethane organic compounds and air toxics) from
landfills. As a side benefit methane emissions from U.S.
landfills will be reduced by about 40 to 80 percent
depending upon the stringency of the final rule [19].

Coal mining: Coal mining accounts for 30 to 50 Tg of
methane with most of the methane emitted from a small number
of highly gassy mines (20]. Degasification using vertical
wells in advance of and during the mining operation can
reduce emissions of methane trapped in gassy underground
mines by more than 50 percent while reducing the costs of
necessary mine ventilation (8,11]. A portion of the
recovered gas can be high BTU gas and fed directly into a
pipeline or used to generate electricity. Gas of medium BTU
quality recovered from gob wells over the mining operation
(in the gob area) may be used to generate electricity. Many
opportunities exist to cost-effectively expand methane
recovery and use at coal mines in the United States, Poland,
Czechoslovakia, the former Soviet Union, and the People's
Republic of China, as well as elsewhere [21,22,23]. In the
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future, emissions may be reduced further by using mine
ventilation air that contains less than one percent methane
as combustion air in gas fired turbines as is currently
being done in Germany and being considered in Nova Scotia.

° i d as s ems: Oil and natural gas systems

account for about 30 to 70 Tg of methane [12]. Most of the
- emissions are likely outside of the developed countries,

with significant contributions from countries with economies
in transition such as Eastern Europe and Russia. Improved
handling of casing gas during oil production will reduce
venting and flaring of natural gas during oil production.
Improved technologies such as low bleed pneumatic
instruments, high integrity piping, and new pipeline
restoration techniques can also cost-effectively reduce
methane emissions [8). In addition, emissions from gas
transmission and distribution in the USSR (where leakage has
been estimated on the order of 5 percent of throughput) and
Eastern Europe could be reduced substantially by improving
these facilities [personal communication].

EPFORTS8 REQUIRED TO ACHIEVE THES8E REDUCTIONS

These options for reducing methane emissions offer
substantial reduction potential, but have not been implemented on
a wide scale to date. A number of barriers currently limit the
implementation of these options around the world. This includes
financial, informational, political, and 'in some cases technical,

barriers.

Future efforts should focus on removing these barriers. For
example, in the United States, it can be profitable to recover
and utilize methane that would have been emitted from coal mines
due to the value of the methane and reduced ventilation costs,
but institutional questions of methane ownership and constraints
on receiving fair prices for gas or electricity may block
implementation. These legal and pricing issues need to be
resolved. Similarly, strategic supplementation of livestock can
substantially increase livestock productivity and create a local
market for supplementation crops, but lack of capital and
infrastructure may block implementation in many countries.

In many cases, technology demonstrations will be crucial to
‘removing existing barriers. Upon the clear demonstration that
certain technologies have substantial pay backs and large
environmental benefits, much more energy will be placed toward
removing other barriers.
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BUMMARY AND CONCLUSION

Controlling methane emissions appears to be technically
feasible and cost-effective with current technology. These
reductions in CH, emissions appear to be very effective in
mitigating radia%lve forc1ng in the atmosphere and eventual
global warming. Reduction in CH, emissions will also likely
moderate large-scale increases 1n tropospheric O; and to counter

the suppression of OH.

Efforts to encourage methane reductions will require
identification and removal of a number of barriers which hinder
the implementation of available technologies. These efforts will
need to include well-planned demonstration projects, in many
cases.
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Among all the challenges in our tenancy of this planet. climate change is.
of course, foremost in our minds. We're leading the search for response
strategies and working through the uncentainty of both the science and the
economics of climate change. But there is one area where we will allow
for no uncertaintv—and this is our commitment to action—to sound
analysis and sound policies.

President Bush, White House Conference

on Science and Economics Research -
Related to Global Change
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Foreword

The production and consumption of energy contributes to the
concentration of greenhouse gases in the atmosphere and is the focus of
other environmental concerns as well. Yet the use of energy contributes 1o
worldwide economic growth and development. If we are to achieve
environmentally sound economic growth, we must develop and deploy
energy technologies that contribute to global stewardship.

The Department carries out an aggressive scientific research program to
address some of the key uncernainties associated with the climate change
issue. Of course, research simply to study the science of giobal climate
change is not enough. At the heart of any regime of cost-effectuve actions
to address the possibility of global climate change will be a panoply of
new technologies—technologies both to provide the services we demand
and to use energy more efficiently than in the past. These. too, are
important areas of responsibility for the Department.

This report is a brief description of the Department’s activities in
scientific research, technology development. policy studies, and
international cooperation that are directly related to or have some bearing
on the issue of global climate change.

James D. Watkins, Secretary of Energy
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Introduction

The Earth's Climate

The Earth’s atmosphere contains gases that absorb, and
then radiate back to Earth, some of the Earth's thermal
energy that would otherwise be radiated to outer space.
These gases result from both natural and manmade
processes and include carbon dioxide, nitrogen oxides,
methane, chlorofluorocarbons, halogenated compounds,
water vapor, and others. They are referred to as
“greenhouse’™ gases because their action is somewhat
like the process that makes it possible for a greenhouse
to capture the heat of the Sun and maintain warmer
temperatures during winter weather.

This “greenhouse™ process regulates the Earth’s climate
at a level to sustain life, making our planet unique. The
term “climate” refers not only to temperature, but also
to the entire system of precipitation, cloudiness., and
winds. as well as 1o the distribution of these features in
space and time.

Human activities. in addition to natural processes, affect
concentrations of greenhouse gases. These activities
include energy production and use. agriculture,
industry, and deforestation. It is the effect of these
increasing manmade emissions that is the topic of
current research and debate. Simply put. the research
hypothesis is that manmade greenhouse gases in the
atmosphere could cause changes in the Earth’s climate.
Figure | shows the contrnibution of different gases to the
potential for warming (called radiative forcing).

DOE Climate Change and Related Activities

The scientific community is unsure about how the Earth
responds 1o increases in manmade greenhouse gases.
Does the ocean have processes that can absorb these
extra greenhouse gases? Do clouds act as a natural
buffer 1o regulate temperature changes? What kind of
climate changes couid occur, where. and when? These
are the questions that scientists around the world are
attempting to answer.

DOE’s Role: Historical Background
and Issues

Global ciimate change is a significant issue for the U.S.
Depantment of Energy (DOE) because greenhouse gases
are emitted from the production and use of fossil fuels.
Energy use and production now contribute more than
half of the total manmade emissions on a global basis.
Figure 2 shows an estimate of the relative contributions
of various sources to total manmade emissions of
greenhouse gases.

QOur choice of energy sources can affect the emissions
of greenhouse gases because some energy sources emit
more greenhouse gases than others. Conversely,
changes in climate could affect energy systems and
energy demand. DOE is pursuing a wide range of new
technologies that can help reduce future greenhouse gas
emissions. These efforts include higher efficiency,
cleaner electricity production, and a variety of

Figure 1. Greenhouse Gas Contributions
to Radiative Forcing
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renewable energy options. In addition. the Department
15 developing technologies for energy efficiency in
buildings, indusiry, and transportation.

In 1977. the National Academy of Sciences challenged
the scientific community on the subject of energy and
climate by stating: “To reduce uncertainties and to
assess the seriousness of the matter. a well-coordinated
program of research that is profoundly interdisciplinary
in character, and strongly international in scope, will be
required.”

Responding to this challenge and the growing concern
about the iong-range consequences of carbon dioxide
emissions resulting from ever increasing fossil fuel
combustion prompted the Depariment of Energy 10
undertake a thorough examinauon of the effects of
carbon dioxide (CO,) emissions. The first step was to
convene a Workshop on the Global Effects of Carbon
Dioxide from Fossil Fuels (1977, Miami Beach. FL).
Some 75 scientists discussed the state of knowledge of
the CO, cycle and the consequences of increases in
atmosphenic CO,. The workshop identified significant
gaps in understanding and recommended actions to fill
these gaps. This led to the development of the Carbon
Dioxide Research Program at the Department of Energy
in 1978.

The 14 years of research since then by the Carbon
Dioxide Research Program has laid the basis for the
recent science assessment by the Intergovernmental
Panel on Climate Change. Accomplishments along the
way have included the giobal CO, emissions inventory,
the giobal temperature data base used to assess climate
change over the last 130 years, leading the diagnosis
and improvement of climate models. establishing the
CO, vegetative ferilization effect as a major beneficial
impact, leading the deveiopment of a ground-based,
remote sensing network to determine the role of clouds
in climate change, and initiating the research 1o
incorporate emerging supercomputer hardware and
software into climate mode!l development. The Program
continues to provide scientific leadership on climate
modeling, atmospheric, terrestrial. and oceanic data
collection, measurement, and analysis.

The Department also established a Global Climate
Change Executive Committee, jointly chaired by the
Deputy Under Secretary for Policy, Planning and
Analysis (PE) and the Assistant Secretary for Inter-
nationrl Affairs and Energy Emergencies (IE). The
Committee includes Assistant Secretaries from tech-

2

nology development programs and provides a coor-
dinated forum to guide DOE policy on giobal climare
change.

This report is divided in two parts: (1) “focused
activities” are those that are dedicated specifically to
the issue of global climate change, and (2) “related
activities” are those that are carried out for economic.
energy development. and environmental reasons. yet
nonetheless have some bearing on the topic of climate
change.

Figure 2. Relative Contributions
of Economic Sectors to Radiative
Forcing in 1980’s
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Part I: Focused Activities

Scientific Research

The Carbon Dioxide Research Program conducts the
Depariment’s focused scientific research on climate
change. The goals of the program are to estimate the
future levels and rate-of-increase in atmosphenc carbon
dioxide (CO,) and other energy-related emissions and
to understand and predict potential effects of emissions
on climate and biota. This information is required to
scientifically underpin energy policy options aimed at
preventing, miugating, or adapting [0 increasing
greenhouse gas concentrations and global environ-
mental change. Major activiues include (1) developing
computer models to predict rate and magnitude of
global ana regronal climate change; (2) understanding
the systems that control the current and past climates of
the Earth: and (3) exchanging and communicating data
and modeling resufts with other climate researchers
around the world.

Computer Modeling

Complex computers are used as tools to predict future
climate trends. The Department has extensive climate
modeling capabilities using advanced supercomputers.
However, additional computer power and an advanced
climate model (ACM) will be needed to further
improve climate modeling and prediction efforts.

The Computer Hardware. Advanced Mathematics and
Model Physics (CHAMMP) research program is a 1991
initiative of the Department of Energy’s climate
modeling program. The objective of the program is to
accelerate and improve the global and regional
predictive capability of climate models. This requires
an ACM capable of more detailed simulations over
longer time intervals and incorporates significant
improvements in the representation of the physics and
chemistry of the climate system.

CHAMMP addresses these challenges in a phased
approach over ten years. In the near term (2 to 3 years),
its goals are to improve performance of existing climate
system models by taking advantage of emerging
parallei computers. In the intermediate term (3 t0 6
years). the CHAMMP program aims to develop initial
versions of ACM systems that are capable of better than
100 gigaflop (billion floating point operations per
second) performance. In the long term (6 to 10 years),

DOE Climate Change and Related Activities

CHAMMP will improve the imitial versions of the
ACM components, assemble an optimized ACM. and
begin detailed research caicuiations on the faster
supercompulters.

Earth Systems Research-
Carbon Cycle Research

Carbon cycle studies seek to betier understand the
different sources and sinks of carbon. A “source” emuts
carbon (in the form of CO,) into the atmosphere: a
“sink " absorbs and stores carbon. For instance. trees are
primarily made up of carbon absorbed from the
atmosphere. Theretore. forests are considered sinks of

- carbon during their prospecuve lifetimes. As they decay

or are burned. carbon 1s released back into the aimo-
sphere in the form of CO, and the tree becomes a source.

There are other sinks of carbon. including surface soils
and the surface of the ocean. about which little is
known. The Department conducts and supports carbon
cycle research because a better understanding of natural
sinks and sources of carbon will help to determine the
extent of increased atmospheric concentrations of
manmade greenhouse gases. Carbon cycle research is a

- common thread in the fabric of DOE’s atmospheric.

oceanic. and terrestrial research.

Atmospheric Research: Atmospheric
Radiatipn Measurement

The Atmospheric Radiation Measurement (ARM)
program has three main goals. The first is to measure
and describe the radiation balance (natural greenhouse
effect) from the Eanth’s surface 10 the very “top” of the
atmosphere. The second is to understand the role clouds
play in this process, so that climate models can be
improved. The third is 10 assist in verifying satellite
measurements with ground-based data.

The program will accomplish these goals by
establishing five observing stations around the world.
These sites will be selected to provide a worldwide
view of differing cloud and aimospheric conditions. The
sites will employ specialized ground-based remote
sensing instrumentation, specialized aircraft. and
balloon platforms 10 collect and analyze data. The first
ARM site will be established in 1992.
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Oceanic Research

Figure 3. Diagram of a “Smart Buoy”
' Remote Sensing Device

The ocean research objectives are to produce a global
survey of carbon dioxide in the ocean. to better
understand the ocean’s role as a source and sink of
carbon dioxide. and to improve ocean circulation
models for climate research. To meet these objectives.
DOE supports laboratory, observational. and modeling
studies to understand the mixing. transport processes.
and carbon cycling in the ocean. and the exchange of
heat and carbon between the ocean and the atmosphere.
A better understanding of these issues is necessary to
estimate the ocean’s uptake of carbon dioxide produced
by fossil fuels.

At-Sea Data Collection and Analysis

The Depariment cooperates with other Federal and
international agencies in collecting ocean data. The
World Ocean Circuiation Experiment is coordinating a
global survey of oceanic carbon dioxide. Specialized
research ships collect data from both the Atlantic and
Pacific Oceans. DOE continues to develop the
instrumentation needed to collect and analyze oceanic
carbon dioxide data.

Remote Sensing: “Smart Buoys” and the
Heard Isfand Experiment - ;
At-sea data collection could be complemented by a
device now under development by the Department.
Expendable Ocean Sensors or “smart buoys™ are remote
sensing devices that can submerge to the ocean floor 10
collect ocean temperature. salinity, and density data on
their descent. At a programmed time interval, the buoys
ascend to the ocean’s surface, collecting the same data
during ascent. Once at the surface. the buoys transmit
the data to a satellite. These devices could verify
satellite observations and provide new data for the next
generation of ocean models. Figure 3 shows a diagram
of such a buoy.

The objective of the Heard Island Experiment is to
assess the feasibility of using sound as an ocean
thermometer. The speed of sound in seawater is
determined by water temperature. The travel time for a
sound signal to cross the ocean is therefore proportional
to the average temperature of the ocean along the sound
path. The Department’s Environmental Sciences
Division. in cooperation with the Office of Naval
Research. the National Science Foundation. the
Nationai Oceanic and Atmospheric Administration. and
10 foreign countries have supported the Scripps
Institute of Oceanography in executing the Heard Island
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Experiment. The experiment transmitied a low
frequency sound from a ship near Heard Island in the
south Indian Qcean. Sensors around the world were
used to detect the signai. An assessment of the
experimental daia 1s expected in late 1992,

Terrestrial Research: Vegetation

The Depantment’s unique research on plant response o
variable CO- concentrations will focus on plant carbon
metabolism 1n response 10 higher concentrations of
COa-. Field experiments have shown dramatic biological
responses to elevated levels of carbon dioxide. The Free
Air CO, Ennchment (FACE) experiment is an open-air
control system in which plants are exposed to high
concentrations of CO,. Cotton was first used o test the
FACE svstem, and the experimental results were
striking. Plants grown at elevated CO» produced a
marketable couon vield § weeks earlier than usual. and
with 50 percent more biomass.

These results have profound implications for the -

capacity of vegetation to fix and sequester atmospheric
CO». and thus possibly slow the rate of atmospheric
CO- increase and its possible effect on global climate.

QOutreach, Communication,
and Exchange of Data

Carbon Dioxide information Analysis Center

The Depantment provides climate data and information
services to the domestic and the international scientific
communities. The Carbon Dioxide [nformation
Analysis Center (CDIAC) at Oak Ridge National
Laboratory is a public repository of greenhouse gas data
and information. CDIAC maintains format and quality
control standards and catalogs diverse data sets to
provide a uniform data library and easy conversion (o
modeling systems so that researchers can easily access
and characterize the data,

For more information please contact:

Oak Ridge National Laboratory

Carbon Dioxide Information Analysis Center
Building 1000

Box 2008. MS-6335

Oak Ridge. TN 37381-9984
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Climate Model Diagnosis and Comparison

The Program for Climate Model Diagnosis and
Intercomparison (PCMDI) assists scientists in
determining the reasons for variation in climate
modeling results. The program compares different
modeling svstems bv examining the data sets and
parameters used to obtain the results. This service helps
scienusts improve or modify their models. PCMDI is
expanding to lend support to the international efforts
being coordinated by the World Climate Research
Program. :

Climate Scholarships

An educational initiative of the Global Change Program
1s 10 award competitive fellowships and scholarships at
the postdoctorate. graduate. and undergraduate level.
Special emphasis will be given to involving students in
ongoing research at the National Laboratories to
achieve practical experience 1n the multidisciplinary
sciences of global change.

For more information please contact:

Oak Ridge Associated Universities
Science / Engineering Education Division
PO. Box 117

Oak Ridge, TN 37831-0117.

Policy Analysis

The Department conducts analytical studies to examine
current and future emissions of greenhouse gases.
policies for influencing those emissions, impacts from
potential climate change, and policies to adapt to
climate change. In addition to studies. the program also
includes the development of computer models to
estimate greenhouse gas emissions. analysis of the
potential of centain policies to reduce emissions, and the
development of policy-oriented models for estimating
atmospheric effects such as the radiative forcing of
different greenhouse gases.

In early 1989, four congressionally mandated studies
were initiated. These studies are now complete:

» A Compendium of Options for Government Policy to
Encouracee Private Secior Responses to Potential
Climate Changes—a study of how private inierests can
be encouraged 0 participate in emissions reductions.
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+ Global Climate Trends and Greenhouse Gas Dara:
Federal Acuviries in Data Collection. Archiving, and
Disseminarton—an analysis of government daia
bases. including access and i.vailability to interested
parties.

- Confronting Climate Change: Strategies for Energy
Research and Developmeni—a study by the National
Academy of Sciences and the National Academy of
Engineering to evaluate the potential of Altemnative
Energy Systems to affect greenhouse gas emissions.

o Limuting Greenhouse Gas Emissions in the Unired
Stares—an analysis of policy options to achieve
specified levels of emissions reductions in the United
States over the next 10 to 20 years.

Copies of the listed or additional studies can be
obtained by contacting:

U.S. Depariment of Energy

Office of Environmental Analvsis. PE-63
1000 Independence Avenue. SW.
Washington. D.C. 20585.

International Activities

The Depariment of Energy participates in a number of
international activities in the area of global climate
change:

+ The United Nations (U.N.) Intergovernmenial
Negotiating Commuttee (INC) was established in
December 1990 io negotiate an international
framework convention on climate change to be ready
for signature at the U.N. Conference on Environment
and Development to be held in Brazil in June 1992.

» The /ntergovernmental Panel on Climate Change
(/PCC) was established in November 1988 under the
joint auspices of the World Meteorological
Organizauon and the U.N. Environment Program to
assess the science. impacts. and possibie responses to
global climate change.

« The Preparatory Commiitee Meetings for the 1992
U.N. Conterence on Environment and Development

({UNCED). The 1992 UNCED is a major environ-
mental activity that is a follow-on conference to the
1972 Stockholm Conterence on the Environment. It
will examine strategies on the environment and
development in an attempt to reach specific
agreements and commitments by governmenis and
international organizations. Virtually all environ-
mental concerns will be addressed. inciuding
biodiversuty, transboundary air pollution. water
qualitv. and financial and technology transfer issues.

DOE officials represent the Department on U.S.
delegations to these bodies and DOE experts participate
in the preparation of technical assessments. The IPCC
completed its First Assessment Report in August 1990,
which was adopted at Ministerial level at the Second
Worid Climate Conference in November of that year.
The report is a comprehensive assessment of the state of
knowledge of climate change and a roadmap to the
areas where major uncertainties remain and continuing
research is required. More than 30 DOE scientists
participated in the scientific portion of the report; DOE
experts also contributed heavily to the assessment and
overview of response strategies where the energy sector
was a major area of focus.

The IPCC is undertaking new scientific. technological.
and economic studies in support of the INC
negotiations. and DOE will be a key contributor to
these studies. ‘

The INC has held three negotiating sessions in
February, June. and September 1991. and two additional
sessions are scheduled for December 1991 and
February 1992. Working groups on Commitments and
on Mechanisms have been formed.

These working groups have begun to address the major
issues to be negotiated. including commitments related
o net greenhouse gas emissions: financial and
technological assistance to developing countries:
research needs. monitoring, assessment. and
information exchange; legal and institutional
mechanisms: financial resources: and technological
cooperation. Energy considerations are integral to all
facets of this process.

DOE Climate Change and Related Activities
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Part ll: Related Activities

Related activities are those that are cammed out by DOE
for economic. energy development. and environmental
reasons. yet nonetheless have some bearing on the
matter of climate change. ' :

Scientific Research

DOE conducts fundamental research in physics,
chemistry, biology, medicine. environmentai sciences.
ecology, geology, engineering, and mathematics. A
portion of this long-term effort will contribute to our
understanding of the causes and effects of possible
climate change. Atmospheric chemistry, solid earth
studies, and solar radiation physics contribute important
information to support Earth Systems Research.

Ecosysiems research also supports Earth Systems
Research etfforts. Baseline data have been obtained at
seven DOE national Environmental Research Parks.
DOE arctic sites. and the National Science Foundation's
Long-Term Ecological Research sites. The objective is
to strengthen the basis for a theoretical understanding of
complex global environmental systems.

Transportation

The U.S. transportation sector accounts for about
27 percent of national energy use. This sector of the
economy is unique in its near total dependence on
petroleumn. Research and development (R&D) acuivities
in DOE’s Transportation Program are designed to
improve the efficiency of otl use in the transportation
sector and to increase the availability and use of
alternative fuels. Program efforts center on developing
advanced. high-efficiency aiternatives io the internal
combustion engine, evaluating the combustion and
emissions characteristics of alternative fuels,
demonstrating alternative-fuel vehicles in realistic
settings. and developing biofuels from renewabie
resources. These activities can reduce the threat of
climate change by developing altemauve fuels that emit
less greenhouse gas and by increasing transportation
efficiency to use less fuel for comparable performance.

DOE Climate Change and Related Activities

Alternative Fuels Development
Natural Gas

The United States retains large supplies of natural gas.
some of which are difficult 10 extract. The Department’s
Unconventional Gas Recovery Program seeks to
develop geological data and advanced technologies for
extracting 'gas from very large but currently
uneconomical gas resources. Estimates of resources and
methods to evaluate potential recovery from deposits
have been improved. Compared to gasoline. natural gas
as a transportation fuel can reduce nitrogen oxide (NO,)
and CO- emissions. as well as other pollutants.

Biofuels

Biofuels (ethanol and methanol) from biomass (lrees.
grasses. waste paper. and so forth) couid create a
“closed” CO. system in addition to reducing other
pollutants associated with gasoline. During combustion.
biomass-derived fuels emit CO,. However. the trees or
grasses that are harvested to produce the fuel must be
replanted for the next “fuel harvest.” During the plants’
growth cycle. the CO, emitted into the atmosphere
during combustion is reabsorbed by the plants. This
creates a rotating fuel cycle in which there is little or no
net increase in CO- emissions.

DOE carries out research to develop processes that
make the mass production of biofuels economically
feasible. as well as works closely with the Department
of Agriculture to develop fast-growing and productive
plants for fuel use (Figure 4).

Vehicle Development

In addition to engine technology development 10 utilize
alternative fuels. electric battery development is another
component of the Department’s vehicle development
program. Electric vehicles could play a key ro!c n
helping to reduce urban air pollution. These vehicles
could also reduce NO,. an important greenhouse gas.
and CO- emissions. depending on the generation
method used to produce the electricity to charge the

battery (Figure 5).
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Figure 4. Sweet Sorghum, Used in the Production of Ethanot

An electric battery consortium has been formed
bringing together the three major U.S. automakers with
battery developers and electric utilities 1o cost-share
with DOE a multiyear research program. In addition,
research is being conducted on fuel celis and altemnarive
hybrid propulsion systems. Fuel ceils. which use a
chemical process 10 extract energy from hydrogen, offer
the long-term prospect of efficiency that is twice that of
internal combustion engines. with little or no emissions.
The gas turbine and low-heat rejection diesel are also
being researched for their tuel efficiency and altemative
fuel use potennal.

Residential, Commercial,
and Industrial Efficiency

Building, Appliance, and Equipment Efficiency

Residential and commercial buildings account for
36 percent of the Nation's energy use. [mprovement in
the energy efficiency and substitution of renewable
resources to replace carbon-based fuels in this sector
can reduce greenhouse gas emissions. Because of the
size and diversity of the building sector. this task
invoives a cooperative effort among government
agencies. industries. manufacturers. professional and
trade associations. and environmental and citizen groups.

In addition to maximizing the efficiency of energy
consumed and the proportion of renewable resources

for the buiiding sector. recently the Department has
focused on finding substitutes to replace building and
appliance materials that contain ozone-depleting
chlorofluorocarbons (CFC’s), which are also potent
greenhouse gases. These CFC materials have been used
in foam insuiation and refrigerants.

The main elements of a building that affect energy use
are divided into two parts: (1) the envelope. which
includes walls, roof. foundation. doors. and windows:
and (2) building equipment and appliances.

The Envelope

Analysis Tools. The Department supports the
development of computer software to assist builders
and architects in evaluating the efficiency of different
building designs. DOE-2 is a public domain computer
program used for energy analysis of residenual and
commercial buildings. It is used to design energy-
efficient new buildings, analyze efficiency improving
modifications for existing buildings, calculate energy
design budgets. and perform cost-benefit analyses of
new technologies (Figure 6). :

Window Technology Development. Windows. which
are responsible for one-fourth of the energy required to
heat and cool buildings. offer a large opportunity to
save energy. Improving window quality through the use
of treated glass and airnght window framing are key

DOE Climate Change and Related Activities
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Figure 5. Electric Vehicle

factors in the research cosponsored by the Department
and the window industry. :

The National Fenestration Rating Council (NFRC), an
organization composed of representatives of the
fenestration industry, building industry, Federal, State
and local governments, utilities, and public interest
groups, has been working to develop a standardized
rating system to provide a measure of the energy
performance of windows, doors, and skylights to be
used for a voluntary rating system.

Passive Solar Design and Construction. Proper
orientation. adding thermal mass. and controlling and
distnbuting heat allow a building to take advantage of
passive solar energy and reduce the need for energy
expended for heating, cooling, and lighting purposes. In
addition, the use of trees to shade buildings can reduce
energy consumption for cooling.

Appliance and Equipment Efficiency

The Depaniment of Energy will continue its efforts to
improve the energy efficiency of appliances and
equipment. The Department has established standard
test procedures, which are used by manufacturers for
energy-intensive residential appliances (such as
refrigerators. air conditioners, stoves, and furnaces).

DOE Climate Change and Related Activities

HVAC (Heating, Ventilation, and Air Conditioning)
Equipment. Space heating and cooling equipment uses
about half of all pnmary energy consumed in residennal
and commercial buildings. Research cosponsored by the
Department and the manufacturing community
concentrates on non-CFC refrigerants. thermally
activated heat pumps, advanced materials and
subsystem components for active solar systems, and
desiccant materials for cooling and dehumidification.
Research for furnaces and boilers focuses on oil-fired
equipment, including controls. fuel atomization.
emissions. venting, and efficiency degradation in

relation to fuet quality.

Lighting. The Department's lighting research efforts
have concentrated on efficiency and the effectiveness of
electric lamps and fixtures. Research has resulted in the
improvement of fluorescent lamps and the development
of electronic ballasts. The Department supported
research that has demonstrated fixture concepts that
enhance efficiency by 15 to 20 percent. A series of
these prototype fixtures is being transferred to industry .
for commercialization (Figure 7).

Industrial Process Technologies

Significant cost-effective improvements in industrial
energy efficiency are possible. The Department's
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Figure 6. Energy-Efficient House

industrial efficiency programs concentrate on seven
major areas. common to many industrial operations:
matenals processing, electric motor drive, separation
technology, sensors and conirols. bioprocessing,
advanced materials, and process heating and cooling.
These programs are expecited to vield advanced drying
systems for paper production. improved control systems
for temperature and moisture control. high temperature
heat pumps. improved membrane separation equipment.
new steelmaking processes. and advanced sensors for
critical online process measurements. For the longer
term. DOE is working with industrial' partners to

t

Figure 7. Fluorescent Lamp and Heat Sink

deveiop corrosion-resistant. ultra-high-temperature
materials. low energy sulfur-free pulping processes.
near-net shape casting, and continuous fiber ceramic
composiies.

Industrial Waste Minimization

The Department conducts research to improve
industrial energy efficiency. A major emphasis of the
program addresses the fact that a great deal of energy is

- wasted each year in the form of embodied energy, of -

unused or poorly used raw materials. in the energy
content of industrial waste streams. and in the energy
used to clean up and dispose of wastes. DOE has
recently begun a research program. cost-shared with
industry, to develop technologies to reduce wastes at the
outset rather than cleaning them up after they have been
generated. In addition 10 reducing waste, this approach
saves money and thus improves the productivity and
competitiveness of U.S. industry.

Electricity Generation and Use
Integrated Resource Planning
[ntegrated Resource Planning (IRP) is a process by

which utilities decide how to best provide energy-
related services at the least cost to consumers. In the

DOE Climate Change and Related Activities

1-48



past. utilities have built new power generating piants to
meet additional demands for energy. A different
approach is to allow utilities the regulatory flexibility,
and financial return needed, to meet customer demand
through efficiency improvement, load management. and
other measures in addition to traditional supply options.
This “stretches” the ability of the same amount of
generated power to meet additional needs. eliminating
the necessity to build additional power plants.
Successful IRP programs can limit future additional
emissions of greenhouse gases by reducing the need for
new fossil fuel powerplants.

The Department provides an information cleaninghouse
and technical assistance to States and utilities who are
trying to start or improve their Integrated Resource
Planning efforts. States can share information on and
learn from others how to improve their planning efforts,
as well as keep abreast of regulatory or legislative
changes. '

Electricity Generation
Renewables

A number of renewable energy technologies can
contribute to electricity generation in the future while
helping to reduce greenhouse gas emissions.
Implementation of the National Energy Strategy actions
is projected to increase the amount of electricity
produced from rencwable energy by an estimated
16 percent in the year 2010.

Wind Energy. The goal of the Department’s wind
research 1s to improve the efficiency and cost-
competitiveness of wind energy systems to make them
commercially competitive in many areas of the worild
(Figure 8). Research activities are focused on solving
the stuctural fatigue problems of rotors and blades, and
improving manufacturability and reliability. In
cooperation with utilities and system manufacturers, the
program plans to develop a cost-shared advanced wind
turbine development program.

Photovoltaics. The Department’s research and
development efforts to convert sunlight directly into
electricity (photovoltaics) have assisted in making this
technology economically feasible in remote sites where
other power sources would not be cost-effective. The
program continues to pursue its goal of developing
photovoltaics as an economical bulk power option for
the United States. Utility-sized photovoltaic systems for
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sites with high sunlight intensity are expected within
the next few years. DOE-sponsored research is directed
towards increasing conversion efficiencies and reducing
manufacturing costs. DOE will continue to assist the
industry to maintain and extend its world leadership
role in the manufacture and commercial development of
solar equipment, components. and systems.

Solar Thermal. Solar thermal systems use iarge fields
of mirrors to concentrate the Sun’'s hear ina working
fluid that is then used to generate electricity. Since
1984. over 355 Megawartts (MW) of solar thermal
electric capacity has been installed in the United States.
DOE-sponsored research is directed towards reducing

- costs of large utility systems and producing small cosi-

effective nonutility systems.

Geothermal. Geothermal systems generate electricity
using heat from the Earth. Currently. electric generating
capacity using geothermal energy is about 2,800 MW.
Development has been limited 10 locations where there
is a concenmated heat source. DOE-sponsored research
is directed toward obtaining a better understanding of
geothermai reservoirs and reducing the costs of
exploration.

Hydropower. Hydropower provides over 9 percent of
the Nation's electricity supply with a generating
capacity of over 70,000 MW by hamessing the cnergy
produced by falling water. DOE efforts are directed
toward identifying improved methods of addressing
environmental concerns and removing unnecessary
regulatory barriers to development, especially at
existing dams. :

Figure 8. Levelized Cost of Energy
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Nuclear. Nuclear power. which produces no greenhouse
zascs. accounts tor about 20 percent ot the Nation's
eiectricity supply. The goal of the nuclear energy
program 15 o remove undue regulatory and instututional
barriers to the use of sate. economical nuclear power.
New nuclear reactor designs incorporate evolutionary
rmprovements to current designs. These designs are
simpler. standardized. safer and more economic to build
and operate. DOE will conunue to work closeiv with
industry. utilities. and independent research organi-
zauons 10 make progress in the development of nuclear
power generating technologtes.

Fusion. At sufficiently high pressures and temperatures.
the nuclei of light atoms are forced together. causing the
nuclei to fuse and. in the process. to release energy.
Fuston 1s a long-term energy opuon that could become
4 principal energy source in the next ceniury. it can use
an tnexpensive, vast. and secure fuel resource while
otfering attracuve environmental and safetv aspects.
Fusion devetopment aiso drives iechnology advances in
fields as diverse as plasma physics. superconducting
magnets. high-power accelerators and radiofrequency
systems. advanced matenals development. and
computer science. to name just a few.

The fusion programs of the world currently have
vigorous international cooperation and collaboration
that include scientific and technological exchanges.
joint experiments. and joint pianning activities. The
U.S. program contributes and is a leader in these
activities by emphasizing early international
involvement in planning for major new activities and
tacilities. '

Fossil

Worldwide burning of fossil fuels is a major source of
greenhouse gas emissions. However. the worldwide
fossil energy resource base is large, and economic
development poiicies indicate continued reliance on
these fuels. .

One option that would reduce the amount of CO,
emirted from fossil fuel combustion involves the
unlization of advanced fossil fuel technoiogies. such as
the clean coal technologies being developed by DOE.

Clean Coal Technologies. In cooperation with industry,
DOE is demonstrating 15 different clean coal
technology (CCT) options. Activities now in progress
range from faci-finding to plant construction and

12

operation. The objective of this program is to achieve
commercial availability of these technoiogies beginning
in the mid 1990°s. Industry cost sharing accounts for
about 1wo-thirds of the total program cost.

CCTs have lower CO, emission rates because of their
higher conversion efficiencies: 40 to 30 percent for
CCTs versus 30 to 35 percent for conventional
technologies with SO, controis. Table | compares CO-
emissions from several coal-fired technologies.

Combustion efficiency improvements in countries
currently using fossil energy technoiogies. together with
increased reiiance on ciean coal technologies in
developing countnes that are projected to have rapidly
increasing emissions of greenhouse gases. couid
achieve reductions in these emissions.

Since so much coal is used worldwide. efficiency
improvements can have a large effect upon reducing
CO, emissions. Figure 9 shows historical global
consumption of coal and other fossil fuels.

Figure 9. CO, Emissions Due to Fossil Fuel
Consumption (1980-1985)
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Table 1. Carbon Dioxide Emissions from Coal-Fired Technologies

% Change
Efficiency CO2/year from conventional
Technology (percent) (million tons) technology
Conventional plant . 33 3.1 0
with scrubber
Atmosphenc fluidized 36 28 -10
bed combustion ' '
Pressurized fluidized 40 25 -19
bed combustion
Gasification combined cycle 42 2.4 -23
(with fuel cell) 50 20 , =35
MHD | 55 1.8 42
Policy Analysis multiyear study of altemauve fuels is being conducted.
Methanol, ethanol. compressed natural gas, liquefied
National Energy Strategy petroleum gases. and electricity are being examined for

The National Energy Strategy (NES) lays the
foundation for a more efficient, secure, and environ-
mentally sustainable energy future. One chapter of the
NES is devoted to global environmental issues,
primarily global climate change. Consideration of
climate change and other environmental issues is woven
throughout the NES and its action recommendations.
Under current policy scenarios, the global warming
potenuial of U.S. greenhouse gas emissions in 2030 is
projected to increase by more than 40 percent over 1990
levels. In contrast, the NES measures, taken together,
are estimated to keep U.S. greenhouse gas emissions, as
measured by global warming potential, at or below
present leveis through 2030.

All energy programs described in this inveniory were
analyzed by the NES for the effect on greenhouse gas
emissions. Figure 10 shows the NES analysis of the
timeline during which specific energy technologies.
now undergoing R&D, are expected to come into more
widespread use.

Alternative Fuels

To address both energy security and environmental
issues associated with oil use in transporiation, a

DOE Climate Change and Related Activities

the time period 1995-2010.

This study characterizes the emissions of alternative
fuels, relative 1o gasoline and diesel fuel, for both light
and heavy duty vehicles. Pollutants being examined
include hydrocarbons, nitrogen oxides, carbon monox-
ide, carbon dioxide, particulates. and aldehydes. This
analysis will be used by the Interagency Commission
on Alternative Motor Fuels to make recommenda-
tions for future development of alternative fuels for
transportation.

Conservation and Efficiency Studies

Currently, five ongoing analyses of conservation and
efficiency are underway to examine the structural.
behavioral. technical, and economic factors that explain
trends in energy efficiency and provide estimates of
future potential. The areas being examined are oil
conservation potential, electricity conservation,
transportation fuel efficiency. energy in trade competi-
tiveness. and energy efficiency and the environment.

Additional Studies

The Department also supports policy analysis of
pollutants from energy-related activities, including the

13
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Figure 10. Timeline for Commercial Introduction of Selected Energy Technologies
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development of analytical tools and assessments of
energy technoiogies. Pollutants of local interest may
interact to influence greenhouse gases or may relate to
climate change in other ways. Policies to control
greenhouse gases may be antagonistic to or synergistic
with control of environmental pollutants.

Related International Activities

The Department of Energy participates in a number of
international activities related to global climate change.
These include bilateral and multilateral discussions on
climate change and energy policy; intemational R&D
cooperation in science and technology to mitigate
greenhouse gas emissions: and promoting the export of
U.S. technologies and services.

Iinternational Agreements

The Department administers approximately 160
international agreements between the Department and
over two dozen countries in Europe, the Americas,
Asia, and Australia. These agreements facilitate
information exchange on pollution control, clean coal
technology, renewable energy, energy efficiency, and
nuclear energy. ‘

Enhanced international collaboration in energy research
and technology development to address environmental
issues such as climate change is an increasingly
important aspect of the Department’s international
activities.

For instance, new activities have been launched: a
collaborative $10 million clean coal technology
program with Poland for the retrofit of an existing coal
plant: a joint project with Mexico to help monitor air
quality in Mexico City and identify mitigating
measures; and a joint study with the European
Community to study the full fuel cycle costs of various
energy sysiems.

Bilateral and Multilateral Cooperation

DOE conducts bilateral consultations on energy issues
to provide an opportunity for international energy
information exchange and for promotion of U.S. views
on energy-related environmental concerns. Bilateral
consultations are held on a penodic basis with Canada,
Indonesia, Japan, Norway, Mexico. the Republic of
Korea, Venezuela, and several oil-producing countries
in the Middle East. DOE is also represented in
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multilateral programs dealing with energy and
environmental issues. These include the International
Energy Agency (IEA), the Intemational Atomic Energy
Agency, the United Nauons Economic Commission for
Europe. and the Minerals and Energy Forum of the
Pacific Economic Cooperation Conference.

Environmental issues such as climate change are now a
major feawure of the agendas and discussions of these
organizations. For instance. the IEA has completed a
number of major studies on the environment, has
surveyed and compiled an inventory of the climate
policies of its member nations, and is undenaking new
studies on the technological potential. costs, and energy
market impacts of responses to climate change.
Through its participation in the various [EA Standing
Groups, in the IEA Govemning Board, and at Ministerial
meetings of the IEA, the Department has been
instrumental in shaping this agenda.

Promoting U.S. Exporis

The Department participates in interagency efforts to
promote the export of U.S. energy-related technology
and services. DOE is currently implementing a major
new initiative to identify and promote the export of U.S.
oil and -gas technology and services, conservation and
renewable technologies, clean coal technology, and
nuclear energy technology. These technologies can
promote environmental quality by replacing outmoded
or less efficient technologies, encouraging enhanced
energy efficiency, and promoting cleaner use of fossil
fueis and safer use of nuclear energy.
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EPRI’S GREENHOUSE GAS EMISSIONS ASSESSMENT
AND MANAGEMENT RESEARCH PROGRAM
| D. F. Spencer, G. M. Hidy :

Electric Power Research Institute
Palo Alto, CA 94304

ABSTRACT

This paper will briefly review the rationale and need for an electric utility Greenhouse Gas
(GHG) emissions assessment and management research program, as well as potential cost
implicatons to society of short-term control requirements. The balance of the paper will focus on
EPRI's directly-related R&D program and its key elements, namely a) model development and
model evaluation activides, b) ecological effects, c) management/mitigation research, and d) the
development of an integrated assessment framework. EPRI’s directly-related GHG research
program, including cofunding, is expected to expend approximately $60.0 million over the next
four years to address key aspects of this significant environmental issue.

BACKGROUND AND INTRODUCTION

Over the last 100 years, the dramatic enhancement of natonal economies and individual
well-being, particularly in industrialized nations, has resulted in large increases in the use of energy
and, partcularly, fossil fuels. Simultaneously, large land areas in both developed and developing
countries have been converted from forests and grasslands to agricultral lands, with concomitant
impact on the global carbon balance. Finally, the world population explosion, as well as
lengthening life spans, have propelled the world to levels of activity which are challenging the
environment locally, regionally, and globally.

These actvites are producing a wide variety of gases, which when released to the
atmosphere, produce a significant biogeochemical perturbation of the natural environmental
system. The gases include carbon dioxide, sulphur oxides, nitrous oxides, chlorofluorocarbons,
methane, volatle organic compounds, etc. In addition, the ransitdoning of forested lands to
agricultural uses alters a) the biofixation potential of specific regions, b) soil nuzient and moisture
contents, c) surface albedo, d) ecological habitats, etc. These perturbadons of the earth’s
ammospheric composition and land use, in turn, result in modified physical, chemical and biological
properties of the aunosphere, land, and ocean systems.

Two of these modified properties have been the focus for many studies of the impacts of
so-called “‘greenhouse gases,” namely the projected mean temperature increase of the earth’s
amnosphere and sea-level rise. Obviously, many other properties will also be modulated
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simultaneously including those arising as a result of induced changes resulting from temperature
change, etc. Our present ability to assess most first and second order effects and system feedback,

and to properly consider all system responses is greatdy limited.

Examples of limitations include our present inability to ) adequately account for changes in
solar radiation fluxes, b) properly evaluate the role of cloud feedback on climate, c) properly
consider aerosol cooling, from natural and anthropogenic sources, d) include biofeedback, both
terrestrial and oceanic, etc. Each of these processes plays an important role in maintaining either
our earth’s radiative or chemical balance. It is incumbent upon us to develop a more thorough
understanding of these processes, and associated effects, in order to develop meaningful pohcy
and technological responses.

It is the purpose of EPRI’s Greenhouse Gas (GHG) Emissions research and development
(R&D) program to a) assess the overall scientific level of understanding of these limitations and
identify research opportunities, b) assess the impact of the U.S. electric utility industry on GHG
emissions and the effects of climate change on the industry, c) estimate expected effects of
increasing concentrations of GHG and economic consequences, domestically and internationally,
and d) develop management and mitigation options to minimize deleterious effects on the climate,
ecological and human systems.

PERSPECTIVE ON U.S. ELECTRIC UTILITY
GREENHOUSE GAS EMISSIONS

At present, the U.S. electric power industry generates approximately 33% of the carbon
dioxide produced in the U.S.(1) This is equivalent to 7% of the total anthropogenic CO?2 generated
annually on a global basis and accounts for less than 4% of the global warming potential (GWP).
The GWP provides a means for a simple comparison of the radiative forcing of various greenhouse
gases. Itis, by definidon, “‘the tme integrated commitment to climate forcing from the
instantaneous release of 1 kgm of trace gas expressed relative to 1 kgm of carbon dioxide.”

The U.S. power industry has traditionally depended on coal as its preferred fuel. In 1991,
the U.S. power industry consumed more than 800 million tons of coal to generate more than half
of the electricity produced in the U.S. Present coal-fired plants have the reputation of being “dirty”
and environmentally acceptable, only with retrofit emission control technology.. Trends in new
coal-fired generation, spurred by the Clean Air Act and its amendments, are leading to 2 whole new
breed of higher efficiency, environmentally benign systems.(2)

Although short-term generation additions in the U.S. are projected to primarily rely on
natural gas, it is expected that coal will play an imporant and perhaps increasing role in future
U.S. electricity generation well into the mid 21st century. As aresult, it is expected that overall
emissions of carbon dioxide from powerplants wﬂl rise wnh increased demand for electricity over
the next 15 to 20 years.

On the other hand, projected increases in electricity end use efficiency and substitution of
electicity for other end use fuels; e.g., natural gas, can lead to substantial gverall reductons in
CO7 emissions. These so-called “wiser and wider” uses of electicity are forecast to have the
potental to reduce U.S. CO2 emissions by nearly 700 million tons by 2010, or approximately
13% of our nation’s present CO2 emissions.(3) Therefore, it is imperative that we evaluate the
benefits of electric power from the generating plant through the final end use to properly assess the
contribution 10 GHG emission reductions.
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OPTIONS FOR GREENHOUSE GAS EMISSIONS MANAGEMENT -

Over the short-term (the next five to ten years), the opdons available to the electric power
industry for reducing GHG emissions are limited. Any such controls, at the powerplant site,
would have to be made on the existing 494,000 Mwe of fossil generating capacity to significantly
reduce emissions. Most of these units do not have space for so-called CO? scrubbers, and cost
and efficiency losses from such systems wouid make them totally uneconornical.(4)

The only real short-term options are a) improving end-use efficiency, b) improving the
efficiency of existing fossil generating units, c) carbon dioxide systems dispatch, and d) natural
gas substturion. Each of these options is discussed in reference 1, with the following estimated
reduction potenuals over the next ten years:

. It is estimated that between 3% and 8% of the unconstrained CO? powerplant
emissions in 2000 could be eliminated by actively promoting end-use efficiency
improvements. -

. Although heat rate efficiency gains of 1% to 5% are possible with existing

fossil units, new Clean Air Act amendments are likely to result in a net decrease
in the efficiency of coal-fired units.

. If gas/oil-fired units were dispaiched in place of coal, utlities might further reduce
CO2 emissions by 3% to 5%; however, this would obviously produce higher

COst power.

. The greatest CO2 emission reduction potendal would result from mass
substtution of natural gas for coal. If CO2 emission levels were to be held
to today’s levels, nine to ten trillion cubic feet of new natural gas annually would
be used by the power industry. This is extremely unlikely and extremely
costly. Cost estimates, taken from reference 1, indicate that maintaining
conswant CO?2 emissions over the next decade would require annual expenditures
of $17 to $42 billion ($1990) in 2000. In addition, substantial new gas pipeline
capacity would be required and it is likely that the additional demand for natural
gas would result in even higher gas prices; i.e., greater annual costs than the
estimated $17 to $42 billion.

In the longer term (beyond 2000}, many new options will become available to the electric
power industry and its customers to effect significant reductions in GHG emissions. These
optons (5) include further improvements in end-use efficiency, powerplant generation efficiency
improvement, substitution of nuclear and renewable powerplants for fossil power, carbon dioxide
scrubbing and sequestration, and terrestrial and, perhaps, oceanic phytomass production and
storage or substitution for fossil fuels. Further, there are opportunities for selective natural gas
subsatudon or co-firing, for development of integrated energy facilities, and the transfer of energy-
efficient electric technologies from developed countries to developing countries.

Of course, all of these control strategies come at some price, and costs of carbon emissions
reduction programs range from net benefits of end-use efficiency gains to costs of $350 to $700
per ton of CO? sequestered or averted.(5) A long-term management, mitigation strategy, based on
minimizing the costs to society, is a major objective of EPRI's assessment and GHG emissions
reduction research program.
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EPRI’S GREENHOUSE GAS RESEARCH PROGRAM

EPRI has been supporting greenhouse gas research for over a decade. Early sponsored
research focused on carbon cycle modeling, the role of the ocean in CO2 uptake, and two
international symposia on “Carbon Dioxide Transfer in the Atmosphere-Ocean-Terrestrial System.”
This early work included support for Dr. Charles Keeling’s key geophysical monograph series
published in 1989.(6) This work included:

« - Three-dimensional modeling of ammospheric CO? transport, including the influence
of El Nino events on biospheric and oceanic CO? exchange and identification of the
biosphere becoming a key CO?7 source term in the mid-1970s time frame.

. Modeling of CO? sources and sinks including fossil fuel CO2, exchange between
the terrestrial biosphere and atmosphere, and air-sea exchange, driven by prescribed
temporal and spatial variations of CO?2 in surface waters.

o’ Modeling of the mean annual cycle and interannual variations in atmospheric CO2,
as well as companson with measurements over a 25-year period from pole to pole
over the Pacific Ocean.

Other research included development of an 11 compartnent (box) model of the ocean-
atmosphere system which predicted large increases in Antarctic surface water biological production
during the last ice age. This may have resulted in a net organic flux into the oceans, lowering the
atmospheric CO?2 concentration by 90 to 110 ppm.(7) The workshops held in 1985 and 1988,
brought together international experts in the global carbon cycle to discuss the state of carbon cycle
modeling, ice core and tree ring data, ocean circulation, terrestrial biospheric changes, etc. These
workshops played a key role in facilitating information exchange among experts on various
elements of the carbon cycle.

In the last few years, EPRI's directly-related GHG research and development program has
greatly expanded to include a) the reliability and completeness of climate prediction studies, b)
assessment of effects on human and natural systems, ¢) GHG management/mitigation optons, and
d) a focus on the development of an integrated assessment framework. These activities are in
addition to a broad range of indirect efforts which would support electric utility CO2 emission
reductions including a) increased emphasis on end-use efficiency improvements, b) advanced,
higher efficiency, fossil power cycles, c) renewables and biomass technologies, and d) advanced
nuclear powerplants. :

EPRI’s research priorities have been established to

. Assess uncertainties associated with General Circuladon Model process and data
limitadons,
. Provide bounding analyses of physical, ecological, and economic impacts resulting

from global climate change,

. Identify and develop “least cost” management options for the power industry,
including adaptation and midgation. :
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ASSESSMENT OF CLIMATE MODELS

In 1991, EPRI, in conjunction with the National Science Foundauon, and a group of
international organizatons, initiated a program to assess the accuracy and uncertaintes associated -
with climate models. This program is known as the Model Evaluation Consortium for Climate

Assessment (MECCA). The objecaves of the MECCA program are to: “a) quantify the probably
range of future climarte change, b) provide policy-makers with informadon that could be used to

coordinate decisions with scientific developments, and c) idenafy key topics needing research to
improve climate forecasts.

MECCA’S research plan (8) includes two key elements, a set of carefully selected model
experiments, designed to supplement ongoing work by other modeling groups and an analysis
strategy that focuses on the impact-oriented needs of policy-makers and the private sector. The

primary elements of the modeling strategy include:

. Large-scale climate changes including global temperature, precipitation, and
' pressure patterns,

. Regional climate simulation, at subcontinental grid scales to aid an understanding of
local impacts on agriculture, commercial, and industrial activites,

. Extremum events that might be associated with climate change such
as droughts, floods, storms, prevailing lows, etc., and

. Model evaluatdon experiments which simulate today s climate in order to identify
any potental systematic modeling errors and needs for model improvement.

Current MECCA experiments include evaluadons of the sensitivity of climate model
outputs to a) CO? concentmraton, b) model grid size, ¢) atmosphere-ocean coupling, d) land surface
interactions; e.g., tropical deforestation, e) ice dynamics, and f) cloud paramerterization. In
addidon, regional climate studies and general circulation model prediction variability in century-
long simulations are being studied.

An example of the evaluations underway is an estimate of the global mean equilibrium
amnospheric temperature as a funcrion of ambient CO? concentradon. These studies have shown
that the mean global amospheric temperatre rises very non-linearly with CO7 concentration.
Maximum equilibrium temperatures of slightly less than 300°K are predicted for CO? partial
pressures of 1000 ppm. The estimated temperature rise for a doubling of CO2 from 280 ppm to
560 ppm is approximately 5°K, consistent with other model projections.

Another of the studies underway is evaluating the relative influence of the sensitivity of
surface temperature to shortwave (solar constant) changes as compared with longwave (CO2)
changes. Preliminary resuits indicate a nearly linear response of temperature to variations of the
solar constant of + 5%, as compared with the logarithmic response noted above for changes in
CO2 concentration. Temperature sensitivity about the present value of the solar constant is
approximately 1°K per 1% change in the solar constant.

A third analysis is focusing on the use of different surface hydrology models in General
Circulaton Models (GCMs). The modeis compare results from so-called “bucket” models with
. more accurate vanable infiltraton capacity (VIC) models. Results show that evaporation rates in
the two models are very similar over a GCM grid cell; however, the bucket model predicts much
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higher near-surface soil moisture contents. These are obviously very important in estimating
biological growth rates and carbon fixation potentals.

A fourth study is evaluating the role of cirrus cloud albedo on global temperature. The
suggestion is that penetrative convection under the condition of warm ocez:: temperatures is strong
enough to drive large amounts of moisture into the troposphere and to generate dense cirrus clouds
capable of substandally increasing the earth’s albedo. Preliminary results indicate that when the
ocean surface temperature exceeds 303°K, the middle and high altitude cloud albedo rises rapidly
to levels comparable to low-level clouds (~0.6). This increase in cirrus cloud albedo keeps the
tropical temperature of the simple mixed layer ocean near 303°K and cools the gntire planet. Thus,
the overall increase in planetary albedo is creating a negative feedback which limits surface air
temperature increases.

Another key element of EPRI's GHG modeling efforts has been the development of the
personal computer based global carbon cycle model, GLOCO.(8) The GLOCO model integrates a
set of mechanistic modules of the atmosphere, oceans, and terrestrial ecosystems into a single
global carbon cycle model. In additional to representng the basic reactions of the global carbon
cycle, the model includes the cycling of nutrients that limit the growth of marine and terrestrial

biota.

The terrestrial ecosystems are represented by six biomes - tropical, temperate, and boreal
forests, grassland, tundra, and desert. Carbon in each biome in the model occurs as plant and soil
matter. The primary process driving the terrestrial carbon cycle is the fixation of atrnospheric
carbon dioxide as organic carbon via photosynthesis. The earth’s aunosphere is represented as a
single box in the model, with two atmospheric carbon compounds, namely CO2 and CH4. The
concentrations of each are calculated from the balance of inputs to the atmosphere, uptake by the
oceans and terrestrial ecosystems, and atmospheric reactions.

The oceans model includes the biogeochemical cycling of five chemical components,
namely total inorganic carbon, dissolved organic carbon, particulate organic carbon, alkalinity, and
phosphate. Both physical and biological carbon exchange between the atmosphere and ocean are
included in the model.

GLOCO was calibrated by assuming that only fossil fuel carbon and land-use changes
altered the ammospheric CO?2 concentration from 1700 to present. The calculated CO2
concentrations are within 5 ppm of ice-core inferred values for the period 1700-1950 and within 2
ppm of the Mauna Loa measured values (1958-1990).

GLOCO projects future ammospheric carbon dioxide concentrations to the year 2100
utlizing IPCC fossil fuel emission scenarios and projected land-use conversions. The model is
particularly capable of permitting a number of sensitvity tests to examine the implicadons of
uncertaintes in key parameters or permitting “‘worst” case analyses to be performed. Examples of
variations in input parameters which have been assessed are: :

. Simultaneous carbon and nirogen fertilization effects on forest ecosystems,
’ Evaluation of the effect of different CO2 gas exchange fluxes (atmosphere/
ocean) on the oceanic uptake of CO2,

. Impacts of increased oceanic upwelling velocity on CO2 uptake,
. Assessments of the sensitivity of atrnospheric carbon dioxide to oceanic
productivity.



In general, GLOCO offers a means 10 assess in a globally aggregated way, the relative importance
of a variety of physical and biological processes on future concentrations of ammospheric carbon

dioxide.
ECOLOGICAL EFFECTS AND CO2 MANAGEMENT

EPRI's GHG ecological effects program focuses on development of tools for conducting
assessments and experimental programs to evaluate forest response to CO2. The potential for
ecological effects is one of the primary concerns expressed by environmentalists. Preliminary
analyses suggest that unmanaged ecosystems may be the most sensidve of the potential impact
areas, and the levels of ammospheric carbon dioxide and rate of change of mean atmospheric
temperamre are extremely important parameters. Of course, it is very important to know whether
the severity of effects accelerates rapidly with a 2°C or 4°C temperature increase, or at a rate of
change of temperature of 0.1°C per decade or 0.2°C per decade. Another important element may
be whether these increases reflect average maximum daylight temperatures or average minimum
nighttime temperartures, as is indicated by some models.

EPRI research is exploring the range of possible effects of climate change, develop models
and data for assessing climate change effects and quantifying uncertainties, and develop methods
for utilities to use in evaluating and managing power system related water resources susceptible to
climate induced changes. -

Two of our present GHG ecological effects studies focus on biomass production in loblolly
“pines at elevated CO2 partial pressures and the effects of elevated CO2 on grasslands. Results of
initial growth studies of loblolly pine indicate that elevated CO?2 alone will have little influence on
biomass growth; however, addition of other nutrients, specifically nitrogen and phosphorus, can
increase biomass yields up to 25% over yields with today’s atmospheric CO2 concentatons.

Another study being performed for EPRI by the Nature Conservancy is evaluating the
effects of climate change on plant diversity in North America. The impacts of climate change on
14,000 plant species is being assessed, including stand geographical migration patterns and species-
losses.

EPRI is also assessing a variety of indirect and direct management mitigation options to
limit ecological or other damage. There presently is little agreement about which potential impacts
are of greatest significance or concern; and generally accepted methods for cost/benefit analyses for
slowing climate alteration do not exist. Further, benefits may accrue 10 certain world regions while
costs may be borne by another region.

EPRI's primary research emphasis will be to develop “least cost” systems to ameliorate
GHG emissions to acceptable levels. Of course, the degree to which each component of such a
strategy can be utilized to mitigate the problem is dependent, not only on the total control level to be
achieved, but also the degree to which each alternadve actually penetrates the market as a functon

of dme. . .

Reference 5 reviews the variety of options available to reduce CO2 emissions and
prioritizes them on the basis of cost per ton of C averted or sequestered. It is clear that gnergy
efficiency improvements, both at the end-use and at the power production level, should be
emphasized in addressing the GHG conrrol issue from an electrc udlity viewpoint. Beyond these
efficiency measures, there are a range of options for limiaing CO? emissions; e.g., nuclear and
renewables that are more attractive than the “CQO2 scrubbing and sequestraton’ approach.
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EPRI is sponsoring research relating to range of biospheric optons for mitigating
atmospheric carbon dioxide levels.(10) Terrestrial approaches include halophyte production in
semi-arid regions and short-rotation woody crop production and utlizaton. Ocean marine systems
research includes a) evaluating the CO7 sequestration capability of the oceans and sediments, b)
ocean circulation studies, ¢) sequestering carbon dioxide in the form of clathrates in the deep
ocean, d) development of free-floatng or structured macroalgal species/systems to biologically fix
C02, and e) optimal conversion/sequestration stratcg1es

All of these efforts focus on increasing yields per unit area of biomass, assessing long-term
storage potential, and estimating sequestered (or averted) carbon costs per ton. A combination of
these processes could reduce aunospheric loading by 2.0 to 10.0 gigatons per year at costs of $100
to $300 per 1on of carbon. Although none of the biological approaches offers a clear cost
advantage over CO2 scrubbing, they may offer a preferred solution since infrastructure, transport,
etc., requirements may be less cumbersome. In addition, there may be additional advantages
associated with energy or food byproducts which could alter the relative benefit of biospheric
systems.

In addition to our CO2 mitigation program, EPRI is aggressively contributing to the
development of non-ozone depleting; i.e., non-halogenated hydrocarbon refrigerants, which will
also have a minimum impact on the global radiadve balance. A major program has just been
initiated to develop new working fluids for unitary heat pumps, air conditioners, and electric
chillers which use neither chlorofluorocarbons (CFCs) or hydrochlorofluorocarbons (HCFCs).
HCFC and CFC based vapor compression systems account for 23% of utlity loads and revenues;
thus developing substitute working fluids is a high priority. The two parallel projects are aimed at
replacing HCFC 22 in heat pump and small building cooling applications and HCFC 123 for large
system cooling. The challenge will be to develop substitute working fluids with no decrease in the
cycle et;tzfxency Pure fluids, azeowropic and non-azeotropic mixtures will be characterized and
evaluat

INTEGRATED ASSESSMENT FRAMEWORK

The final major component of EPRI’s Greenhouse Gas Emissions Assessment and
Management Research Program is the development of an integrated assessment framework. The
purpose of this research program is to provide a consistent and comprehensive approach for
evaluation of GHG management proposals and associated R&D strategies. The strategy is being
designed to provide an evaluation framework for measuring the impact of GHG control strategies
on the overall domestic, as well as international, economies, major industries, and the public.

In concert with the National Science Foundation and the Departrment of Energy, EPRI is
supporting the construction of a group of models which will synthesize information on the
relationship between human activities and GHG emissions, the effect of GHG emissions on
climate, and the impact of climate changes on human and natural systems. By linking this
information together in a cohesive way, analysts will then be able to evaluare the costs and benefits
of policy proposals in a consistent manner, as well as evaluate the potential value of alternative
R&D strategies. The results from a first analysis using the framework should be available by 1994
and periodic refinements will be made throughout the decade as new knowledge and methods
evolve.

The framework will consist of a series of linked modules representing the major processes,
including a) the emissions of radiatively important gases, b) natural system dispositdon and
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reactions to the emissions of these gases, and c) the reaction of human and natural systems to
changes in the atmosphere-climate system. As we all know, the development of such an
assessment framework, with its scope and complexity, is a forrnidable task. Initially, three
contractors will be developing alternative approaches. This collection of models will include
estimates of “damage functions” to develop a specific quandtadve impact and risk assessment
basis, both temporally and regionally.

. Our approach to the development of an integrated assessment framework must be iterative.
At the present time, our understanding of each of the relevant processes and how they interact is
incomplete. However, enough is known to permit inital development of the entire system. At that
point, the framework can be used to idendfy those elements of the climate problem that contribute
the largest uncertainties to our ability to provide knowledge or predict outcomes of importance to
policy-makers. For example, we will be able to explore the sensitivity of policy proposals to
different assumptions about natural system processes. In this way, we can identify critical
uncertainties and identify where additional research is most needed. The framework can thus be
used to help guide its own future development.

Another important component of EPRI’s risk assessment activities includes evaluations of
the impact of climate changes on utility systems and their operations, specifically, the implications
of potential global, or regional warming on air-conditioning loads, cooling water availability, and
potential implications to hydroelectric generating capacity. To date, our assessments indicate that
expected impacts on utility systems operations are minimal; however, as we develop better
estimates of potendal regional climatic changes, there may be regions wherein these impacts are
important.

EPRI'S GHG R&D RESEARCH STRATEGY AND PROGRAM EMPHASIS

As indicated above, a focal point of EPRI's research on climate change is the development
of an integrated assessment framework that will be used to compare the costs and benefits of
alternative climate change management proposals. An important feature of the integrated
assessment framework is the ability to reat uncerainty probabilistically rather than generating
- single point estimates of expected outcomes for given scenarios.

Given the vast number of sciendfic, political, economic, and technological uncertainties
associated with global climate change concems, the possibilities for designing a research program
are myriad. In recognition of these factors, as well as our awareness that the U.S. federal
government will be spending approximately $1.0 billion annually, the remainder of the EPRI
program has been designed based on meeting one or more of the following criteria:

. The research should provide input to integrated assessments in the form of
: models and estimates of key parameters and their associated uncertainty.

. The research should address key electric utility issues.

. The research should help identify and fill cridcal gaps in the research being
done by the federal government and other organizatons through the world.

. The research should help influence key elements of the national program; thus
achieving a significant leveraging of EPRI’s funds.
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Through a carefully designed program, carved out in a timely manner, EPRI research can help
decision-makers in the elecrric utility industry and elsewhere understand the implications of
proposals for addressing the issue of climate change. a

As was stated previously, EPRI recently has significantly expanded its GHG R&D
program. The Insdtute is planning 1o expend approximately $40 miilion on direct global change
research over the next four years, with annual funding by 1995 of $12 to $15 million. In addition,
a number of programs are being cofunded, with estimated cofunding of $20-$25 million over the
period 1992-1995. The allocation of these R&D funds over the next four years are expected to be:

* Integrated Assessment Framework $ 44
* Global Carbon Cycle

* Climate Change Predicton 2
« Effects

* Valuagon of Effects

+ Costs

+ Mitigation and Adaptation

Pt

l. D

—~ 0> p OB W
Hhhandb b

Total (92-95) $60.0

The work described in this paper was not funded i '
. by the U.S. Environmental Protection A
contents do not x3ecessanl y reflect the views of the Agency and no official endorsement shouldgl::‘:igt"m-reze
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Paper 1-G

GLOBAL EMISSIONS DATABASE (GloED) SOFTWARE

by: Lee L. Beck
U.S. Environmental Protection Agency
Air and Energy Engineering Research Laboratory
Research Triangle Park, NC 27711

ABSTRACT

The EPA Office of Research and Development has developed a powerful software
package called the Global Emissions Database (GIoED). GIoED is a user-friendly, menu-
driven tool for storage and retrieval of emissions factors and activity data on a
country-specific basis. Data can be selected from databases resident within GloED
and/or imputted by the user. The data are used to construct emissions scenarios for
the countries and sources selected. References are linked to the data to ensure clear
data pedigree. The scenario outputs can be displayed on thematic global maps or
other graphic outputs such as bar or pie charts. In addition, data files can be
exported as Lotus 1-2-3, dBase, or ASCI! files, and graphics can be saved as & .PCX
file or exported to a printer. This paper describes GIocED and how it works. It also
presents future plans for software enhancements and populating the databases.
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BACKGROUND AND INTRODUCTION

The Global Emissions Database (GIoED) was designed initially as an internal
data management tool to handle the large number of greenhouse gas data generated
as the result of international greenhouse gas research activity. Not only was there a
large amount of data but the databases were rapidly changing based on continuing
studies and new information. Initial attempts at handling the data electronically
involved using commercial software such as Lotus 1-2-3 and dBase. These initial
efforts were frustrating partiaily because of the limitations of the software and
partially because of the limitations of user expertise. Initial limitations included keeping
track of which data sets were used in constructing emissions inventories and
identifying the quality of the data in each data set. It soon became apparent that a
better system needed to be developed by professionals in software development.

The GIoED software subsequently developed is personal computer (PC)-based
and very user-friendly with little or no computer expertise needed. Using GIoED, the
storage and retrieval of data is quick and easy. This is important so that updates
can be stored as better data become available. Consequently, current best
estimates are always available. Another advantage of GIoED is that units specified by
the user are automatically generated by GloED. If the user calls for units that are not
recognized by GIoED, then GIoED allows for the input of an algorithm that will define
the new unit. '

Another important attribute of GIoED is that references are linked to the data.
Consequently, there is the ability of the user to establish the origin of every individual
piece of data in the scenario constructed. An additional advantage of GIOED is its
ability to interface with other software packages such as Lotus 1-2-3 and dBase for
those scientists and engineers familiar with these commercial software packages.

After establishing the ulility of GIoED as an internal data handling tool, it was
presented to an emissions workshop sponsored by the Intergovernmental Panel for
Climate Change (IPCC) in December 19911. As a result of this exposurs to the IPCC
and the Organisation for Economic Co-operation and Development (OECD), interest
grew in GIoED as a standardized tool which could be used by all researchers to
develop quality assured, country-specific, emissions inventories. The United Nations
Conterence on Environment and Development (UNCED) in Rio de Janeiro just 2 months
ago underscored the need for a system to establish baseline emissions and to track
emissions reduction progress by country. GIoED has the potential for providing this
system for implementing of the goals proposed at this historic Earth Summit meeting.

GLOED DESCRIPTION
GIoED is a software system designed as a tool for generating estimates of

global emissions. GIloED generates emission inventories by combining information
about activities with pollutant-specific emission factors for those activities. Activities
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are defined in terms of processes that occur in a specific poliutant source category in
a specific country or at a specific latitude and longitude. Activities are grouped into
discrete data sets within the GIoED system. The user selacts one or more data sets
and then has the option of narrowing the scope of the inventory by selecting a limited
number of countries, source categories, and poliutants. The final set of data selected
is calied a scenario. GIoED also can accept data provided by user-input.

Consequently, the emissions inventories can be updated as new data become available
fo the user. GIoED calculates an emissions inventory based on the scenario generated
by the user and can present summaries of the inventory graphically and in textual
form. '

The contents of the emissions inventorias can be reported in a variety of ways.
A text summary of the emissions inventory will print & tabular breakdown of the
results by country, source category, and/or poliutant. GIoED can develop a pie char
or bar chart showing the top pollutants or countries or source categories in a form
that allows easy comparison among them.  Finally, GIoED can project the results of an
emissions inventory onio a global map, using different colors to designate the type
and distribution of poliutants in the seiected scenario. All of these output formats can
be viewed on the screen, saved to a file, or printed as a hard copy. The data can
also be exported to {otus, dBase, or ASCII.

USING GLOED

Each level of the program has a menu that allows the user to select the
operations that the program should periorm at that level. The user can select the
actions in the menu either by clicking a mouse on the desired menu selection or by
typing the first letter of that selection. The GIoED main menu always appears along
the top of the screen and is a set of pull-down menus, which means that the user can
“pull down" further options by selecting a menu item. When the user selects a menu
option--either with a mouse or with the cursor keys—GIloED will lead the user to the
screens that apply to that menu option.

Most of the menu items selected will call up a screen of *scroll boxes® that
allow the user to define more specifically the way in which the selected menu function
is performed. To move among the different scroll boxes, the mouse is used to click in
the desired box, or the user can press the [TAB] key to move clockwise--or [SHIFT]
and [TAB] to move counterclockwise--through the scroll boxes and buttons on the
screen. The user can move within the scroll boxes either by using the cursor (or
arrow) keys on the keyboard or by clicking with the mouse on the “scroll bar® (the
vertical shaded strip with arrows at top and bottom) on the right-hand side of each
scroll box. The user can jump quickly to the very first entry in the scroll box by
pressing the [HOME] key on the keyboard and can jump to the /ast entry in the scroll
box by pressing the [END] key on the keyboard. The user can view the next or
previous boxful of information in the scroll box by pressing [PAGE UP] or [PAGE
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DOWN], respectively. When the item to be selected is highlighted, the user can select
it by pressing [ENTER] or by clicking on it with the mouse.

Any of three methods can be used to exit one of the screens in GIoED at any
time:

(1)  Pressing the "escape” [ESC] key:;

(2) Moving the mouse to the on-screen [CANCEL]) button, and then *clicking"
the button on the mouse to select cancel; or

(3) Using the [TAB] key to tab clockwise (or [SHIFT] and [TAB] for
counterclockwise) through the on-screen scroll boxes and buttons in
sequence until the [CANCEL] button is selected, and then pressing the

[ENTER] key.

Any of these operations will take the user out of the screen in which the user is
working and return to the last active screen before arriving at this screen.

The GIoED Main Menu

Scenario Database Calculate Map Reports Help Quit

Figure 1. The GloED Main Menu

The GIoED main menu is shown in Figure 1. It is represented by a bar that will
remain at the top of the screen as long as GIoED is running, and offers choices of the
type of function the user would like GIoED to perform. The user can move between
menu options with the mouse or with the arrow keys. The user selects an item by
clicking on it or by typing the first letter of its name. The menu options and their
general functions are:

. Scenario-This menu allows the user to load a previously created
scenario, generate a new scenario, combine elements of two or more
scenarios, or delete a previously created scenario.

. Database--This menu allows the user to edit data sntered by the user
or to import data sets to be combined with the system database files.

. Calculate-Commands the software to create an emissions inventory
based on the currently defined scenario.
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. Map--Allows the user to display the emissions'inventory in the form of a
gridded or thematic map. (Only thematic maps are currently
available.)

. Reports—Aliows the user 10 review the emissions inventory in & point-
by-point fashion and to search for a specitic data point in the inventory.
It reports the results of the inventory calcuiation in text form (as
tables) or as graphlcs (bar charts or pie charts).

. Help--Allows the user to receive on-screen assistance while operating
the software. .

. Quit-Aliows the user to leave the program.

77| Database Calculate Map Reports Help Quit

Generate
Combine
vDelete

Figure 2. Puli-Down Menu for Scenario Options

The user arrives at the step described in this section by choosing the scenarlo
option on the GloED main menu. The menu that will pull down when the user selacts
the scenario option is shown in Figure 2. It offers the option to load a scenario from
the user's disk, generate a new scenario, combine two or more existing scenarios, or
delete a scenario from a disk. By pressing [ESC], or the lefi-arrow key, the user
closes this pull-down menu and returns to the main menu.

The Scenario Load Screen

Atter selecting scenario in the main menu, the user can chooss the load
option, which will cause a scroll box to come up on the screen. The scroll box will list
all of the scenarios that have been generated in previous sessions. To create a
ditferent report from a previously generated scenario, the user can mouse-click on the
name of that scenario, or use the cursor keys to select the scenario and then press
the [ENTER] key. Now the user can click on the [OK] button and GIOED will load the
selected scenario. It is important to remember that the user must now select the
calculate option on the main menu bar before usmg GIoED to generate reports of

this scenario.

The scenario load screen is shown in Figure 3.
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Select an Existing Scenario

Scenario:
Scenarios: |
NEWONE.SCN [ OK |

Cancel

Figure 3. The Scenario Load Screen

The Scenario Generate Screens

it the user selects the generate option in the Scenario menu, GloED will guide
through a series of screens in which the user names, describes, and defines the
parameters of the scenario to be generated. When this option in the scenario menu is
selected, a dialogue box entitled "Create a New Scenario” will appear. In this dialogue
box, the user enters the name of the scenario to be created. The user shouid enter a
valid DOS file name that is sufficiently descriptive to be remembered if it is to be used
again later. Then [TAB] to or mouse-select on the [OK] button and the Scenario
Description screen will come up to allow entering a description of the scenario to be
generated.

To replace an existing scenario with the one the user plans to generate, press
the [TAB] key or use the mouse to enter the scroll box that appears at the bottom
of the dialogue box. Then use the mouse or cursor keys to select the scenario to be
replaced. When the appropriate scenario is highlighted, press the [ENTER] key and its
name will. appear on the scenario name line at the top of the box. Then mouse-click
on the [OK] button or [TAB] o the [OK] bution and press the [ENTER] key.. Since
this scenario exists, a warning box will appear on the screen that says "This
Scenario exists] Rebuild?® and gives on-screen buttons that say [OK], which
replaces the existing scenario with your new one, or [CANCEL], which cancels the
scenario generate routine. Select [OK] and the Scanario Description screen (Figure 4)
will come up to allow entering a description of the new scenario to be developed.

The Scenario Description Screen

This screen will first ask the user to enter a long description of the scenario to
be generated.
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Scenario Description

Description:

This scenario generates an inventory of global NOx
emissions resulting from fossil-fuel production.

Brief Description:
Units: BE T e

Figure 4. The Scenario Description Screen

Ihe Unlt_Conversion Utility--Atter entering the long and short descriptions

of the scenario, hit the [TAB] key again. The user will now be in the "Units" fieid of the
scenario description screen. In this field, enter the target units in which the inventory
is to be reported. The user does not need to know the units used by the individual
data sets because GIoED contains a unit conversion utility that will automatically
convert the results of the scenario to the units defined as targets. This utility will be
especially useful in comparing the resulls of a series of scenarios. If entering the same
units for all of the scenarios, no conversion will be required to make a comparison.

The Scenarlq Generate Screen

Once the new scenario is described to the user's satisfaction, select [OK] and
GloED will iead to the Scenario Generate screen (Figure 5). This screen has four scroll
boxes, one each for data sets, countries, source categories, and poliutants. Move
among the scroll boxes and buttons on this screen, using the mouse to select a scroll
box item or pressing the [TAB] key to move clockwise, or [SHIFT) and [TAB] to move
counterclockwise. The other scroll boxes will show the source categories, countries,
and poliutants that are defined in the selected data set. When the screen first comes
up, nothing will be selected. After the user has selected the data set(s) to use, the
other boxes will fill with the countries, source categories, and poliutants in that data
set.
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Scenario Generate
Data Sets: Source Categories:
ALL - ALL
CLEAR CLEAR
GLOBAL VOC INVENTORY. ||AGRICULTURE (coal)
BIOGENIC SOURCES AGRICULTURE (gas) OK
Countries: Pollutants:

ALL Cancel

CLEAR ‘ CLEAR
ALBANIA : NOx
ALGERIA ' o2

Figure 5. The Scenario Generate Screen

When defining a new scenario, it is important to be aware of the order in which
the items are added to the scroll boxes. When a data set is selected, the other three
scroll boxes will automatically list all of the countries, source categories, and
pollutants included in that data set. GIoED defines the items in the other scroll boxes
on the basis of a hierarchy. The countries listed depend upon the data set(s) chosen.
The source categories listed depend upon the data set(s) chosen and the countries
that have been selected within those data sets. The poliutants listed depend upon the
data set(s), countries, and source categories chosen. Thus, every time the selection
of elements in a scroll box is changed, the contents of the other boxes will change
according to this hierarchy.

The user can select a different data set or add data sets to the scenario.
Data sets can be selected or deselected by clicking them with the mouse or by using
the cursor buttons to highlight the desired data set and then pressing the [ENTER)]
key. Once the data set(s) are selected, the user can [TAB] or move the mouse
through the next boxes and select the specific source categories, countries, and
poliutants to be reflected in the emissions inventory. ALL automatically selects all of
the items in each list. To select a large number of items, select ALL and then desslect
the few items not wanted in the scenario. CLEAR automatically deselects everything in
the list, and can be used to clear all selections if an error has been made or to select
a few elements in a scroll box. At least one item in each scroll box must be selected
tor a scenario to be generated. If the user has selected a combination of data sets.
countries, source categories, and pollutants that does not reflect an actual
combination in the system databases, an error message will request fewer
restrictions on the scenario. When all of the specific items for the desired scenario
have been defined, tab to the [OK] button on the screen, or click on it with the mouse.
GIoED is now prepared to calculate the emissions inventory. :
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The Caiculate Menu Option
When the calculate option is selected in the GIoED main menu, the system will
generate an emissions invantory based on the current scenario. This is the inventory

that will be used in all of the following mapping and reporting menu options. Only one
emissions inventory will be generated for each scenario.

The Map Menu Option

Scenario Database Calculate MapiReports Help Quit

Figure 6. Options in the Map Menu

Once a scenario is defined and an emissions inventory is calculated for it, the
user is ready to create a map that reflects the results of the inventory. When the
user selects the map option in the main menu, the user will be given the option to tell
GIoED to display the results either on a gridded map or on a thematic map (see
Figure 6). Gridded maps display the distribution of emissions in the form of ranges on
a latitude/longitude grid. (Gridded maps are not yet available.) Thematic maps
display ranges of emissions on a country basis. Figure 7 is an example of a thematic
map.

When the type of map to be created is selected, another menu will pull down
and request definitions of the output location for the map.. If the user selects Screen,
the map will appear on the computer's video monitor. To send the map to the
printer, a dialogue box will appear on the screen and ask for selection of the available
printer output port to which the file is to be sent and for definition of the type of the
user's printer (either by selecting the name with the mouse or by pressing [ENTER] on
the appropriate output port and printer name). Finally, t0 save the map as a graphic
.PCX file, a dialogue box appears and requests entry of a valid DOS file name (ending
with .PCX) for the map file. At the end of each of these processes. select [OK] and
the Text Report Priorities screen will appear.

When the user has the inventory appropriately constructed and has selected

the map type, GIoED will prepare the map and then give the option of dispiaying the
map on the screen, sending it to the printer/plotter, or saving it on a disk.
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The Reports Menu Option

Scenario Database Calculate Map |Reportsz]Help Quit

i

Pie »
Bar >
Text >
Export »

Figure 8. The Reports Menu Option

When the reports option in the main menu is chosen, the menu that pulls down
(see Figure B) gives the foliowing options: Review, Pie, Bar, Text, and Export. The
Pie and Bar functions create graphical reports of the emissions inventory. The Text
function prepares a compiete, tabular report of the emissions inventory, and the
Review option allows viewing complete mformatnon on individual data points in the
emissions inventory.

The Export menu option is used to save the tabular results of the emissions
inventory. Whan the user selects this option in the Reports pull-down menu, another
menu pulls down and gives the option of saving the report in Lotus 1-2-3 format,
ASCIl format, or dBase 11l format. Figure 9 is a Reports Export screen for- exporting
a GloED data file to dBase.

Save an Inventory to a dBase File

Filename: C:\GLOED\*.DBF

—Directories Files
. ACTIVITY.DBF
. ALLCNTRY.DBF
OECD87.SCM ALLDSET.DBF
RICE.SCM ALLPOL.DBF OCK
- A e ALLSCAT.DEF
vee B eee | CATEGORY.DBF
ee C +nn COUNTRY.DBF Cancel
ee- D o-- DATASET.DBF
DSETBUP.DBF
EFACTOR.DBF

Figure 8. The Reports Export Screen
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Graphical Reports

Scenario Database Calculate Map [Reports:{Help Quit

Review
Bar ' > | Printer
Export »

Figure 10. The Graphical Reports Option

In choosing to report the results of the scenario graphically, the user has the
option of presenting them in bar chart or pie chart format. Select Bar or Ple in the
Reports menu and then choose to have the graphical report appear on screen, be
sent to a printer, or saved on disk as a .PCX file. In selecting the printer option, a new
screen appears (Figure 11), asking for the printer type and output port for the file.
When the print location is designated, select [OK] and the title screen will appear. In
this screen, type the primary title for the graphical repont, press [TAB] or mouse-click
on the second title field, and enter the secondary title (usually a reference for the
data, the units for the graph, or some sort of explanatory note) for the graph. Now,
select [OK] and GIoED will send the report to the printer. Figures 12 and 13 are
examples of a bar and a pie chart, respectively.

Save a Chart to a PCX File

Filename: C:\GLOED\*.PCX

—_Directories Files

OECDS87.SCM |

RICE.SCM OK
coe A =e- |

- B --- ;

cee O oee .

- Cancel

Figure 11. The Reports Menu for Saving a Pie Graph to a .PCX File
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Text Reports

Scenario Database Calculate Map

Figure 14. Options in the Reports Menu

é

To present the resuits in the form of a table, referred to here as a text report,
mouse-click on the Reports option in the GIoED main menu, or type an R to open the
menu. Then select the Generate option in the menu shown in Figure 14 that appears
at the right of the puli-down menu. A dialogue box, called the Text Report
Priorities Screen, will appear. It will allow assignment of totalling priorities to the
pollutants, source categories, and countries that will appear in the tabular report.

When the report has been prepared, use the GIoED main menu bar to display
the report on the screen, to send it to the printer, or to save it on a disk. To see the
report without printing it, sending it to the screen allows using the GioED Browser
Screen to scan the repon, using it like hard copy. The browser screen, showing a
section of a report, is shown in Figure 15. This screen functions very much like the
smaller scroll boxes in GloED except that it has both horizontal and vertical scroll
bars. Mouse-clicking on the arrows at the ends of the bars moves one line per click in
the direction indicated by the arrow. For larger jumps in the report, slide the narrow
bars in the middle of the scroll bars in the desired direction.
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[NOx - France, U.S. ~ Fossil Fuels

§ |JCOUNTRY EMISSIONS
CANADA AIR (oll) 5.406285E+04
CANADA AUTO OF ELEC {gas) 1.747200E+01

¥ ICANADA |AUTO OF ELEC (otl) 8.216900E+02

§ [CANADA PUB SERV ELEC (coal) 5.616418E+05

| {CANADA PUB SERV ELEC (gas) 5.457480E+03
CANADA PUB SERV ELEC (oll}- 1.867441E+07
CANADA RESIDENTIAL (gas) 1.860558E+04
CANADA RESIDENTIAL (otl) 1.165500E+04
CANADA ROAD (otl) 5.729220E+05
CANADA TOTAL INDUSTRY (gas) 4.867460E+05
CANADA TOTAL INDUSTRY (odl) 8.117909E+04

8 |[FRANCE AIR (otl} 4.206498E+04

B IFRANCE AUTO OF ELEC (gas) 7.956000E+03
8l (FRANCE AUTO OF ELEC (oll) 3.985520E+03
N |[FRANCE PUB SERV ELEC (coal) 7.106130E+04
Kl |FRANCE PUB SERV ELEC (gas) 2.044000E+01
¥ |[FRANCE PUB SERV .ELEC (oll) 8.545440E+06
8 |[FRANCE RESIDENTIAL (gas) 1.324134E+04
# |FRANCE RESIDENTIAL (otl) 4.969440E+03
i |IFRANCE ROAD (of}) 5.848920E+05
 |FRANCE TOTAL INDUSTRY (gas) 2.864420E+05-
3 |FRANCE TOTAL INDUSTRY (otl) 1.024266E+05
] [UNITED STATES OF AMERICA ||AIR (otl) 9.154934E+05

UNITED STATES OF AMERICA (|PUB SERV ELEC (coal) 1.050033E+07
% |UNITED STATES OF AMERICA ||PUB SERV ELEC (gas) 6.912297E+05
¥ |UNITED STATES OF AMERICA ||PUB SERV ELEC (ol) 2.716832E+08
M |UNITED STATES OF AMERICA ||RESIDENTIAL (gas) 1.908788E+05

UNITED STATES OF AMERICA ||RESIDENTIAL (otl) 8.908956E+04
M |UNITED STATES OF AMERICA ||ROAD (otl) 6.855030E+06
i |[UNITED STATES OF AMERICA ||TOTAL INDUSTRY {gas) 3.270462E+06
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Figure 15.

To see a specific data point in the scenario, or to review the set of elements
chosen for the loaded scenario, use the Review option in the Reports menu. When
Review is selected in the Reports pull-down menu, the Review Emissions Inventory
screen (Figure 16) appears on the screen. When it first comes up, the screen shows
the emissions of the first pollutant chosen for the first country and source category in

The Text Report Browser Screen

“the first database used in the currently loaded scenario.

1-81



http:RESlDEl'-71.AL

Review Emissions Inventory

Dataset:

Country:

Source Category:
Pollutant:

Emissions:
Units:

Up Down Filter Review OK

Figure 16. The Inventory Reparts Review Screen

From this point, the on-screen [UP] and [DOWN] buttons allow movement
through the scenario, one point at a time, in the indicated direction.

The [REVIEW] button opens a second window, in which appears the database
from which the data have come, the reference for the data, and the emission and
activity factors from which the emission estimate has been calculated.

If the user already knows the data point sought, or to narrow the search,
select the (FILTER] button, which activates the Search Inventory screen. The Search
Inventory Screen looks and works exactly like the Scenario Generate Screen, but the
scroll boxes on this screen contain only the database(s), countries, source categories,
and poliutants chosen for the currently loaded scenario. As a result, this screen
serves as a reminder of the complete contents of the loaded scenario and as a tool
for pertorming a very specific search of the emission inventory. To search for an item
in the loaded scenario, use the [TAB] key or the mouse to move through the scroll
boxes on the screen and selact, with the [ENTER) key or the mouse, the parameters
of the data point. When the user selects the [OK] button, GIOED returns to the Review
Emissions Inventory Screen, now containing the information about the data point of
interest.

RELATED ACTIVITIES AND FUTURE PLANS

So far, EPA efiorts have been directed toward development of the GlIoED
software and development of emission factors and activity data for anthropogenic
sources of methane and nitrous oxide. With the completion of GIoED software,
population of the software will begin with available information on greenhouse gas
emissions data on a country and source specific basis. This data development
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activity can be thought of as filling a 3-D matrix. This 3-D matrix can be envisioned as
a matrix cube with countries along the vertica! axis, greenhouse gases along the
horizontal axis, and sources or sectors filling the third dimension. EPA will begin
loading the software with information on methane emissions and will complete the
inventory data entry with available information from other sources. After published
data are loaded and quality checked, additional data estimates will enabie a giobal
inventory of all greenhouse gases. It is recognized that some of the estimates will be
based on very weak information. However, data quality will be identified throughout
the matrix. This will be a beginning point for identitying where data quality needs to
be fortified. «

Though the GIoED emissions database will continue to be the primary emphasis
of database software development throughout 1983, we hope to begin development
of a companion database that will contain information on greenhouse gas mitigation
technologies. This database will be called GloTech. It will be an slectronic file cabinet
that will house greenhouse gas mitigation technology and report parameters such as
emissions reduction capability, cost, and date of availability of the technology. When
populated with data, GloTech will allow scenario development and file interaction
similar 1o GIOED. This will enable the user 10 perform cost effectiveness calculations
tor an array of technologies that will be constructed in a scenario. Once the scenario
is constructed the user could then determine total cost, total emissions reduction
performance, and other parameters such as secondary impacts (water, solid waste,
etc.), estimated dates of availability of the technology, and limits to market
penetration. Like GIoED, GloTech will allow construction of the scenarios based on
information resident within the software. It will also allow the user to input new data
or 10 modity data within the databases. GloTech will also have each piece of
information linked to its reference to ensure a clear data pedigree.

After GIoED and GloTech are operational and fully tested, they could be linked
so that the user can perform “what if* scenarios. These scenarios would provide
estimates of the effect of implementation of certain technologies on country specific
emissions, and what the cost of those technologies would be.

SUMMARY

GloED is a powerful emissions database handling software package that is
nearing completion. It has been presented to OECD for consideration as a standard
tool for global greenhouse gas emission databases. The GIoED software will continue
to be refined and updated, and enhancements are planned to enable GIoED to accept
gridded information and to interface with geographical information systems. Parallel
to the development of the software, data population activities will produce a global
emissions database which may help to establish baseline emissions for an international
greenhouse gas emissions treaty such as was proposed at the U.N. Earth Summit in
Rio de Janeiro last June. GIoED could also be the mechanism to track progress under
such a treaty by allowing annual updates of emissions information on a country and

sector specific basis.
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. The development of GloTech will allow estimation of the costs associated with
greenhouse gas emissions reduction. Finally, the GIoED and GloTech software working
in concert will allow the user to construct reduction scenarios, estimate impacts, and
view the results of the implemented technologies.
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Switzerland. Proceedings.” World Meteorological Organization/United Nations
Environment Programme. Edited by P. Schwengels.
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Beyond Rio, )
a Dutch perspective on the future of research and policies on climate change

b); Hans van Zijst, LL.M. i
Counselor for Health and Environment at the Royal Netherlands Embassy in Washington

Mr. Chairmén, ladies and gentlemen,

I am honoured to have the opportunity today to~give you the Dutch perspective on the future of
research and policies on climate chaﬁge. A future thart started with the wofldcommunity signing
the Convention on Global Climate Change in Rio this summer.

The Netherlands has been widely reckognized as being proactive in the field of the greenhouse
gas effect. But -quite frankly- we believe that we have no choice. We are the only industrialized
country in the world that lies for more than 50% below sealevel. We are therefor vulnerable to
climatoiogical changes, specifically a rise of the sealevel. In the National Environmental Policy
Plan of 1989 thé Dutch government laid out its plans for the future with a long-term approach to
combat pollution and to implement the Brundtland-concept of sustainable development.

The Plan introduces the five-scale model to classify the size of environmental problems and to
indicate the geographical size of the solutions. If a problem is global, like for instance the climate
change issue, the solution is global and the leve] of negotiations and implementation is global.
Therefor the Dutch decisionmakers in the field of global climate change became diplomats.

And they will probably stay that way for the coming years, because having a convention (how
hard the battle to achieve it may have been) is just the beginning of a long process of national
pla;nm'ng, monitoring, research, cost/benefit analyses apd maybe renegotiations. It is therefor that
I welcome the opportunity to share our thoughts on the future with you today, i.e. to give prompt

start to the necessary implementation of the Rio result.

Current Dutch policy goals (table 1)

The Dutch government has taken measures to reach a stabilization. of CO2-emissions in

1994/1995 at the level of | 1989/1990 (i.e. 182 million tonnes per year). It is intended to achieve an
absolute reduction of between 3 and 5% (i.e. to a level of 173-177 million tonnes) by the year

2000. The long-term goal is reaching the sustainable level according to today's scientific know-
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how in the year 2010 and that means an absolute 20-30% reduction of CO2-emissions by the year
2010 as compared to 1989/1990. For this long-term goal no poliéies have been implemented vet. |
will focus on the measures we are taking for the short-term goal of stabilizing the CO2 emissions
in 1995.

We have been focusing heavily on CO2 because this greenhouse gas accounts for half the problem
and is relatively well-known in its sources and effects. Additional policygoals for other
greenhouse gases have been developed too. For methane (accounting for approximately 20% of
the greenhouse gas emissions) the policy goal is a 10% reduction in 2000 as compared to the 1990
level, For Nitrods oxide (N20O) the goal is stabilization of the 1990 level in 2000. For ozone-
triggers like reactive odd-nitrogen and volatile organic gases the goals are considerably higher,
ranging between 50 and 60% reduction in 2000 as compared with the 1988 level. The policygoal
for CFC’s is total banning of all production by the year 1993 and the rapid phasing out of all use

as soon as possible.

Current Dutch policy measures

The current Dutch policy measures are laid down in the Memorandum on Climate Change, which
is generaly accepted as the National Plan under the Convention on Climate Change. Additional
measures are taken on basis of the Memorandum on Energy Conservation and the
Structurescheme for Traffic and Transport. In choosing from a wide set of opportunities the
Dutch government favors measures that are more cost-effective and those that will have positive
side-effects in other fields. For instance, measures aimed at energy saving, more efficient use of
energy resources, waste prevention, the reduction of growth in mobility and afforestation will
help to combat acidification and the smog'problem as well as promote the better management of
resources and enhahce sustainable deveiopment.

Before I show you the measures we are taking, please take a look at table 2 on sources of CO2
emissions in the Netherlands. As yod can see Industry and Po@er plants 1ake care of almost half
of the emissions. Another interesting feature is that only households have succeeded in reducing
their emissions between 1985 and 1988. The fastest grower is waste incineration. Although only

accounting for 1% of the emission, it increased with almost 25% over the three year timeframe.
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The measures we are currently taking are shown in table 3. The measures are divided in four
categories:

* Energy saving

* Fuel consumption

* Traffic and transport
* Waste sector.

In the energyfield we must achieve an average improvement of 2% energy efficiency per year
over the last decade of the 20th century. It can be achieved by insulation of existing 'buildings «
and houses as well as sharper energy standards for new buildings and by increasing thg energy-
efficiency of Dutch industry. Instruments.are among others subsidies on investment in new
technology and on high-efficiency central heatingsystems, information transfer and consumer
awareness building.

In the fuel consumption field the decreased use of coal for electric utilities and industries are
heavily advocated. In part coal can be replaced by natural gas, but also solar and wind energy
have a high feasability for a considerable group of industry. Investment subsidies and
demonstrationprojects are the most important instruments.

In traff icvand transport the biggest help comes from tﬁe almost gridlocked situation on the Dutch
highway system during rush hours. By improving public transport (which compared to the US is
already superb) and enforcing growth limitation to car traffic the goals for traffic and transport
could be achieved. In addition transportmanagement by companies and the improvement of
driving behaviour (speed as weil as car maintenance) can contribute to achieving the goals. Part
of the sotution must come from European iegislation on fuel efficiency standards for cars. Fiscal
measures to favor smaller and cleaner cars are considered.

In the waste sector policies are put in place to considerably lower the amount of waste that has to
be incinerated. Especially compost forming and anaerobic fermentation make that possible.
Furthermore we are thinking about commercially extracting methane gas from waste dumps.

Not on this table but also an integral part of the Dutch approach is afforestation. In accordance
with the outcome of the 1989 Ministerial cohference in Noordwijk, The Netheriands has pledged
to plant about 3500 hectares per year. In addition to that the Dutch Association of Electricity
Utilities has taken the inirtiative to reforest in Eastern Europe and in tropical areas (which is more

cost-effective than taking domestic measures).



CO2 and/or energytax

On top of these measures the Dufch government is a strong advocate of the OECD-wide
introduction of an energytax on fossil fuels. The Dutch proposals and the report of the Dutch
Wolfson Commision have been negotiated dramatically inside the Netherlands. The economic
effects of unilaterally introducing such a fiscal measure can be strong, even if macro-economic
calculations show that recycling the assets in the economy for envifonmental and energy-efficient
purposes can have a positive effect on the Gross National Product. On a micro-economic level
distortions can take place, if the tax is equally applied to all industries and utilities.

For the time being we wait for the negotiations in the .coming months of the proposal of the

Europgan Commission.

Is it enough?

Although the Dutch approach is in our ownveyes rather comprehensive and for the short term
hopef ully will show to be suff icfent, it will not be enough. Greenhouse gas emissions are a long
‘way from the sustainable level. According to the first evaluation of the Netherlands
Environmental Policy Plan, called 'National Outlook 2, 1990-2010" the Dutch Research Institute
for Public Health and the Environment concludes that f urfher dramatic reductions will be
necessary in the first decade of the next century. The forecast shows a setback in our current
expectations for 2010. To justify stronger measures science will have to move on in clarifying the
process of global warming, indicating the sources, the interaction of human and natural sources,
explaining the role of sinks like trees and oceans, explaining the role of clouds and other
climatological phenomena. And politicians will Be asked to decide on basis of the outcome of that
research, even if the answer is that science doesn’t know yet.

Therefor we strongly support the continuation of the IPCC work, the International Geosphere
Biosphere Programme, and similar international efforts as well as we coniinue and fortify our
national research program on climate change. Our national efforts shall shift its focus to the

development of policy modelling, long-term qualitystandards and scenario’s for sustainable
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solutions (with technical, economical, socio-psychological, administrative and regulatory options).
We will also support developments in the field of monitoring, like the remote sensing program of

the European Space Agency.

International cooperation

Apart from the evident need to share international knowledge of science there is the need of
international cooperation in implementing the Convention on Climate Change. As I said earlier
Rio is only the beginning and we must push for a prompt start to keep the momentum going or
create new momentums in the near future, otherwise the chemistry of the UNCED-s‘ummit will
be gone. The call for national plans must be transformed in the drafting of these pians. The |
Dutch government will strongly support the call for speed.y ratification and implementation of the
convention in domestic policies, in the developing as well as in the OECD-countries. We will
support the reconvening of the INC:-meetings for further clarifying of some open points in the
convention and to speed up the implementation process. The work of the IPCC must be continued
and among other things could be focused on the de\?elopment of internationally agreed
methodologies and reporting formats for emission inventories. In thét framework I am happy to
say that the Dufch Research Institute for Public Health and the Environment will host an IPCC-
workshop in early February next year in Amersfoort, The Netherlands. The workshop is about
Methane and nitrous oxide and will focus on methods in national inventories and options for
control. Those of you who want to have a copy of the first announcement can give me your

business card and I will make sure that you get a copy.



Table 1

Policygoals for GHG'S

Cco2

Baselevel 198971990 182 MT/Yr
Stabilization 1994/1995 182 MT/Yr
Reduction 3-5% 2000 173-177 MT/Yr
Sustainable level 2010 127-145 MT/Yr
CH4

Baselevel 1990 960 KT/Yr
Stabilization 1995 940 KT/Yr
Reduction 10% 2000 840 KT/Yr
N20

Baselevel 1990 40 KT/Yr
Stabilization 2000 40 KT/Yr
Ozone-related gases (CO, NOx, VOG)
Baselevel CO 1990 1100 KT/Yr
Reduction 2000 540 KT/Yr
Baselevel NOx 1988 560 KT/Yr
Reduction 2000 240 KT/Yr
Baselevel VOG 1988 490 KT/Yr
Reduction 2000 205 KT/Yr
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Table 2

Bources of C02 amissions in the Netherlands

(1988 figures)
sSource

Industry

Power plants
Traffic

Private homes
Refineries
Warehouses

Waste incineration

Other sources

Total

Share of total

24%
22%
16%
14%
8%
5%
1%
10%

100%

Irend 1985-1988
+ 0.7% annual
+ 4.5% énnual
+ 2.5% annual
- 1.5% annual
+ 10.4% annual
+ 13.4% annual
+ 23.3% annual
~+ 0.7% annual
+ 3.3% annual



Table 3

concrete measures
emissions

Energy saving

Fuel consumption

Traffic and transport

Waste sector

in implementation to decrease 1level of CO2

*

Improved insulation of existing homes

and other buildings

*

Increasing the energy efficiency of

machines

*

*

Investment in energy saving

Construction of homes and other

buildings with low energy consumption

*

Decreased coal use in power plant

sector

*

*

*

Disincentives to coal use in industry

* Improvements in public transport

Car traffic growth limitation

Transport management in companies
Improvements in driving behaviour
Compost forming

Anaerobic fermentation

Recycling of energy-intensive products
Methane gas extraction from waste dumps

Gasification of synthetic materials

The work described in this paper was not funded by the U.S. Environmental Protection Agency. The
contents do not necessarily reflect the views of the Agency and no official endorsement should be inferred.
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Carbon Dioxide

Sequestration

by
Robert P. Hangebrauck, Robert H.
Borgwardt, and Christopher D. Geron.

Air and Energy Engineering Research Laboratory

ABSTRACT

Mitigation of global climate change will require the stabilization
of atmospneric concentration of greenhouse gasss. especially
carbon dioxide {(CO,). CO, can be sequestered by flue-gas and
luel CO, sequestration or by atmosphenc CO, fixation/utiliza-
tion. Fiue-gas sequestrationinvclves separation/concentration,
transport, and sitherdisposal or use. Disposal options are either
iand or ocean based. |Mtilization is by either chemical or
biological utilization (recycling). Fiue-gas-orianted technigues
ingeneral have high economic and energy costs, butatew areas
show potential ana warrant research and devsiopment (R&D)
attention, especially those holiding promise of combined CO,/
sulfur dioxide (SO, )/nitrogen oxides (NO,) control and the inte-
grated gasification combined cycle approaches. CO, disposal
is neither a “sure thing" nor a permanent solution, with options
needing further environmental assessment. Near term, some
CO, recycling is possible, and R&D to examine longer-term
prospects seems warranted. Atmospheric CO, fixation/utiliza-
tion involves either enhanced terrestrial or marine fixation with
utilization of the biomass in some cases. Atmospheric fixation
approaches which seem most attractive are those involving
enhanced biomass CO2 sequastration combined with ytilization
of the biomass for energy to displace fossil tusl. Of these the
most attractive for R&D appear to bs advanced direct combus-
tion using biomass and use of biomass as a source of hydrogen
to lsverage fossil fuel use for methanol production (Hydrocarb
process). '

Introduction

International scientists working on the problem of
global climate have concluded that increasing concen-
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Figure 1. Atmospheric CO, increase in the past 250 years
{IPCC, 1990). (Reproduced with permission.}
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trations of greenhouse gases, especially CO, (Figure 1),
are leading to global warming (Figure 2). The pre-
dicted extent of such warming is the subject of substan-
tial research with madel-dependent estimates having
considerable uncertainty . The Intergovernmental
Panel on Climate Change (IPCC) 1990 estimate was
0.3 °C/decade with arange of 0.2 t0 0.5 ° C/decade. The
1992 IPCC Supplement implies a warming rate at the

_lower end of thisrange. Warming has also been studied
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Figure 2. Global-mean combined land-air and sea-

surface temperatures, 1861-1989, relative to the

average for 1951-80 (IPCC, 1990). (Reproduced’

with permission.)

based on past temperature records, and has been
determined to be on the order of 0.3 to 0.6 ° C/decade
since the turn of the century. This trend is illustrated
in Figure 2. The abundance of fossil fuels and their
relatively low cost will probably ensure their use as a
principal energy source for the foreseeable future.
Once decisions are put in place to utilize fossil fuels in
theenergyinfrastructure, long-term commitments will
have been made to release CO, emissions to the atmo-
sphere. Inthe absence of constraints, the CO, emission
rate can be expected to continue the rapid growth
indicated in Figure 3. This suggests the need for
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prudent and timely R&D to provide a technological
base for preventing the increasing global emissions
consistent with economic growth.

Evaiuating Potential and R&D Needs of
Sequestration Options :

The general options for CO, sequestration, summa-
rized in Table 1, include both flue-gas CO, sequestra-
tion and atmospheric CO, fixation in the biosphere.
Flue-gas CO, sequestration seeks to remove and dis-
pose of carbon as a part of fossil fuel use and requires
several steps to be undertaken: CO, must first be
separated and/or concentrated to obtain an economi-
cally handleable volume, which is then transported,
either to a point of disposal or to a point of utilization.
Disposal maybeonthe land or in the ocean. Utilization
can involve direct use of CO, as a product (e.g., en-
hanced oil recovery) or it can be reacted to a product
such as a hydrocarbon or alcohol. Atmospheric CO,
fixation/utilization on the other hand is aimed at en-
hancing or accelerating natural CO, fixation processes
via either terrestrial or marine routes. These include
forest management and ocean fertilization, followed by
utilization for energy or other products.
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Table 1. General optioné for carbon dioxide seques-
tration. )

* Flue-gas & fuel CO, sequestration

- Separation/concentration
- Transport
- Disposal
- Land or sea
- Chemicalbiological utilization
(recycling) ’

* Atmospheric CO, fixation/utilization

- Terrestnal
- - Marine

T S (o T S T T T W T T S T o T s T T T o S G B - "~

A variety of technology assessment factors are signifi-
cant for evaluation of the options for CO, sequestration
(Table 2). The status of a technology can be measured
by its level of development relative to commercial
application. Mitigation potential {possible carbon se-
questration) for a particular technology can be charac-
terized in part by measures such as breadth of appli-
cability and applicability to developing countries. Ap-
plicability to developing countries is an estimate of the
potential for use where energy infrastructures are

EPA  August, 1992

evolving and economic and other factors differ substan-
tially from those of the industrialized world. The cost-
effectiveness assessment factor can be measured by an
engineering estimate of the cost per metric ton of CO,
emissions prevented.
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Table 2. Technology assessment factors for CO,
sequestration options. ‘

sStatus of the technology
- Level of development
* Mitigation potential .
- Breadth of applicability
- Applicability to developing countries
* Cost-effectiveness
’ - $/metric ton of CO, emissions prevented
* Environmental and energy considerations
‘ - Potential for adverse effects
- Product versus disposal
- Natural resource use
- Earth surface area required (land use)
- - Additional fossil energy required
* Probability of success and R&D requirements
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Environmental and energy considerations can be
gauged by the potential for adverse environmental
effects, whether or not an approach results in a useful
product or waste requiring disposal, natural resource
use, and land use. Approaches requiring large surface
areas of the Earth for implementation need examina-
tion for social and ecological impact. The additional
fossil energy requirement for implementation needs to
be examined as a rough measure of overall life cycle
efficiency. Finally, the probability of success and R&D
requirements need to be assessed.

Flue-Gas and Fuel CO, Sequestration

A number of approaches are possible for separation/
concentration of CO, from fossil-fuel combustion
sources. Figure 4 illustrates some of the possibilities
including various flue-gas scrubbing approaches, oxy-
gen (0,YCO, combustion with CO, recycle, and coal
gasification combined cycles with carbon monoxide
(CO) shifted to hydrogen (H,) and CO,. .

The categories of flue gas scrubbing (CO, separation/
recovery)include absorption processes, adsorption pro-
cesses, cryogenic separation, and membrane separa-
tion. Of the flue-gas scrubbing approaches, amine:
scrubbing is already in commercial use on a relatively
small scale, but has been demonstrated on coal-fired
power plants as large as 800 metric tons per day (TPD)
(Barchas, 1992). Current application is for enhanced
oil recovery (EOR) and production of soda ash, ureas,
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ocean injection. It has potential for
NO, and SO, removal. Re-release
of CO, and other environmental

MR COT 7, pmine scrubbAe problems associated with utiliza-

COAL —e otk \ = ] » Mombrane separatio tion/disposal are not quantified.
coaLFED T\ Adsoriian ? Mitigation potential includes the
POWER PLANT J00% COz 7 utility sector (new and retrofit).
Compression/liquetaction Small-scale pilot and demonstra-

op~ B LuS A o tion work is underway with Japan
COAL-FIRED planning a demonstration. In

b PONER PANT AN Canada Saskatchewan Power is
] \couausnou pssowwnonw  planning a 150 to 350 MW demon-
02 i SN AT stration. Canada is also research-
Disposal \METERDEPTH ing land disposal of CO,: 1) in de-

INTEGRATED GASIFICATION BisposaL W pleted hydrocarbon reservoirs start-
CoMBMRREIRE (e oz SIS ing at 50,000 metric TPD, and 2)

Figure 4. Flue-gas CO, sequestration options with CO, disposal

in the acean or aepleted gas/oil reserves

and methanol with Kerr McGee and Fluor Daniel as
major suppliers of the technology at a cost of $40/ton of
CO, recovered (not including transport, disposal, or
power replacement). Japanese research (Kansai Elec-
tric Power) is focused on this approach which they
think can operate with only 10.8% of boiler energy
output for CO, recovery and liquefaction (Suda, 1992).
Potential exists for overcoming some of the efficiency
losses through heat recovery (Steinberg, 1991), but in
general, investigators report discouraging cost and
energy prospects. Smelser (1991) estimates that a
grass-roots pulverized coal plant with 90% CO, re-
moval can do much better than a retrofit; however, the
heat rates are 12.7 versus 15.7 MJ/kWh (12000 versus
14900 BtwkWh). The flue-gas scrubbing approaches,
of all categories, such as sorption, cryogenic separa-
tion, and membrane separation, seem to share the
potential problems of high cost and substantial de-
creases in power plant operating efficiency, but oppor-
tunities seem to exist for research in such areas as
cryogenics and membranes (Smith, 1991). For ex-
ample, cryogenics might offer the potential for com-
bined SO,, NO,, and CO, control. Accepting lower CO,
removal efficiencies may also reduce cost.

CO,/O, combustion with CO, disposal is a medium-
term option and appears to need engineering evalua-
tion along with substantial pilot-scale development
work (Wolsky, 1991). Moritsuka (1991) concludes that
such systems will be more cost-effective than flue-gas
scrubbing approaches. Herzog (1991) concluded that
CO,/0, combustion would require the least incremen-
tal energy. This approach requires CO, utilization via
EOR, or disposal viadepleted petroleum formations or

2T uE EOR utilization at 6000 to 8000
metric TPD (Sypher: Mueller Inter-
national, 1991). Canadian EOR CO,
use will be expanded substantially
in 1992. Thelikelihood of success is

high, but applicability depends on the ability to mini-
mize air in-leakage and environmental acceptability of
CO, disposal. An engineering analysis of a 500-MW
power plant was discussed by British Coal at the recent
First International Conference on Carbon Dioxide Re-
moval in Amsterdam (Cross, 1992). Another analysis
was presented by Air Products (UK) (Allam, 1992).
These studies indicate that O,-combustion/CO, recycle
willbe 20% cheaper than amine(MEA) systems, can be
retrofitted to existing power plants, and would resultin
lower power efficiency loss (8.6%). Capital cost for a
new plant would also be lower than for a conventional
PC plant. Cost was estimated at $49 per metric ton of
CO, removed. Distillation of liquefied CO, to recover
SO, could produce credits that would reduce cost to
$16/metric ton.

Considering that this process or flue-gas scrubbing
processes may have the potential for inherent SO, and
NO, control, it is of interest to compare the costs of CO,
control with that for SO, plus NO, control on a cost per
metric ton of carbon basis. This is done in Figure 5 for
low and high ranges of cost per ton of SO,, NO,, and CO,
removed. Costs for combined flue gas desulfurization
(FGD) and flue gas treatment (FGT) are put on a per
metric ton of carbon basis and compared with the cost
of CO, control on a per ton of carbon basis. High- and
low-range costs are assumed for FGD, FGT, and Co,
control. However, if SO, and NO, control were not
required or already in place, then this comparison
would havelittle meaning. Even with theoffsetsin cost
for possible inherent SO, plus NO, control, a substan-
tial cost increase for CQ, control can be seen. QOverall

2
plant energy efficiency is reduced for the flue gas
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Figure 5. Comparison of costs for SO, and NO, with the
costs of CO, control on a per metric ton of carbon basis.
{(FGD and FGD cost ranges are derived from Emmel, 1990).

sequestration options compared to conventional boiler
without CO, control. A similar analysis for energy use
offsets could be done by comparison to plants using SO,
plus NO, control, but is not done in this paper.

Integrated gasification combined cycle (IGCC) with
CO, disposal is another option shown in Figure 4. One
conceptual design is based on modification of conven-
tional gasification combined cycle plants with added
steps to shift all CO to CO, for separation. The result-
ing hydrogen-rich fuel when burned in a turbine suf-
fers efficiency loss. An alternative design would in-
crease efficiency by applying CO,/O, combustion to the
turbine combustor. No design studies are available to
determine the potential of the latter approach. Mitiga-
tion potential would include new utility applications
only. Canadais planning to investigate the approach
atpilot scalein conjunction with the design of a planned
250 MW IGCC plant (Sypher:Mueller International,
1991). The feasibility study was completed in 1991,
and the plant was scheduled to be in operation by 1996.
The likelihood of success seems to be reasonable, but
the process needs pilot and demonstration work.

Several innovations of the IGCC concept were reported
at a recent Amsterdam Conference on CO, removal.
They were mainly centered on the development of a
high temperature membrane for separation of CO and
H,fromthegasifier. The separated gas streams are fed
to different turbines, one of which is fed with pure O,
and recycled CO,. The combustion gases are then fed

to boilers and steam turbines. The exhaust from the’

CO, turbine is collected (less recycle) for disposal. This
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unit is expected to operate at 35% efficiency and 88%
CO, reduction with the cost of electricity increased by
30%. Capital cost is $1100/kW; CO, recovery cost is
$16/metric ton (Hendricks, 1992). Replacement of the
turbine of an IGCC plant with a molten carbonate fuel
cell can increase the generating efficiency to nearly
48% while removing 90% of the CO,. The fuel cell is
able to convert CO to CO, using air without mixing N,
with the oxidation products. Consequently, no air
separation plant is needed. A demonstration IGCC
plantis under construction in Germany (RWE Energie)
and will start operation in 1995 using brown coal.
Efficiency is expected to be 45% without CO, recovery
and 38.6% with recovery of 86% of CO, emissions.
Investment cost without CO, recovery would be 10%
less than for a conventional plant; with recovery, it is
30% more. A systems study by British Coal conciuded
that the IGCC system is the best choice for the UK,
especially if operated under pressure so that the CO,
can be absorbed in seawater for disposal without lique-
faction. Cost of pipelines forliquid CO, disposalin deep
oceans was judged to be prohibitive. A thermodynamic
analysisofthe IGCC system indicates that MEA scrub-
bing after combustion is preferable to air separation
prior to combustion. Steam for CO, stripping can be
extracted from the turbine. They conclude that the
system is technically and economically feasible at an
increased power cost of $0.015-0.02 per kWhr.

Fuel CO, (carbon) sequestration has been evaluated
extensively by Steinberg (1991). These are methods
that basically remove carbon from a fuel like coal
resulting in a hydrogen-enriched fuel. The removed
carbon is then sent to storage/disposal. The problems
with carbon disposal can be minimized by using a
variation of this approach, called the Hydrocarb pro-
cess, where biomass is used as a source of H,. This is
discussed later with the atmospheric fixation ap-
proaches.

CO, Disposal

Qcean disposal, Any of the flue-gas CO, sequestration
approaches discussed above, implemented on a mas-
sive scale, require consideration of disposal of CO, in
the ocean as well as on land. Although ocean disposal
has been and is being studied ( Hoffert, 1979; Herzog,
1991; Wilson, 1992), it may only be semi-permanent
storage and has enough environmental issues to make
the option longer term. The ocean options considered
include disposal as liquid, solid, and gaseous CO,. Kay
practical considerations are economic means for get-
ting massive amounts of CO, down to depths where it
will stay or sink. Solid CO,or CO, hydrates (clathrates)
will sink on their own. Smith (1991) suggests that the
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Figure 6. Modeled atmospheric CO, resuiting from use of atl
tossil fusi over time with CO, disposed of at various depths. -

costs for the solids disposal approach make it a less
likely option. Liquid CO, needs to be injected below
1000 m and -- to reduce re-release -- 3000 to 4000 m is
seen to be safer. Scrubbing of stack gas with sea water
and reinjection in the ocean below 1000 m might be
adequate. However, none of these options may really
be permanent. As shown in Figure 6, some part of the
CO, will return to the atmosphere as a function of
disposal depth and time (Hoffert, 1979). However,
reaction of CO, with calcium carbonate in the ocean
bottom sediments could fix some of this CO, as the
bicarbonate and thus reduce the potential for return to
the atmosphere (Wilson, 1992). Another estimate for
the residence time of CO, deposited at a 1000 m depth
is 200-300 years (Liro, 1992). Modeling of projected,
long-term atmospheric CO, concentrations appears to
be a major research need.

Formation and stability of CO, clathrates are cur-
rently the subject of additional research. Clathrates
can form at various depths depending on temperature.
In arctic regions they can form at depths as shallow as
70 m. Relatively little fundamental data are available.
Its density is somewhat uncertain but appears to be
1.02t0 1.12 times that for sea water; therefore, it sinks.
Large amounts of CO, can be tied up per unit volume of
clathrate. Figure 7 shows the structure of CO, clath-
rate. About 6 molecules of CO, are combined with
about 44 of H,O in the clathrate crystal lattice. It has
appearance of wet snow. Nishikawa (1992) has deter-
mined some additional phase equilibrium data and pH
data for sea water, but finds that long-term testing will
be needed to obtain dissolution information.

Ocean CO, disposal environmental issues which
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Figure 7. CO2 Clathrate lattice has approximately 6
molecules of CO, 1o 44 of H,O (Miller, 1974).
(Reproduced with psrmission.)

need to be resolved include:

* Potential for re-release of CO, via up-welling of
CO ,

. Con:/ersion of high density hydrates to low density

» Catastrophic releases in transport or storage.

e Potential that long-term circulation could return
CO, to atmosphere. '

s Potential for local/regional acidification of ocean
with biological impacts

¢ Chances for reduction of biological diversity in the
column and ocean floor.

* Potential for accumulation of clathrates on sea-
floor would impair normal biological processes in
and on the sediment and cause disturbance of

-bottom sediment ,

¢ Potential for local extinction of animals beneath

the deposited material

A report by Golomb (1989) includes a discussion by
Woods Hole researchers of some potential biological
impacts.

The cost of a pipeline for deep ocean disposal appears
to be a major obstacle to this option. A preliminary cost
estimate by British Coal for a 250 km pipeline for a 500
MW power plant is about $270 million dollars or 30% of
the capital cost of the power plant. British Coal favors
thedepleted oil and gas field option although it will also
require pipelines (presumably shorter).

On-land disposal. Optionsinclude disposal in depleted

"oil/gas formations, salt domes, aquifers, and other

geological voids. Smith (1991) estimates a CO, capac-
ity for depleted gas fields worldwide at 1.3 GtC with
new capacity becoming available at 0.7 GtC/vear. On.
land disposal is less costly than ocean disposal, espe-
cially inland. We do not know for sure if it is more
secure than ocean disposal and the extentof re-release.
The potential exists for use in EOR, but economic
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feasibility in terms of credits for CO, may be
limited under conditions of low oil prices.
Also the capacity seems limited, probably
amounting to only a small fraction of a GtC/
yr. After a few years ofinjection,CO, is likely
to show up at the well head. We do not know
the extent of re-release of CO, used for EOR or
the potential for prevention of re-release, but
itis conceivable that measures could be taken
to prevent leaks and recycle the CO,. Other
issues arise where CO,/SO,/NO, mixtures
would be injected. These include the trans-
port of the CO/SO/NO, mixture over long
distances, the disposition of the SO,/NO, con-
taminants injected in oil reservoirs, and the
potential for pluggage of the reservoir (Spar-
row, 1988). We do not know the potential for
catastrophic release. Disposal in aquifers is
another option currently being discussed, but
questions on theresulting underground chem-
istry and fate remain to be resolved. Figure 8.
CO, Utilization

In the near term, CO, utilization is the most available
and environmentally unquestioned option. A good
example is the emerging practice in the chemical in-
dustry of co-siting CO,-using processes with CO,-pro-
ducers -- specifically, integration of methanol produe-
tion (a CO,-using process) with ammonia production (a
concentrated CO,-production process). What is the
longer-range importance of carbon recycling? Carbon
is akey transport agent for H,; e.g., methane (CH,) and
other hydrocarbons provide a “natural,” convenient,
and practical means for H, energy transport and use.
On the other hand, H, is difficult to store, transport,
andusedirectly. The world’s fossil fuel reservesare the
most economically available, concentrated source of
carbon, but are rapidly being consumed. Carbon re-
sources can be preserved as an energy transport me-
dium for future generations by recycling existing con-
centrated sources of CO,. At the same time, CO,
emissions to the atmosphere can be reduced along with
the attendant global warming. What are some of the
currently wasted CO, resources which could be man-
aged for synthesis of future hydrocarbons? They in-
clude: 1) fossil fuel combustion (e.g., coal-fired power
plants), 2) calcination of limestone, 3) oxygen-blown
blast furnace gas, 4) natural gas acid gas stripping, and
5)ammonia production toname a few. Carbon(asCO,)
can also be recycled from carbonate rack or from the
atmosphere to produce synthetic fuel but at much
greater cost (Steinberg, 1977).

Figure 8 illustrates some longer-term integrated sys-
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tems for carbon recycling. Utilizing CO, via a “man-
made” carbon cycle needs overall assessment and cost
feasibility studies. It is a chemical-based recycling
approach with no CO, disposal required. This makes
it environmentally attractive. H, (with O, as a by-
product) can be produced by using land-based solar-
photovoltaic produced electricity to electrolyze water.
For projected huge energy demands by the year 2100,
satellite- or lunar- based photovoltaic generation may
be required (Hoffert, 1991). CO, is reacted with H, to
form methanol. Methanol can be further reacted via
dehydration to produce gasoline if desired. Steinberg
(1977) investigated a similar concept using nuclear
power as the energy source. The system eliminates
need for an air separator and CO, disposal. Mitigation
potential includes the utility, industrial, and transpor-
tation sectors (new and retrofit). If shown to be fea-
sible, the high mitigation potential and elimination of
the CO, disposal problem argue for R&D to reduce H,
production cost. Recent breakthroughs in production
of solar photovoltaic cells should help this somewhat,
but innovative means for producing H, is a fertile
research area. Credits for SO,/NO, control could help
to reduce costs. Feasibility as a system needs to be
determined. The Japanese are pursuing R&D on
system components (Arakawa, 1992a&b). CO,/O,
combustion isin the early stages of development(small-
scale pilot, small demonstration) as discussed previ-
ously. Thelikelihood of success depends on key compo-
nents, including low-cost photovoltaic electriaty gen-
eration, H, production, and CO,/O, combustion. Ifthis
long-range concept proves to be feasible it could have
several advantages: 1) fossil fuel can continue to be



used, 2) transportation and gas tur-
bine fuels are made available, 3)
fossil carbon reserves are extended
for future use, 4) the energy storage
problem and global transportabil-
ity problem associated with solar
energy are solved, 5) the approach
appears highly applicable to devel-
oping countries, 6) solves the prob--
lem of difficult storage, transport,
and use of H,, and 7) provides a
transition to adirect-use H, economy
by building up the necessary H,
production infrastructure. Ulti-
mately, the “CO,-synfuel” being pro-

'COAL-FIRED
POWER
PLANT

-duced can be recycled itself, thus

achieving a closed cycle.

Flue-Gas Sequestration (Biologi-
cal Processes)

Flue-gas sequestration via microaigae flue-gas CO,
capture is illustrated in Figure 9. The concept is
attractive, but difficult to implement because of the
large surface area required for exposing microalgae to
CO, in the flue gas. A 100-MW power plant would

" require an algae farm surrounding the plant out to a

-

distance of 4.3 km (Brown, 1990). Direct use of the
biomass generated appears to be difficult, but it can be
processed for lipids or to other hydrocarbon fuels such
as methane. Mitigation potential exists for new and
retrofit utility applications but is probably limited to
only certain areas with enough land, proper terrain,
nutrient capital, and adequate water and evaporation
rates. No reliable estimates of costs are available.
SERI is doing bench scale research and the Japanese
are looking at photobioreactor concepts which would
allow more efficient and concentrated

co2
Light Concamy(‘

Figure 9. Biologically based flue-gas CO, sequestration processes
(with microalgae flue-gas CO, removal).
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options in perspective, however, consider, that if the
entire U.S. currentannual wood production (net growth
of 493 million dry metric tons/year) were diverted to
wood energy, it optimistically could provide only 7 x
108 J (7 quads). Figure 11 is based on wood production
on U.S. timberlands as projected by Sampson (1991). It
is likely that only a fraction of these amounts would be
used for energy. Approximately 1.5 x 108 J (1.4 quads)
is used for energy currently (High, 1990). Only a
fraction of the land area of a country is suitable, by
climate or terrain, for energy plantations. Within that
fraction, only an area within a reasonable distance of
an energy plant can be considered useful because of the
high transportation costs of biomass (one trainload of
coal is equivalent to the energy content of eight train-
loads of biomass). In any event it appears that the most

biological growth.
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(0.1 -0.5 Gt/yr). While there do not
appear to be any “silver bullets”in the
options available, it makes sense to
continue efforts underway to maxi-
mize potential benefits. To put these
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Figure 10. Means for increasing atmospheric CO, fixation via enhancemant of
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Figure 11. Ensrgy from biomass if total wood production
were diverted to energy: 1) all current U.S. wood production
and 2} all potential future U.S. production (not including
dedicated energy plantations).

effective approach for taking advantage of terrestrial
fixation is to use the biomass resources produced to
produce energy to displace fossil energy (Hall, 1992).
Lee (1991) estimates that short rotation energy crops
could provide an additional 6 to 13 x 10" J (6 to 12
quads). Vitousek (1991) finds that new tree planta-
tions without energy use can at best cause a brief delay
in CO, accumulation. He also points out the concerns
that 1) the biomass truly replaces fossil fuel and not
just simply increases energy available to energy defi-
cient people, and 2) energy plantations be developed on
land that is not now forest covered because of a sub-
stantial netlossof carbon during the transition. Better
yet, approaches like the Hydrocarb process, if success-
ful, may leverage available biomass by using fossil
fuels as feedstocks.

METHANOL

Figure 12, Atmospheric sequestration options involving direct-

combustion ar conversion wutilization of biomass.
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Figure 13. The basic Hydrocarb process involves three
basic process steps which allow conversion of biomass
with fossil fuel to methanol and carbon.

Direct Combustion or Conversion Utilization

Figure 12 illustrates some of the options for atmo-
spheric CO, fixation via direct combustion or conver-
sion. These options include utilization of atmospheric
carbon fixed as biomass via either direct combustion or
conversion to another fuel form before combustion.
Harvesting new biomass and using it for energy pro-
duction maximizes the benefit from biomass carbon
sequestration since the energy generated can displace
that from fossil sources. Of the various options covered
in Figure 12, direct combustion and the Hydrocarb
process both seem to have special advantages. EPA is
currently pursuing a joint program with the State of
Vermont and Brazil to explore the potential for an
advanced biomass utilization approach involving gas-
ification with turbine combustion/generation. A basic
) Hydrocarb process configuration is
shown in Figure 13. It appears to
be a cost-effective option at this.
early point in development with the
potential for leveraging biomass
supply with fossil fuel. Because of
substantial substitution of H, from

& ops | biomass, some of the sulfur and ash
* i free carbon can be used for a power
* HYDROLYSIS — ——Conversion ) ) .
* FERMENTATION ,v plant fuel without losing the carbon
METHANE lomass To sequestration advantage.
T HYDROCARs  Combusoon
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Synthess Figure 14 illustrates some of the .

proposed options for enhancing
aquatic fixation, including iron (Fe)
fertilization of microalgae and en-
hanced macroalgae production.
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Figure 14. [llustration of means for increasing atmospharic COR2 fixation via
enhancement of aquatic system uptake. Units are metric gigatons of caroon {GtC).

. Qcean fertilization. Microalgae fertilization has been

proposed as a means for enhancing carbon uptake. The
theory behind Fe, manganese, and phosphorus limita-
tions is not well understood or accepted universally.
However, considerable scientific interestin testing the
Fe limitation hypothesis exists, and it will likely be
pursued. Sarmiento (1991) and Joos (1991) have done
3-D modeling simulations of the impact of Fe fertiliza-
tion in the oceans of the Southern Hemisphere. Little
is known about potentially large, adverse effects and
therefore environmental considerations will top the
list of research priorities. Research is likely tofocus on
ocean environments where key micronutrients are
thought to be limiting to productiv-
ity. This approach to CO, seques-
tration requires consideration of the
following environmental concerns:

the Southern Atlantic and .
Southern Pacific Oceans a| Slome

* The potential for deep ocean alp

armin

anoxia and feedback of CH, and
nitrous oxide (N,0)

 Potential for increased release
of CO, from ocean if fertiliza-
tion stopped

« Potential for dramatic changes
in species composition

* May favor phytoplankton
species more susceptible to
ultraviolet (UV)-B radiation

* Potential for altered fertility in
other ocean regions
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* Ocean warming feedbacks

* May require ocean dumping of

processed sludges

* Potential for increased CH, formation, especially
for sinking options

* Effective use will require CO, disposal which has
several environmental consequences

* Difficulty in supplying and recycling needed
nutrients

¢ Potential for storm disturbance and loss

= Potential increase in haloform production (methyl
bromide) and increased ozone depletion

* Respiration by organisms forming coral may
release CO, to the atmosphere

Observations and Conclusions
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Many cost-effective approaches will be needed to deal
with increasing greenhouse gas emissions. Those that
are likely to be implemented before CO, sequestration
are chlorofluorocarbon/halon prevennon prevention
and control of CH, and other tropospheric ozone pre-
accelerated conservation, and accelerated
Available data on
many CO, sequestrationffixation technology options
are weak, but globally, R&D is increasing in these

cursars,
development/use of renewables.

areas. Table 3 summarizes the
current picture of the CO, seques-
tration/fixation systems dlscussed
in this paper. Tables 4 and 5 sum-
marize the overall systems possi-
bilities on a time frame basis. The
underlying construct for these
tables was borrowed from the
Greenhouse Gas R&D Programme
(IEA, 1992) but has been modified
and expanded to cover additional
technologies and atmospheric fixa-
tion options.

Flue Gas Sequestration

Currently, there is no EPA activity
underway on flue-gas CO, seques-
tration, and thereis verylittle U.S.
R&D in this area in general. Glo-
bally, a considerable amount of
R&D work is being initiated: The
Japaneseareespecially active with
jointgovernment/industry projects,
and other work is underway in Eu-
rope. The major limitations now
are high cost and increased energy
usage. Perhaps some increase in
cost-effectiveness can be achieved
from the simultaneous removal of
§0,, NO,, and particulates along
with the CO,. CO,/O, combustion
appearstohaveresearch meritasa
technology for concentrating CO,,
but much development lies ahead.
IGCC options look especially at-
tractive, but apply primarily to new

-power plant capacity. Flue-gas CO,

sequestration requires utilization
or disposal of the CO, in conjuction
with any of the above technologies.

The option which offers near-term
market solutions forutilization/dis-

EPA August, 1992

posal (for limited quantities) is for product use, includ-

ing chemical feedstocks and enhanced oil recovery.
Many options for co-siting chemical facilities exist
where CO, can be effectively used. While this will not
solve the CO, problem by itself, worthwhile contribu-
tions to reduce CO, can be made. One example that is
already being used is co-siting of ammonia and metha-
nol production facilities. Methanol production opera-
tions can use the extra CO, from the ammonia plant,
and the whole facility can be optimized for energy use.

Table 3. Fiue-gas CO, sequestration and atmospheric CO, tixation systems.
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Table 4. Overall summary flue-gas sequestration systems.

Time Frame | Technology co1 CO2 Disposttion
Removal
Industrial processss Co-siting for Chemical feedstock
(e.g., ammons & meLhano! CO2 use
faciiitios)
Neoar-torm Convenuonal fossil-fusied Amine & Enhanced o1l
utlity boilers other (lue-gas recovery uss &
removal tach. disposal in depistad
oil & gas formatuons
Medium-tarm. | Integratad gasification Absorption,
combinad cycle cryogenics, & New chsmical
membranes products and
C0O2/02 combustion (new & dispoan) 1n salt
retrofit) with O2 from air domes/aquifere
separation Not required
Long-term CO2/0?2 foasil fuel combusuon | Notrequired
with 02 from solar Methanol
photovoitaic electrolyans of wransportauon and
water peaking fusl from
CO2 & H2 from
CO2/02 “synthstic solar photovoitaic
mshanol -lfusled advanced Not required slactrolysis of watar
comb. cycles (cioaed carbon - also provides 02
cycle) for combusuon
QOther:
= Other adv. cycles Ocsan disposal
= Pusl calls
Long-term Conventionsi utility fossilfusl | Microniges Recycied as fusl or
bustion & gae fuel ¥ usad for other
sequastration produsts
e SR s — =1

Table 5. Overall summary of atmospheric fixation systams.

P ————————————————————————
Time Frame Technology CO02 coz
Capture Disposition
Near-term Increased terrestrial biomass Atm. None
(via lorest mgmt., oreststion, fization
agroforestry)
« Direct combustion
~ Ethanol conv. hydrolysis
Medium-term Increased terreatrial biomass Atm. None
(short-rotation intensive culture) | fixation
-~ Advanced cycles ’
= Hydrocarb
- Ethanol adv. hydrolysis
Long-term Microaigse fertilization (ocean) None
Alm.
Macroaigue {farming with fixation Ocean
anerobie digestion (ocean) disposal

Disposal of CO, in depleted oil and gas reserves is the
nearest-term straight disposal approach. Ocean CO,
disposal approaches appear to be rather costly and

have a major research need on modeling to determine

the new, longer-term atmospheric concentration levels

resuiting from disposal. All of the disposal options are
longer-term options because of the environmental as-
sessment required before implementation. The man-
made carbon cycle has the potential for high mitigation
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without the problems of CO, disposal; re-
search needs to be done to establish feasibil-

" ity and reduce potential costs, especially for

the solar hydrogen production required.
Atmospheric Fixation

EPA and others are actively working on fores-
tation, agroforestry, soil sequestration, direct
combustion/utilization, and the Hydrocarb
process development. Sequestration via mi-
croalgae and macroalgae are long term possi-
bilities requiring years to decades of ecologi-
cal effects research. There is no scientific
consensus on the duration of sequestration or
the effectiveness of biological mechanisms in
carbon fixation over long terms. As we learn
more, more potential problems seem to arise.
R&D on direct utilization of biomass offers
near term benefits. Direct biomass utiliza-
tion is currently utilized in the energy sector
and is projected to be more efficient in the
future. Competition for biomass feedstocks is
a serious limitation. For instance the wood
products industry demands increasing
amounts of fiber and can pay more for the
resource than the energy sector can afford
due to the higher value of final products. EPA
is currently examining the potential for ad-
vanced cycles using biomass. Development of
cost-effective technologies provides incentives
to grow increasing amounts of biomass. The
Hydrocarb processis a medium-term technol-
ogy and appears to provide means of mitiga-
tion of CO, and other emissions from trans-
portation sources. Current research options
for the terrestrial biosphere research appear
justified; near-term benefits and costs appear
to be reasonable, although the sequestration
potential is limited. The serious environmen-
tal concerns associated with ocean microalgae
fertilization and macroalgae farming make
them longer-term options requiring intensive
environmental assessment.
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PAPER 3-C
THE NOAA CARBCN SEQUESTRATION PROGRAM
Peter Schauffler, Senior Associate

The George Washington University Institute for Urban
Development Research (GWU/IUDR)
Washington, DC 20052

Increasing attantion is being given to oceanic techniques for sequestering carbon in
various molecular forms as part of an overall global-change strategy. EPF{I. through a
Caltech contract, is looking at the formation and semi-permanent retention of CO,
hydrates at ocean depths of 1,000 metars or so. Similar investigations are being activety
pursued by the Japanese. And EPRI and NOAA, assisted by Caltech and George
Washington University, are re-examining the feasibility of large-scale fanming of
microalgae as a way of collecting CO, from the atmosphere and upper ocean layers.
sequestering it in liquid or hydrate form in the deep ocean and/or locking up the carbon
in the farm structure, and using the farm-produced methane and perhaps methanol as &
CO,-neutral fossil fuel substitute.

INTRODUCTION

Detailed papers and reports in preparation by EPRI will describe
the C0, hydrate research being conducted at Caltech.*  This work suggests
the h’ﬁﬂy feasibility of large-scale hydrate deposition, but the possible
long-term effects on ocean ecology must be examined in detail before any
sound decision on a major program can be made,

Whether or not this technique is determined to be economically and
ecologically acceptable, however, the concept of large-sczle ocean farming
as a strategy for significant global-change mitigation should be carefully
investigated. The growing of biomass constitutes a natural and logical
technique for fixing atmospheric carbon in the form of plant hydrocarbons.
To the extent that world-wide fuels are derived from biomass fuels, the
build-up of atmospheric COp» will be slowed by recycling. And the oceans,
constituting over 70% of the world's surface, may well offer the greatest
opportunity in such a strategy.

* See in particular:

"Climete Alteration - A Global Issue for the Electric Power Industry
in the Twenty-First Century" --
a paper being subritted for publicaticn in the Annual Reviews of
Energy and the Environment;

“Investigations of C02 Hydrate Formation and Dissolution" --
a progress report by the Cailifornia Institute of Technology,
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1. BACKGROUND

Starting in the late 1960s, the Naval Undersea Center ot San Diego (now
the Naval Ocecn Sciences Center) initiated some preliminary research and
testing of possible techniques for open-ocean forming of macroalgoe --with
the seoweed product put through anaerobic digestion to produce methane.
The inquiry ot that time was driven mainly by a concern about the exhaustion
of noturcl gas reserves. It was recognized, however, that the plant pressings
and digester residues would also provide important pharmaceuticels and
chemicols (including natural fertilizer and fodder) and thet the farms, as
natural biomes, would aottract large horvestable fish populations. A small
moored grid (Fig. 1) wos installed off the north end of San Clemente Island
ond tested briefly with Macrocystis plants tied to the grid lines. And a test-
module design was prepared for an offshore buoy with radial arms and circum-
ferential lines (the plant substrate) ~-with o pump and tailpipe to bring up
lower-loyer water for plant nutrition (Fig. 2).

With the support of the American Gas Association's Gos Research
Institute, and with modest participation by DOE's Solar Energy Reseroch
Institute (now the National Renewable Energy Laboratory), the reseorch and
testing progrom was token over by the General Electric Company in the mid
1970s. A buoy module was constructed and moored in 1500 feet of water
some eight miles off Loguna Beach, ogain with Macrocystis plants tied to the

lines. Serious problems with plant domoge were experienced because of
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divergences between storm-wave frequencies and the buoy-and-mooring
response harmonics, and the strong current at that location reduced the resi-
dence time and thus nutrient effect of the upwelled water. In spite of these
problems, however, the test demonstrated that Macrocystis plants could be
grown in that setting -- and regenerote themselves ofter suffering sform damage .
A comprehensive summory of this experiehce is available in

Seaweed Cultivation for Renewable Resources =-a compilation of detailed

popers prepared by the principal program pcrf.iciponfs, edited by Kimon Bird
ond Peter Benson ond published by Elsevier in 1987(1),

The world-wide drop in oil and notural gos prices in the early 1983
caused this test program to be cbon‘dc;ned. But low-keyed plant research
continued through the decade ot Caltech and UCal (Santa Barbara) for .
Macrocystis and at Woods Hole for Sargossum ond Gracilaria; and the
anaerobic digestion techniques were pursued at the University of Florida.

Interest in the Aocecn-forming potentials was rekindled, however, by
" The Hot Summer of 1988." With growing agreement among climatologists
on the link between C02 emissions and global worming, "the greenhouse
effect" storted to receive serious public attention. It became clear that all
serious possibilities for long-term control of atmospheric CO, should be
examined. CO2 is relecs‘ed, of course, in the combustion of all corbon-
based fuels. In contrast with fossil fuels, however, the CO4 from the burning

of biomass fuels is all recovered when the replocement crops ore grown.
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Because the oceans cover 70% of the world's surface, they offer the greatest
potential in this respect -- if substantial production rotés con be achieved.
Added to the current natural absorption in the ecrth and oceans, this tech-
nique might thus permit on actual reduction in the future atmospheric CO5
concentration .

In recognition of these potentials, and with support from the Electric
Power Research !rlxs?ifufe (EPRI), the Board on Biology ot the National Academy
of Sciences assembled the principal participants in the 1970s tests for @ work -
shop in late 1987 to consider whether a new ocean-farming R&D initiative
was justified. The clear conclusion wos affirmative.

This conclusion was reviewed and confirmed in a detailed workshop
conducted by Caltech (ogain with EPRI support) in mid-1990. The implica-
tions were further exomined in a NOAA=sponsored seminar and detailed
workshop in 1991; the poténtials for specific farm concepts (see below) were
considered in on intensive conference in late 1992 (again with EPRI support);
and the possible arrangements for corr.nputer analysis and model design and

testing of these concepts were discussed in a January 1993 workshop at the

David Toylor Model Basin.
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CURRENT PRODUCTIVITY AND COSTS

As indicated above, the key to a successful ocean-farming program
will be the productivity achievable with open-ocean farms. This produc-
tivify will determine the cost of the farm-based fuels and co-products.

The baseline for examining this question is the typical productivity
calculated from past and current growth tests in notural kelp beds here and
abroad .

Benson (2) summarizes two recent-year specific tests as follows:

Productivity

Researchers Plant Year Locotion

—_— (DAFMT/A/Y)
Tseng Laminaria 1987  Yellow Sea 3.8
Neushul & Harger Macrocystis 1990 Ellwood (CA) 6.0

In a paper currently being reviewed for publication, North (3) shows

a range of typical Macrocystis productivities running from about 3.5 to 12.7

' DAFMT/A/Y.

Bird (1), using the Macrocystis growth-rate estimates from the 1970s
GE tests, shows a "baseline" productivity of 13.8 DAFMT/A/Y.

The costs per unit of energy produced from the macroalgal feedstock will
vary greatly depending not only on the seaweed and farm type, funding/
management arrangements and local environment but also on the conversion
process efficiency and the credits obtainable from the marketing of byproducts

ond from the avoidance of carbon-emission taxes.
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Using the 1970s GE data, Bird dgpicfed the general reiction'ship of methane
cost to seaweed productivity in a set of curves based on this fi;st set of factors
(that is, without regard to byproduct or tax credits) and depending on the farm
life and maintenance/capital-cost ratio (running from 20 yeors and 0% [A] to

5 years and 20% [E]) as follows:

UNIT COST

20- c

101 a

: T 7 7 PRODUCTIVITY

DAFMT/A/Y

"

Source: (1)p.337

These figures were calculated with Macrocystis in Southern California
coastal waters, using the conversion efficiencies achieved in the mid-70s
tests. They could chonge significantly with a different seaweed, farm concept

and setting, a refined conversion process, and a sophisticoted byproduct strategy .

PROJECTED PRODUCTIVITY AND COSTS

The future prospects for increased plant productivity and thus reduced
product cost will depend on a complex interaction of several factors -= including

ocean settings, form geometry, nutrient regimes, species selection, and
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possible genetic engineering. Table 1 lists the principal candidate species
and selection criteria .'

These potentials are illustrated by a recent coastal test conducted by
LoPointe and Ryther in the Florida Keys and cited by Ryther (4). In controst
with the typical figures shown above for Macrocystis and Laminaria, this
Gracilaria test {with favorable cu'rre.nf ond nutrient conditions) showed a
éroduc?ivity of 41.2 DAFMT/A/Y.. And LaPointe (4) states that productivity
rates approaching these values might also be obtained with some strains of
Sargassum .

Whether productivity approaching these high rates can be achieved in
continuous open-ocean operations will only be determined by %urfher tests.
As one example, such tests might be pointed toward farms consisting of large
grids which would migrate east and west in the Pacific Equatorial Currents
and Countercurrent as shown conceptually in Fig. 3.

The optimum farm configuration and size for such an operation can only
be decided aofter intensive model testing. One possibilify,.iﬂusfrcfed in
Fig. 4, would include a servicing vessel to provide low=-speed towing for
posifion-—i;eeping and plant nutrition --with additional nutrients provided by
artificial upwelling and recirculation of the digester liquors through leaker hoses
along the edges of the farm modules. And as suggested in Fig. 5, such farms
might be provided with a submersion capability to improve night-time nutrition

dnd minimize storm damage to the plants and structure.
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The servicing vessel could have the versatility to vary the product mix
. according to world market conditions. The conversion operations involved
here could include fish harvesting and processing in various forms, pharma-
ceutical and chemical producﬁgn, and {depending on the emissions-tax situa-
tion) carbon sequestration in a CO4 liquid or hydrate form.

To illustrate a further synergy in such an infegroted‘ farming operation,
the servicing vessel could include equipment for converting the digester-
produced methane into methanol for delivery to shoreside energy users and
plastics plants, with the tanker backhaul consisting of pol}esfer pellets which
could be sh;:ped aboard ship into the elements (lines, nets, hoses and trusses)
needed for farm expansion and replacement.

The pof‘enticl impact of byproduct sales on energy costs can be critical .
Wilcox (5) estimated in 1976, for instance, that giving full credit for
byproduct (and pc;rficulorly fish) sales would reduce the methane cost to
something like $4/MBTU. And the recent increases in plant productivity
cited cbove would further improve fhis prospect. Based on the relative prices
of methane and fish products in the mid-70s, Wilcox estimated that devoting

1% of the seaweed crop to fish production would cover 50% of the farm costs.

ISSUES AND RESEARCH NEEDS

The most basic lesson from the 1970s tests --as emphasized by North in
the first of the 1980s reappraisal workshops (6) -~ is that success in large-scale

oceaon farming will depend on a good marriage of the biological and engineering
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elements.

(The biology in the 1970s program was well-conceived, but the

engineering was not.)

The issues relating to this marriage can be arranged on a scale storting

with mainly biclogical objectives and extending through combined questions

to mainly engineering objectives. This array is shown in Table 2, and the

research needs con be discussed for each numbered issue.

(1)

(2)

(3)

(4)

The opportunities for improving productivity have been discussed
above. Since the fuel-product volume will be proportional to the
plant carbon content, o major objective in species selection and
stock refinement (and genetic engineering) will be to maximize
the plant C/N ratio.

The problem of macroalgal releases of methyl halides needs careful
attention as a potential threat to stratospheric ozone. A joint
Caltech/UCal-Irvine research project funded by DOE is studying
the methyl halide releases of natural kelp beds. This work should
be extended to cover other major plant species and to include
possible releases in the plant harvesting and processing stoges .
The required nursery techniques will depend on the overc” farm
concept and can best be studied as part of an integrated system
analysis .

One example of a favorable ocean-current setting is depicted in

Fig. 3. Detailed analyses should be made of other good possibilities
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(5)

(6)

(7)

around the world -- considering the current characteristics in terms

of the plant and engineering requirements and the resulting costs

and projected multi-product revenues.

Effective nutrient management {(a key factor in issue (1) above) will
require careful cost-and-benefit research to determine the best
nufrient-regirﬁe combination for each plant and setting.
Marine-fouling control con be critical in the operation of structured
farms. R&D already performed or in process for naval and commerciol
vessels and oceon rigs con suggest ?He various chemical and mechani-
cal control possibilities and performance prospects (including toxicity
problems), and these will be major factors in the selection of farm
designs. Illustrating the combined biological and engineering
challenge in this program, a biological~control strategy similar to
the shoreside integrated-pest-management technique may turn out to
be part of the marine-fouling solution in large-scale ocean farming.
Further increases in conversion-process efficiency are achievable -=
ogain through o combination of engineering (reactor design and
operating conditions) and biology (selection and possible genetic
improvement of the methanogens).

In the design of structured forms, the drag charaocteristics of the
plants and the farm structure itself will be critical in determining

the overall costs and thus the program fecsibility. Computer analysis
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(9)

(10)

followed by design and testing of scaled-up models can provide

" early indications of this feasibility at modest cost -- and this

research must have o high immediate priority.
{n the investigation of warm-~ocean forming possibilities such as

the Pacific Equatorial Belt depicted in Fig. 3, os indicated obove,

* the continuous survivability of frogile plants con be critical .

Rather than accepting substantial plant ond farm domage during
storm periods, it may be feasible to incorporate in the farm design a
capability to submerge to o plont depth of 50 to 100 feet {below
the zone of intense wave action) and return to the sunlit surface
when the storm has passed. One possible submersion scheme is
shown in Fig. 5, ond there may well be others that offer greater
economy and dependability.

Here agoin, some initicl model testing and then o trade-off
analysis will be required. And the potential benefits in this analysis
may include the obilify to improve plant nutrition with routine
night-time submergence. |
The selection of materials for the farm elements is principally a
chollenge in Plcsﬁcs chemistry ond engineering. The possibility
of a farm that could largely "grow itself" has been described above .
And major oppdrtunifies exist here for plastics recycling == not only

of the farm elements themselves but of shoreside plostic wostes
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carried as backhaul (say polyester pellets) in the methanol tankers
and shaped into farm expansion or replacement elements aboard the
servicing ;/esse! . As Cy chemistry is refined in future decades,
furthermore, the potentials for direct shipboard production of
plastics suitable for farm el.emenfs may well increase .

This issue again underscores the need to treat the form progrom
as an integrated-system challenge -- continuously optimizing the
system as a whole for any momentary combination of product markets.

In summary, the overall biological and mechanical farm efficiency and

versatility will be the basic determinant of the farm-based energy costs.

POTENTIAL MARKETS

The overall pi.cfure of potential océcn-fcrm products is shown in Fig. 6.
Included in the page-heading list but not shown in the diagram is the potential
for major cultivation, harvesting, processing and marketing of fish.

To minimize transportation costs and maximize the market-targeting
flexibility, and to justify a major hull for purposes of all-weather survival ,
most of the seaweed-fo-product. conversion processes shown here (plus the fish
operation) should be performed on the servicing vessel .

The existence of major methane pipeline networks in industrial countries
will justify a substantial world-wide delivery of the shipboard digester gas
product in this form by LNG tanker. But because it can be readily produced

from the digester gas aboard the servicing vessel and easily transported by
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conventional bulk carrier to a large future global market, methanol will
probably be the main farm product. And these same carriers can transport
ashore the food, pharmaceutical and chemical products ;hown in Fig. 6.

As indicated aobove, the product emphasis at any given time can be tailored
to the prevailing mix of price levels in the major world markets.

Because a major ocean-farming program would take several decades to
implement, and because world-wide population growth, lifestyle changes and
environmental constraints over this period cannot be accurately predicted,
it is impossible to project at this time the size of the market for these various
products. It seéms clear, however, thot the most important markets will be in
food and energy.

The market for ocean-farm food products (frozen and canned fish, fish
meal, fodder=nourished meats, and carageenan os a meat supplement) will
depend not only on global birth rates and consumption habits but also on
chronic drought and flooding problems (which may be global-warming related),
long-term land use pressures, and a possible decline in agricultural productivity.

TheAmcrkef for ocean-farm energy products will depend on global climate
reactions to the continued build-up of atmospheric CO, from fossil fuel emissions.
Again depending on population growth and lifestyle changes, the rate of CO5
discharge from the bprning of these carbon-based fuels -- including the weight
of the oxygen as an integral part of this "greenhouse" gas molecule --will

probably continue to rise above the current level of 22 GTY or 44,000
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tons/minute. And ot some point, this huge human intervention in the regime
.of the biosphere may possibly trigger one or more of the positive feedbacks
outlined in Table 3 --setting in motion o massive upward spiral .

At that point --.un(ess large-volume fusion power has proven to be safe
and economical -- there will be a strong surge of interest in ocean farming as

o protection against runoway globel warming. And the corollcry world-wide

demand for farm~-derived fuels will constitute a massive marke?.

The basic questions will then be:

(1) Which of the ocean-farm techniques have the graatest "greenhouse"

control potential? ond.

(2) How ropidly can they be scaled up?

The answers will depend on the form charocteristics and on the scale of
the crisis. In theory, however, such o progrom could eventuclly satisfy the
world's Vfull energy requirements while stabilizing the atmospheric CO5 level.
If world energy consumption were to continue at today's level , for instance,
cnd if the plant productivity demonstrated in the recent Caribbean coastal
tests can be achieved in open-ocean farms, the total world fuel demand could
be met by the farming of cbout 5% of thé Pacific Equatorial Belt shown in
Fig. 3. This would seem to leave substantial room for the growth of farm-

supplied energy use in subsequent decades.
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One question that comes up in any such theoretical projection is what

would be done about aviation fuel. The world-wide consumption in aircraft,

primarily as kerosene, is only about 5% of the global liquid-fuel consumption --
but as shown in Fig. 7, a British researcher hc; recently asserted that the NO,
emitted by oircraft turbines at typical cruising cltitudes has about thirty times
the infrared-absorption potency as this same gas af sea level. The "greenhouse"
impcct of aircroft-fuel emissions may thus be a substanticl portion of the total
fossil-fuel impact from oll sources.

The significance for ocean farming can be seen in two curves (Fig. 8)
resulting from o decompression-chamber test conducted by GE with on aircroft-
turbine combustor in the mid-1980s, using methanol compared with aviotion
kerosene (Jet A). For the same power, the combustor radiant heat flux wos
much lower with the methanol fuel == resulting in greatly reduced NO, emissions.

What this suggests is that methanol may well be a desirable aviation fuel
in a future "greenhouse-sensitive” world -- ot least for short- and medium-haul
flights where the two-to-one weight penclty (due to mérhonol 's lower energy
density compared to kerosene) can be tolerated. And for the long-haul flights,
the fuel of choice in this situation could be cryogenic methane from oceans
farms. The extra-potency NO, would still be a problem, but the CO5 released
by these engines would eventually be completely recovered in the growing of

seaweeds for the replocement fuel.
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6. CONCLUSION

‘ This review suggests that the ocean-farming fechniques may have a very
large potential for production of future fuels and complementary products=-
and for stabilizing the global atmosphere in the process. (Coostal versions of
these technigues moy well have great utility in absorbing waste nutrients and
recycling heavy metals and other problem-discharge components.)

There are major questions, however, about the economic and engineering
feasibility of these technfques and about the possible environmental effects.

World-wide concerns cbout the global-warming impacts of fossil fuels
"and cbout the future adequocy of land-based food production argue for an
intensive R&D program that can answer these questions in the latter half of
this decade.

Only in this way can timely and credible decisions be made about the
proper role of ocean farming in o global strategy %or energy and food produc-

tion and environmental protection.
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Coastal Grid Farm
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Fig. 3 PACIFIC EQUATORIAL CURRENT PATTERN
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Fig. 4 QCEAN GRID CONCEPT
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Fig. 5 CONCEPTUAL OCEAN-GRID SUBMERSION SYSTEM
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THE NEW YORK TIMES, TUESDAY, JANUARY 7, 1992

SCIENCE WATCH

Foundin Aircraft Fumes

hanced by a number of competing
factors, scientists sav. Similarly, Dr.
Johnson said, the effect of nitrogen
oxides is only one of a number of
factors that must be considered in
coming to a tatal understanding of the
climatic effects of ozone, He pointed

ITROGEN oxide fumes
emilted by aircraft exert 30
times as great an effect on
. climate as the same fumes
emitted at ground level by industrial
processes and the burning of fossil
{uels like coal and oil, British scien-
tists have calculated. ’

atmosphere. At higher ‘aititudes, in  sources. Stll, Dr. Johnson said, it is

the stratosphere, ozone blocks ultra- nhecessary to understand the effect of
nitrogen oxide emissions aloft, since

cause cancer in humans. In the tropo-  aircraft traffic is increasing,

sphere, ozone is toxic 10 plants and WILLIAM K. STEVENS

'Global Warming Threat

ou:, for example, that chlorofluoro. :
The nitragen oxides react with oth-  carbons, industrial chemicals that -
er chemicals in the air to create also trap heat, destroy ozone, cancel-
.ozone in the troposphere, or lower ing out part of the total effect from all

animals, and it is one'of a number of
tropospheric gases — carbon dioxide
is the chie{ one — that trap heat
Many scientists believe that in-
creases in the gases as a result of
human activity will cause the earth’s
‘climate to warm substantially_in

f the growth in aircraft tratfic in
the 1990's continues at current rates,
nitrogen oxides would result in the
itrapping. of enough solar energy tofi
‘raise the earth's temperature: by
‘about two-hundredths of a degreel
Fahrenheit, according 1o calculations p
by Dr. Colin Johnson of the United
-Kingdom Atomic Energy Authasity’s
Harwell Laboratory and colleagues.
‘By way of comparison, they caiculat-
-ed, this is about one-seventh the heat-
.ing effect exerted by increased car-
bon dioxide emlissions {rom 1970 to

980, ] . :
Working with a computerized mod-
.e] of the atmosphere, they found that
nitrogen oxide emissions from alr-
:craft contributed about as much to
‘global warming as emissions from
:ground-based ‘sources like automo-
.biles, even though aircraft account
Jfor only 3 percent of all nitrogen
oxides produced by human activity.
One reasan, they said in 2 paper in the
current issue of the journal Nature, is
that nitrogen oxides last longer when
they are higher in the atmosphere.
-~ The heating effect of czone, carbon
.dioxide and al! the other heat-trap-
ping gases may be diminished or en-
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Fig. 8 AIRCRAFT

TURBINE HEAT AND NO, EMISSIONS

400 T — 1 1
Takeof? i
e 300 Climb l T
~
2 l
% Approach | %
: ﬁ -
- 200 l l l - ;.-?
&
§ Idle v
s I A ;
b ‘ l c
3 } (e
e l } I
Joo
0 400 600 800
Symbol Tuel
% Jet A (Kerosene)
A Methanol
T T T T T
4 30~ Flags Indicate Cruise Points @ =
=
x
U
T 20 -
-t
'
(=]
-l
S
g 10} -
i A
g A
= (:> -—‘;—25:,——
ol LA )9""234 7Y ]
400 500 600 700 800
T,, K
(C tesy G 1 Hethanol Combusttion in &
E?::t:iscyCo:::y) g::-:g: E:gi:iggombunor
3_38 Report fREIAEB]I]

pp. 20 & 26



Table 1 MACRQALGAE TYPES AND PROPERTIES

Alaria
Corallina

Cystoseira
Ecklonia
Egregia
Eucheuma
Gracilaria
Laminaria
Macrocystis
Ptervgophora
Sargassum

A. fistulosa is float-bearing, arctic
calcareous, widely distributed, small, might
be cultured with other large species
temperate, has float-bearing repro. struct.
subtropic & temperate, one float-bearing sp.
temperate, float-bearing, very durable
tropic, cultivated, mod. size

widely distrib., cultivated, high product.
intensely cultivated, temperate
semi-cultivated, harvested, temperate
tenperate, very durabile

widely distrib. incl. Sargasso Sea, -many spp,
flocat-bearing, temperate & tropic

SELECTION
CRITERIA: HIGH PRODUCTIVITY

TOLERATES FULL SUNLIGHT

COPPICEABLE

EASILY HARVESTED MECHANICALLY

CONDUCIVE TO CULTURING AND TRANSPLANTING
REPRODUCTION PROLIFIC

REASONABLY TOUGH

GOOD POTENTIAL FOR BYPRODUCTS
TRANSLOCATES

TOLERATES WIDE ENVIRONMENTAL FLUCTUATIONS
GOOD Y|ELDS FROM FUEL CONVERSION PROCESS
DISEASE RESISTANT

SUPPORTS AN ASSOCIATED COMMUNITY OF USEFUL ORGANISMS
PERENNIAL AND LONG-LIVED ’

HIGH SURFACE/VOLUME RATIO

GROWS WELL AT LOW.N-CONTENT
SIMPLE NUTRIENT REQUIREMENTS
HIGH UPTAKE RATES

SURVIVES IN HIGH-ENERGY ENVIRONMENTS

EASILY MOORED OR RESTRAINED
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Biology
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Engineering

1.

2)

3)

4)

5)

6)

7)

10)

Table 2

TECHNICAL ISSUES

Raising the plant productivity (and maximizing the carbon/nitrogen
ratio) through nutrition management, species selection, stock refine-
ment and genetic engineering.

Investigating the extent of methyl halide releases during the candidate-
plant growth and decay phases.

Developing economical and dependable shipboard nursery techniques .

Selecting the optimum ocean current settings for farm nutrition, storm
minimization, traffic avoidance and market access (see Fig. 3).

Achieving an economical and environmentally-acceptable combination
of nutrient recycling, low-speed towing, crhflcml upwelling and
possible submersion for plant nutrition.

Reducing the incidence of marine fouling of the farm structures and
servicing vessels.

Increasing the efficiency (cu.ft. .methane/kg.solids) of shipboard
anaerobic digestion.

Reducing the plant ond farm-structure drag to minimize the towing
power requirements.

Determining the engineering and economic feasibility of farm sub-
mergence to reduce storm damage and increase nighttime nutrition.

Selecting or developing the optimum farm-element plostics =~

including the use of recycled plastics and the shipboard shaping of
farm expansion or replacement elements.
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Table 3

fr ! Warmi
A. General
1. Increased evaporation persisting as water vapor or iow-reflécﬁon clouds
2. Increased release of CO; and possibly CHg from accelerated aerobic
and anaerobic digestion of dead organisms
3. Possible release of CO; and CH,4 from hydrate deposits
4, Reduced absormption of anthropogenic CO2 due to general heat-induced
reduction of plant growth
5. Reduced snow cover and reflectivity
B. Additional Ocean-Related Possibilities
1. Direct release of dissolved CO, through increased ocean temperatures
2. Indirect release of dissolved CO; through violent wave action in

intensified storms

3
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The Role of DOE Energy Efficiency and Renewable
- Energy Programs in Reducing
Greenhouse Gas Emissions

Eric Petersen, Director
Division of Applied Analysis
Office of Conservation and Renewable Energy
U.S. Department of Energy
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U.S. Commitment to Global Climate Change Mitigation

e U.S. committed to aggressive, but economically sound, programs to reduce
- GHG emissions |

e Commitment articulated in U.S. Views on Climate Change

e Major focus of the U.S. approach is energy:
- improving the efficiency of energy conversion and consumption
-  switching away from relatively carbon-intensive fuels

-  eliminating CFCs in energy-using equipment
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Federal Mechanisms to Achieve Energy ‘GHG Reductions

e Administration comprehensive National Energy Strategy

e EPA voluntary conservation programs

e DOE programs in energy conservation and energy efficiency,
renewable, nuclear and fossil energy technology R&D
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What is CE?

AThe mission of the Office of
- Conservation and Renewable Energy

Develop and promote the adoption of cost-effective renewable
energy and energy efficiency technologies and practices, in conjunction
with the states and with partners in the buildings, ind},tstrial,
transportation, and utility sectors, for th‘e benefit of the econorﬁic

competitiveness, energy security, and environmental quality of the

Nation.
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CONSERVATION AND RENEWABLE ENERGY
Westerday amd Today

Yesterday: * CE research and development focused on
long-term, high risk activities.

e Office structure not effectively responsive
to needs of the changing market sectors.

Today: e CE program offices reorganized to better interact with
and respond to the four market end use sectors: Utilities,
Buildings, Industry, and Transportation.

e The Office of Technical and Financial Assistance
created to promote CE technologies and work with the States.

e Strong emphasis is placed on increasing productivity and
enhancing competitiveness.

e Development of public/private partnerships is a top
priority. |
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Quality, Affordable Housing

B ———EEEEEEEEE—E———————— g

Current Situation

Energy

Average home uses>100 MMB1u/Yr
{> 15 quads total)
60% heating and cooling -
23% lighting and appliances

Environment
60 pounds of SO2/yearhouse
3400 pounds of CO2/year/house

New homes and appliances
use 100 million Ibs CFCs/Yr.

Construction wastes
(2.5 tons/house)

Technology
On-site, "Stick™ built with
_ limited quality and high waste
Non-integrated, non-optimized
HVAC, appliances, and controls

Productivity
Construction outputhour
down 1.7%/yr, while manufac.

output up 2.7%/yr

$8 billion/year trade deficit
in building components

Energy costs per house:
$1200/Year

Median new home price rising
50% faster than eamingsworker

R s A Al s G

Initiatives
Century 21 Design,
Manutacturing and Delivery

Improve Shell Technologies
Advanced HVAC/Appliances
Advanced Lighting Technologies

On-Site Power from Fuel
Cells and PV

Enargy-Efticient Mortgages/
Home Energy Rating Systems

Objectives

Energy
Over 50% reduction in
eneargy requirements:
Reduction in new home heating
and cooling energy by 2/3
100% efficiency improvement
lighting and appliances

Environment
Carbon emissions from home
energy use down over 50%

Elimination of CFC/HCFCs in
new homses and appliances

Technology
Integrated, optimized
buildings designed and built
in an industrialized system
HVAC load reduced 50%
with advanced windows,
insulation, and design

Productivity

Housing industry
productivi ?ains
comparable to manutacturing

Reverse trade deficit:
High-value building products
for export

Household energy casts cut
by 50% in new homes
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Direct Steelmaking

Current Situation
Technology

5.000 Ton/Day Minimum Capacity

Coke Oven/Blas! Furnace

Energy
17.1 Million Btw/Ton

Environment
4 b NOx/Ton
2.4 Tons CO2/Ton
Coke Ovens Exceed EPA regulations
for SOx and Toxics

Market Size

$46.8 Billion (1% of GNP)
169,000 Employees
11.4% of World Production

Productivity

$135/Ton Iron Production Cost
$470/Ton Avg Steel Production Cost

0.26 Man-hours/Ton Liquid Steel
Environmental Compliance Costs

84 Million Tons/Year
Steel Industry

Initiatives

. 1,000 Ton/Day Scale-Up

of Successiul Pilot Plant

Joint AISI-DOE Direct
Steelmaking Process
Development

Objectives

Technology

1,000 Ton/Day Minimum Capacity

Direct Ironmaking

Coke Ovens Eliminated
Energy

13.5 Million Btu/Ton
Environment

0.0004 Ib NOx/Ton

2.16 Tons CO2/Ton
No Coke Oven Gases

Market Size

Maintain Share of GNP
No Increase in Employees
Increasing Share of World Production

Productivity

~15% Production Cost Reduction
50% Reduction in Capital Cost/Ton
Reduced Environmental Costs

Sources: Energetics, Inc., "Energy Profiles for US Industry: Iron and Steel Industry Profile,” December 1990; US Department of Commerce,
Statistical Abstract of the United States 1991; 1989 AIS| Statistical Abstract; Paine Webber, World Steel Dynamics service; and Office of

Industrial Technologles estimates.
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Advan.ced_‘Light Dut!VehicIes

Ob]ectlves L

%0 Bru/Vehicle Mile
+100% Aomets Fuols,
: Ethanol, Methanol

TR B

. Sourcss: Stutisticsl Abstract of the UJ.8. 1891, MVMA Motr Vehicle Facts & Figures 91, mrmmmm'uizwuhan.mwsm.
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U.S. Electric Generating Capac__.ijlty Trends
| (National Energy Strategy) ,

GW

NES
Requirements .
New Supply and/or
- Demand Requirements

Retirements

| Critical
Decision
Period
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Wind Energy Program

Market Status

-~ 1500 MW of capacity, 2.5 billion kWh

- understanding of wind forces and resources
- rotor durability issues

On verge of a major market breakthrough
- costs down by two thirds in the last decade to $0.08 per kWh
- modular units allow incremental additions with short lead times

- Zero emissions

- renewable energy production credit in H.R.776

DOE wind energy program major thrusts '

- development of wind systems with lower costs and greater rehablhty
with industry collaboration

- assisting utilities in evaluation of wind power potential

Market Potential
- 1.0 to 2.3 quads in 2010; 2.9 to 10.7 quads in 2030 (SERI 1990)

- estimated low-end carbon savings 16 MMT in 2010, 48 MMT in 2030
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Transferring CE Technology to the Marketplace

CE energy efficiency and renewable energy programs ihcorporate means to
effectively transfer technologies to the marketplace.

Wide variety of mechanisms used:

financial partnerships with private industry in technology R&D
CRADAs between DOE laboratories and private industry

user facilities for private industry testmg of new technologles
demonstration of new technologies in federal facilities
interaction with trade and professional associations
establishment of industry advisory groups

publications

education programs -

Some mechanisms (CRADAs) used across all programs, others are applled as
appropriate
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BUILDING PUBLIC/PRIVATE PARTNERSHIPS
A New Era In Cooperative Leadership

National Technology Initiative

In the fall of 1991, President Bush launched a new Administration-wide initiative to
promote U.S. industry’s use of technology to strengthen the domestic economy and

enhance competitiveness in global markets -- the National Technology Initiative
(NTTI).

As President Bush said, there are

"...steps we can take right now to guarantee progress
and prosperity into the next American Century. We get
there by investing in the technologies of tomorrow, with
Federal support of R&D at record levels. We need to
share the results, get the great ideas generated by
public funds out into the private sector, off the

drawing board and onto store shelves. Our National
Technology Initiative will do just that...."



56-¢

Building Public/Private Partnerships

A New Era in Cooperative Leadership
(continued)

Since the launching of NTI in late 1991, CE has entered into about 50
CRADAs, that could lead to the commercialization of energy efficiency and
renewable energy technologies |

Examples CRADAs with significant GHG emissions reduction potential:

-  waste minimization technology to reduce the use of CFC-based
solvents (Motorola)

- waste paper to methanol conversion process (AMOCO)

- - battery development under the U.S. Advanced Battery Consortium

(Auto industry)
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Government Industry Battery C‘ost;Sharing R&D |

240 - Highlights )
* 14 battery types in 1990 focused to 3 by 1992
 Clean Air Act Amendments/Califomia influences 2
200 *» U.S. Advanced Battery Consortium formed
] » Research agenda will be industry driven
‘ . Battery plant
160 -] investment
Doliars by industry
In Total Battery . J

Millions 120 R&D

|

- A
80 - Indt'Jstry R/D

Government
R/D
Y

1090 1991 1992 1993 1994 1995 1996 1997
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LOOKING FORWARD

Strong support for Energy. Efficiency and Renewable Energy:

The FY 1993 ﬁmdlng request of $330 mllhon for energy efficiency R&D is double
the funding for FY 1989 when the Bush Administration took office.

The FY 1993 funding request of $250 million for Renewable Energy R&D is more
than 65% higher than the FY 1989 funding.

President Bush established the National Renewable Energy Laboratory in
September 1991. Construction of a $20 million, state-of-the art Solar Energy
Research Facility began in June 1992.

The National Energy Strategy: A Continuing Process

The NES will continually evolve and be refined as new opportunities and

“technological advances emerge.

Development of NES II is underway.

The work described in this paper was not funded by the U.S. Environmental Protection Agency. The
contents do not necessarily reflect the views of the Agency and no offictal endorsement should be inferred.
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EUZZY LOGIC CONTROL OF AC INDUCTION MOTORS
TOREDUCE ENERGY CONSUMPTION
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ABSTRACT

Fuzzy logic control of electric motors is being investigated under sponsorship
of the U.S. Environmental Protection Agency (EPA) to reduce energy consumption
when motors are operated at less than rated speeds and loads. Electric motors use
60% of the electrical energy generated in the U.S. An improvement of 1% in operating
efficiency of all electric motors could result in savings of 17 x 109 kWh/yr in the U.S.
New techniques are required to extract maximum performance from modern motors.
This paper describes EPA's research program, as well as early stages of work, to
implement fuzzy logic to optimize the efficiency of alternating current (AC) induction
motors.

This paper has been reviewed in accordance with the U.S. Environmental Protection Agency's peer and
administrative review policies and approved for presentation and publication.
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INTRODUCTION

_ Electric motors use over 60% of the electrical power generated in the U.S. [1].
There is a population of approximately 1 billion motors in the country, using over 1700
billion kWh per year. Over 140 million new motors are soild each year. A review of the
U.S. motor population reveals

. 90% of the motors are less than 1 hp’ (fractional motors) in size, but
use only 10% of the electricity consumed by motors;

-« 85% of the electricity’- used by motors is consumed by approximately 2%
of the motor population (motors greater than 5 hp); and

. 85% of the electricity used by motors is consumed by less than 1% of
the motor population (motors greater than 20 hp).

Based on these facts, it is clear that large energy savings from improvement in motor
efficiency could be achieved with a relatively small motor populatton Each 1%
improvement in motor efficiency could result in:

17 billion kWh per year of electrical energy saved;

. over $1 billion in energy costs saved per year;

. an equivalent of 6 -10 million tons™ per year of uncombusted coal; and

. approximately 15 to 20 million tons less carbon dioxide released into the
atmosphere.

AC induction motors have high reliability and low cost and therefore perform
over 80% of the motor tasks in the U.S. Their speed of operation is determined by
the frequency of the input power, and their efficiency is low when operating at part
load. To control the speed of an AC induction motor and thereby match motor speed
to load requirements requires the use of a device called an adjustable-speed drive
(ASD). Signiticant energy efficiency gains are achieved when induction motors are
controlied by ASDs [2]). ASDs use semiconductors and switching circuits to vary the
voltage or current and frequency of a motor's power supply thereby controlling the
applied torque and speed to satisfy the process or load requirements (2]. ASDs are

*1 hp = 746 W,

**1 ton = 907 kg
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basically power electronic devices consisting of a rectifier and a computer-controlled
inverter. The rectifier converts the standard 60 Hz AC to direct current (DC). The
inverter then converts the DC output of the rectifier 10 a variable-frequency, variable-
voltage/current AC.

While ASDs can minimize power iosses, they do not optimize operations for
maximum elficiency. The goal of this program is to utilize the inherent capabilities of
fuzzy logic set theory in an integrated intelligent energy optimizer in conjunction with
an ASD to improve the energy or power efficiency of electric motors, primarily AC
induction motors, while at the same time meeting the demands of the process
equipment and load operations which are driven by the motors. Fuzzy logic has the
proven ability to represent complex, ill-defined systems that are difficult or impractical
to model and control by conventional methods [3]. In addition, fuzzy logic is a form
of artificial intelligence that can be impfemented in an integrated electronic circuit
device or microchip. This ability is especially important in the case of the modification,
or retrofitting, of existing electric motors, since microchips can be readily added
through an add-on circuit board to existing ASD drives and require litlle additional
electric power for their operation.

FUZZY LOGIC ENERGY OPTIMIZER |

Figure 1 is a block diagram of the overall control approach. A fuzzy logic
energy oplimizer is used to control the ASD which in turn controls the motor. A
feedback signal, usually motor speed, from the motor is shown by the dashed line in
the figure to indicate that the control scheme may be open-loop (no feedback) or
closed-loop (leedback).
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Figure 1. ‘Fuzzy Logic Energy Optimizer for Improved Energy Efficiency

A motor drive (ASD) may be controlled according to a number of performance
functions, such as input power, speed, torque, airgap flux, stator current, power
factor, and overall caiculated motor efficiency. Normally in a drive system, the
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machine is operated with the flux maintained at the rated value, or with the voltage to
frequency ratio (V/Hz) held essentially constant in relation to the value at rated
conditions. This allows speed control with the best transient response. The constant
V/Hz approach is used wherever actual shaft speed is not measured; i.e., in open-loop
speed control. The open-loop control approach is most effective when applied to ’
industry applications that do not require tight or accurate process control such as
pumps or blowers. The computer simulated results presented in this paper are based
on the open-loop control approach,

A fuzzy logic energy optimizer is also being developed for the closed-loop
situation which permits precision speed control. Additionally, work is proceeding on
the development of a fuzzy logic energy optimizer for the most advanced control
scheme known as closed-loop speed control with indirect vector control. This scheme
pertorms efliciency optimization control without sacrificing transient response. This is
very important for high performance applications such as electric vehicles.

For all the control methods the optimization approach proceeds as foliows.
The input power is measured and then the control variables (input voltage, input
current, or input frequency) are varied from the initial setting. The input power is
measured again and compared with the previous value. Based on the sign and _
magnitude of the input power signal, as well as the value of the last change in the
control variable, a new value for the control variable is computed using the fuzzy logic
energy oplimizer. Sequential decrementation/incrementation is continued until the
minimal input power level is reached. This is the operating point for best efficiency for
the particular load torque and speed condition. If a speed increase is demanded or
the load torque increases, the flux can be established to full value to get the best
transient response. When the new steady-state condition is attained, the fuzzy logic
efficiency optimization search begins again to obtain the most energy efficient
operating point.

Figure 2 is a conceptual flow diagram illustrating details of the fuzzy logic
energy optimizer which is contained within the dotted lines. Detailed explanation for
each block of the fuzzy logic energy optimizer is beyond the scope of this paper.. It
sutfices 1o say that the basic underlying principle of operation relies on the fuzzy rule
base consisting of several linguistic IF-THEN rules. A suitable rule base for the open-
loop situation is iliustrated below. Additional information on the fuzzy logic concepts
contained in Figure 2 can be found elsewhere [3). The database inciudes the
necessary information regarding the motor parameters or other pertinent data. The
“fuzzification” stage is where the process measurements are usually represented as
fuzzy singlelons, such as big, medium, and small. The “defuzzification” stage is where
fuzzy outputs are typically converted to real numbers. The mast common procedure
for this conversion is the center-of-area method, much like that used for calculating
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centroids of various combined areas. The computation unit represents
microprocessor functions for interfacing and recaiculation.

DATA BASE |——— RULE BASE

\ A
COMPUTATION |

e
UNIT l
: |
DEFUZZIFICATION FUZZIFICATIONI [
PROCESS/
1 MOTOR

Figure 2. Block Diagram of the Fuz2y Logic Energy Optimizer

SIMULATED PERFORMANCE

The preliminary open-loop fuzzy logic controller [4] was demonstrated by
computer simulation. The control variable was the input voltage. Results show-
improvement in motor efficiency using fuzzy logic control while maintaining good
periormance in other areas; @.g., maintaining desired torque and speed at steady
leveis. For example, Figure 3 compares the efficiency of a motor over a broad range
of loads and operating under both conventional constant V/Hz control and fuzzy
logic control. The load torque relation to rotor speed simulates the behavior of pump
or fan loads, where load torque is proportional to the square of the rotor speed.
Efficiency improvement by the fuzzy logic energy optimizer was achieved for all
speed/forque combinations.
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The following rule base was used for the calculation. Three fuzzy sets (N
standing tor negative, P for positive, and Z for zero) were chosen to relate the fuzzy
variables, along with the simple set of rules:

IF APin IS N AND AVgg IS N, THEN AVpew = N.
IF APjn IS N AND AVgg IS P, THEN AVpgyw = P.
IF AP}, IS P AND AVgq IS N, THEN AVpey = P.
IF APjn IS P AND AV IS P, THEN AVnew = N.
IF APj IS Z AND AViq IS ANY, THEN AVpew = Z.
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Figure 3. Fuzzy Logic Control Compared with V/Hz Control
for a 100 HP Motor with Torque Proportional to Speed Squared

Rule 5 is needed for convergence on an optimum input power; i.e., the point where any
small change in voltage results in negligible change in input power. The quantities Ve
and Vp, represent old and new values, respectively, for the control variable (input
vollage) as the optimization approach proceeds to minimize the input power. The
change in input power level is designated by AP,,. To allow adjustment of step size
(tor faster convergence with no overshoot), additional linguistic variables (e.g.,
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positive medium, PM, and negative medium, NM) were added. A set of 13 rules was
found to be adequate to relate the variables for the simple control problem.

CONCLUSION

Computer simulated results for the open-loop controlier show that the fuzzy
logic energy optimizer can significantly enhance the operational efficiency of AC
motors. Future computer simulation developments will include a closed-loop controller
with a dual-variable (voltage and frequency) fuzzy logic energy optimizer. Additional
effort is taking place to provide fuzzy logic efficiency optimization for induction
motors which use indirect vector control.

Initial results further indicate that fuzzy logic energy optimizers can, in a
collective sense, consistently improve motor operational etficiency over conventional
speed control techniques (ASDs) by increments of 1 to 4%. This is highly significant in
terms of potential U.S. energy savings and poliution abatement possibilities. Figure 4
illustrates potential improvements based on conservative estimates of overage
energy savings for the motor classes indicated on the figure and typical coal-fired
power plant heat rates and emissions. The addition of a fuzzy logic energy optimizer
microchip to a 100 hp motor and ASD should result in energy savings amounting to a
cost payback within 3 10 5 months.
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Figure 4. Projected Colleclive Savings from Fuzzy Logic
Motor Control for Improved Efficiency

Once these optimizers have been thoroughly developed using computer
simulation models, prototype hardware devices will be tested in the laboratory. A
block diagram of the motor testing facility is shown in Figure 5. The motor output
power is measured using the dynamometer, and the 3-phase input power is measured
with high precision wattmeters. This configuration allows the motor/drive efficiency to
be determined. A personal computer (PC) microprocessor will monitor the data
acquisition systems and communicate with the ASD to alter the ASD voltage and
frequency output. Various degrees of load on the motor are achieved by varying the
strength of the field in the DC brake via the dynamometer.
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Figure 5. Block Diagram of the Motor Testing Facility

Alter laboratory testing has been completed, extensive field testing will be
undertaken in an industrial setting.
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HYDROGEN PRODUCTION

TECHNOLOGIES

- Technology

Methane reforming
Partial oxidation
Coal gasification

Electrolysis

o Thermal dissociation

Energy Input

Natural gas
Natural gas
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Electricity

Heat
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HYDROGEN PRODUCTION COSTS

H,0 —~H, +1/20,

Electricity Hydrogen

Energy Source ($/kWh) ($/1b)

1990 photovoltaic 0.101 2.4
2000 photovoltaic 0.027t00.05 0.6t00.9

Nuclear . 0.067 | 1.6
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. CO, RECOVERY ENERGY

REQUIREMENTS
| 4 R 0830-707714- 5
, - Energy Requirement
CO» Source Technology (kWhg /Ib CO2)
Concentrated sources Ready for use | None
Flue gas Absorption stripping - 0.27
| monoethanolamine |
| (MEA)
Flue gas Solid adsorbents 0.4
Flue gas 0, combustion/ ~ 0t00.12
. CO2 recycle h | |

Atmosphere Various | 6 to 10
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- METHANOL PRODUCTION

C02 + 3H2 — CH30H + H2O “

CO + 2H, —= CH;OH

0830-707721- 6
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e m—-—— METHANOL FROM COAL
| _FUEL-CYCLE _

costnf |
COAL INTO - VEHICLE LOSSES

- COAL ' METHANOL: METHANOL - 110800

EXTRACTION,  yggge  TRANSPORT, -

TRANSPORT . DISPENSING
16,500

DIESEL §

231,900

- TOTAL
ENERGY

INTO -

SYSTEM

| VEMICLE POWER 19,600 (17,300 LHU) -
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ENERGY REQUIREMENTS FOR

METHANOL PRODUCTION
0830-7°77M- 10
CO,Recovery Ha+ Coal-based H,+ Conr ated
Component From Coal Plant Methanol |
Coal (Btu) 6875 6875 -
Power output (kWh) 0.733 0 —_—
PV equivalent (kWh) — 0.733 —
COz2 recovered (Ib) 1.375 0 1.375
PV input (kWh) 0.37 0 0
H2 electrolysis (Ib) 0.188 0.088 0.188
PV input (kWh) 4.0 1.89 3.76
Total PV (kWh) 4.37 2.62 3.76
1.0 1.0 1.0

Methanol (Ib)
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COST OF METHANOL

CO,Recovery H2+ Coal-based H> + Concentrated

Component From Coal Plant Methanol CO,
Hydrogen
Mass (Ib) 1.24 0.58 1.24
Cost ($/Ib) 0.60 to 2.50 0.60 to 2.50 0.60 to 2.33
Cost (%) 0.74 to 3.10 0.35t0 1.45 0.74 to 2.89
CO,
Mass (Ib) 1 9.08 Obtained from coal 9.08
Cost ($/1h) 0.02 0.00 0.00
Cost (", 0.19 0.00 0.00
Methanol Production
Capital ($/gal) 0.64 2.34 0.64
15% recovery 0.10 0.35 0.10
Operating ($/gal) 0.05 0.14 0.05
Total Cost ($) 1.08 to 3.44 0.84 to 1.94 0.89 to 3.04
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SURELY YOU'RE JOKING

0830-7077h- 14

B Why generate power from coal if PV is
available?

B What are the environmental benefits of
recycling CO,?

B What are the technical b_enefits?

B Are there cheaper alternatives?






SESSION IV: EMISSIONS AND MITIGATION OF METHANE AND OZONE PRECURSORS

M.J. Shearer, Chairperson

GLOBAL ATMOSPHERIC METHANE:
Trends of Sources, Sinks and Concentrations

by

M.A.K. Khalil, R.A. Rasmussen, and M.J.Shearer
Global Change Research Center
Department of Environmental Science and Engineering
Oregon Graduate Institute .
Beaverton, Oregon 97006 U.S.A.

Abstract

The global cycle of methane is driven by emissions around 550 Tg/yr from both
natural and sources related to anthropogenic activicies, particularly the production
of food and energy. Major sources are rice agriculture, domestic ruminants, and
wetlands. Methane is removed from the atmosphere mostly by reacting with OH
radicals. Some methane is removed by the soils. Over the past decade methane
concentrations have been increasing at about 1%/yr or 16 ppbv/yr. A record of
atmospheric methane extending back 150,000 years has been constructed from the
analysis of polar ice cores. It shows that, during this time, methane
concentrations have never been more than half of present levels. The recent
increase of methane was probably caused by increasing emissions. Recent changes in
the trend of methane may also be attributed to changing levels of OH. This paper
deals with the changes in global methane concentrations in the past, the causes of
increased levels at present and the future of atmospheric methane. The present
understanding of the global methane budget provides critical facts for policies
related to controlling man-made sources.
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1. INTRODUCTION

It has been nearly 10 years since it was conclusively established that methane
concentrations are increasing in the earth’'s atmosphere (Rasmussen and Khalil,
1981a, 1981b). -Since then, considerable progress has been made towards an
understanding of the global methane cycle and the causes of the increasing trends.
This paper is a review of the current understanding. We examine first the recent
global budgets and then the recent and long-term trends of atmospheric methane.
Next we will review the trends of emissions and the role of human activities.
Finally we will relate the trends of emissions and atmospheric concentrations to
establish a coherent view of the global c¢ycle of methane and discuss the
implications for the future of mecthane.

2. GLOBAL BUDGETS
2.1 SOURCES AND SINKS

About a dozen complete budgets of methane have been proposed in recent years, most
of them over the last 10 years (Ehhalt, 1974; Ehhalt and Schmidt, 1978; Donshue,
1979, Sheppard et al., 1982; Khalil and Rasmussen, 1983; Blake, 1984, Bolle et al.,
1986; Bingemer and Crutzem, 1987; Cicerone et al., 1988; see also Warmeck, 1988).
A number of other studies have concentrated on specific sources and their global
distributions. The published budgets are listed in Table 1 from Khalil and
Rasmussen (1990a). The main sources affected by human activities are rice fields
and ruminants, mostly cattle. Other anthropogenic sources also include biomass
burning, coal mining, oil and gas use, landfills, automobiles, and a variety of
other even smaller sources. The main natural emissions are from the wetlands, with
smaller contributions from a number of other sources, such as the tundra, lakes,
rivers, oceans, and termites.

The total emissions are about 550 tg/yr (1 tg = 10" gm), of which some 60% of the
emissions are from anthropogenic sources. Once methane gets into the atmosphere it
has a lifetime of 8-10 years. It is removed primarily by reacting with OH radicals
(=490 tg/yr), but smaller amounts (~20 tg/yr) are also removed by the soils, and
even smaller amounts are removed by other chemical processes in the troposphere and
stratosphere. The present imbalance between sources and sinks is about 40 tg/yr,
which is observed as an increasing atmospheric trend of about 1% per year.

2.2 PRESENT GLOBAL DISTRIBUTION

The present global distribution is shown in Figure 1. Because most of the sources
are land-based and many are related to human activities, concentrations of methane
are higher over continents and over the northern hemisphere in general. The present
global average concentration is about 1680 ppbv.
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Global Distribution of Methane
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Figure 1. The latitudinal distribution of methane. Data are average values for
1986 at six long-term flask sampling stations from the arctic circle to
the south pole. The annual average concentrations at Mingin, Gansu,
China are shown for comparison.

3. GLOBAL TRENDS
3.1 TRENDS OF CONCENTRATIONS

The global atmospheric trends are summarized in Figure 2 from Khalil and Rasmussen -
(1990b). It shows the results of three systematic global studies spanning the
decade between 1978 and 1988 (Steele et al., 1987; Blake and Rowland, 1988; Khalil
and Rasmussen, 1990b). There is remarkably good agreement among the studies even
though the methods and strategies were quite different.

From the systematic studies, it is apparent that the trends have-not been constant
even over the past decade. The early parts of the record in the late 1970s shows
a faster rate of increase than the more recent measurements in the later part of the
1980s. This variation of the rate of increase has led to some confusion as to how
fast methane is really increasing. Our early work showed rates of increase of
somewhat less than 2%/yr; our later work showed increasing races of 1.4%/yr; Blake
and Rowiand (1988) found rates of increase of 1%3/yr and Steele et al. (1987)
reported rates of increase of somewhat less than 0.8%/yr. All these findings are
consistent when the variability in the rate of increase is taken into account. This
is shown more clearly in Figure 3 from Khalil and Rasmussen (1990b). Over the
decade the average rate of increase is 1%/yr, although within this decade there were
2-year periods when the rate of increase was as low as 0.7%/yr or as high as 2%/yr
(in the earlier years).
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Figure 2.
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Systematic measurements were not taken before this perioed; however, there are
published data taken during the 1960s and 1970s. An analysis of these data shows
trends of similar magnitude during the 2 decades as shown in Figure 4 (Khalil et
al., 1989a).

Over still longer periods spanning the T000 vty ey ppy—p——py—y
last 150,000 vyears, there is a
remarkable record of atmospheric methane
from the analysis of polar ice cores —  +80C
(Khalil and Rasmussen, 1989b; Stauffer 3 L
et al., 1985; Raynaud et al., 1988). 8:
This record shows that methane =~
concentrations have varied naturally € 1600
because of changing climatic conditions =
from ice ages to inter-glacial periods. s
The record also shows that the present 5 1400
(Figure 5) increase started about only g
a hundred years ago with small trends 8
going as far back as two hundred years. 1200
The pattern of the past rapid increase :
was therefore likely to caused by human
activities linked to the rapidly rising - o
population. During the 150,000-year 1002 ™
record concentrations have never been : 1860 1964 1568 1972 1876 1580
more than half of present levels. '
' . Time (Yrs)
Figure 4. Annual average concentrations
during the 1960s and 1970s
(Khalil et al., 1989) (Repro-
duced with permission.)
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Figure 5. The atmospheric concentratioms of CH, over the last 1000 years (in

ppbv). (From Khalil and Rasmussen, 1987).
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3.2 TRENDS OF SOURCES

The emissions of methane from domestic ruminants and rice fields have increased

steadily over the past 100 years. More recently, emissions from other human
activities such as oil, gas and coal production, landfills, and other waste
processing have also been increasing. We have compiled data from a number of

sources to estimate the increase of emissions from anthropogenic activities. The
results are summarized in Figure 6.
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Figure 6. Estimated annual emissions of methane from human-influenced sources.

4, CAUSES OF INCREASING METHANE

The mass balance of methane in the atmosphere can be written as:
dc(t) C(c) ' (1)

where C is the concentration, S the emission rate, and t is the atmospheric
lifetime. The concentration can increase only if the sources increase or the sinks
decrease. For methane, both possibilities are plausible. Since methane is removed
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mostly by reacting with OH, a reduction in OH could lead to an increase of methane.
The decrease of OH was expected because CO and CH, were both increasing and these
gases are the majcr sinks of OH. Now it appears that these factors may be
compensated by enhanced production of OH, particularly because of increasing
tropospheric ozone and also because of other considerations. It also appears the
OH concentrations are stabilized against changes (see Pinto & Khalil, 1991; Lu and
Khalil, 1991). On the other hand, there is very good evidence that the sources have
increased, although uncertainties and issues still remain. A good case can be made
that most of the increase of methane has occurred because of increasing emissions.
This still leaves a margin for the contribution of declining OH (Khalil & Rasmussen,
1985, 1987).

5. THE FUTURE

We have shown a coherent picture of the global methane cycle in which the trends
from different experiments agree and the increase both at present and over the past
100 years is dominated by increasing emissions from human activities.

In spite of our present knowledge of the methane budget, there are still too many
unknowns that make it impossible to predict future levels with any degree of
confidence.

If an increase of OH is not the main cause for the slowdown in the methane
concentration then it must be explained by the changes of sources. Increases of
methane over the last century appear to be affected significantly by increasing
cattle populations and acreage under rice agriculture. It is now evident that the
area of rice agriculture is no longer expanding. Higher yields are being achieved
by use of hybrid species and artificial fertilizers neither is likely to increase
methane emissions. Thus the lack of increase in the area of rice planted may lead
to a lack of increase of methane emissions from this source. Similarly, the world
cattle populations are no longer increasing because of various reasons including
lack of suitable range lands. It seems therefore that the two major sources
affected by human activities, rice agriculture and domestic cattle (and perhaps also
other animals), are no longer increasing because of natural limitations on these
activities. There are a number of more recent sources of methane, mostly related
to energy production and waste disposal such as in landfills, that are probably
still increasing.

In addition to the complications already mentioned, there are two other processes
that may significantly affect future levels of methane. First the draining wetlands
over the past century and the continuing loss of wetlands at present is not fully
understood but may lead to a reduction in natural emissions. And second, there is
the possibility that the warming of the world (caused by increasing €02 and trace
gases) will lead to an increase of methane emissions from natural sources or even
destabilize large reservoirs of methane such as the permafrost, thus overcoming the
diminishing role of the sources we know today. These matters greatly complicate
predicting future methane levels or the benefits of controlling the well known major
sources. :

If these ideas are correct two important coneclusions emerge:

1). 1If the sources that contributed to past increases of methane are not increasing
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any more, then the past record of methane is becoming uncoupled from the future.
Future increases of methane will be caused by newer sources that were not important
in the past thus the past does not serve as an indicator of the future. Population
change for instance is no longer an indicator of future methane emissions. Thus
reliable projections of methane concentrations into the future are virtually
impossible at present. It is even possible that changes in OH, most likely
declining concentrations, will contribute more and more to the future trends of
methane.

.2). The second conclusion is that the global methane trends are slowing down
without any legislative intervention, most likely from natural limits to growth of
the major anthropogenic sources. This aspect is particularly interesting since most
control strategies cannot guarantee the reduction of the growth rate by a factor of
two within a decade as has already occurred. The notion that any trend or an
atmospheric trace gas can continue for decades or centuries has no philosophical or
scientific basis, but is commonly assumed in many assessments of the future levels
of man-made trace gases including methane.

The work described in this paper was not funded by the U.S. Environmental Protection Agency. The
contents do not necessarily reflect the views of the Agency and no official endorsement should be inferred.
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ABSTRACT

Estimates of methane (CH4) emissions from coal mines range from 25 to 45
Tg/yr with a recent estimate as high as 65 Tg/yr. At 46 Tg/yr, the estimate
produced by this project, coal mines contribute about 10% of anthropogenic CHg
emissions and may contribute significantly to the global change phenomenon. While
emissions from underground mines are now believed to be adequately characterized,
virtually no data are available on emissions from surface mines, and data are totally
lacking on emissions from abandoned/inactive mines and coal handling operations.
The methodology developed to calculate emissions from underground mines is briefly
described, as is the Fourier transform intrared spectroscopy technique being
employed for measuring emissions from surface mines. A nitrogen-flooding technique
for enhancing the recovery of CH,4 from coalbeds in advance of mining is described as
a possible measure for mitigating CH, emissions from underground mines.

This paper has been reviewed in accordance with the U.S. Environmental Protection Agency’s peer and
administrative review policies and approved for presentation and publication.
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INTRODUCTION

Methane (CH,) is a radiatively important trace gas which accounts for about
18 percent of anthropogenic greenhouse warming. Atmospheric concentrations of
CH4 are now increasing at the rate of 1 percent per year [1). Although the global
CH, cycle is not fully understood, significant sources of emissions include wetlands,
ruminants, rice paddies, biomass burning, coal mines, natural gas transmission
facilities, landfills, termites, and tundra [2]. Improved emissions estimates for these
sources will allow their relative contributions to the global CHy cycle to be better
understood, and will provide a means for focusing future emissions mitigation
research.

Attempts made to estimate global emissions from coal mining operations have
generally relied solely on global coal production data and emission tactors derived
from CH, contents of coalbeds [3,4,5]. These estimates are based on the
assumption that emissions are equal to the amount of CH4 trapped in the coal
removed from the mine. Although this trapped CH. is liberated when coal is fractured
and removed from the mine, there are other CH4 release mechanisms in the mining
process which this assumption fails to take into account. For exampie, CH, may be
released from: (1) exposed coal surfaces throughout the mine workings (e.g., the
roofs, floors, and walls); (2) gas which is trapped in the strata adjacent to the mined
seams; and (3) underlying seams close to the seam being mined. Commonly cited
global mine emissions estimates range from 25 to 45 teragrams (Tg) of CHy/year,
which corresponds to roughly 10 percent of the total annual CH4 emissions from
anthropogenic sources [5]. A recent report contains emissions estimates as high as
33 to 64 Tg CHy/year [6).

Underground, surface, and abandoned or inactive mines comprise the three
general sources of mine related CH4 emissions. Emissions from underground mines
can be liberated from three sources: (1) ventilation shafts; (2) gob wells; and (3)
crushing operations. Ventilation air, aithough generally containing 1 percent or less
CH,, contributes the majority of mine emissions because of the enormous volume of
air used to ventilate mines. Gob wells are drilled into the area immediately above the
seam being mined. They provide conduits for venting CH4 which accumulates in the
rubble-filled areas formed when the mine roof subsides following longwall mining. Their
purpose is to remove CH4 which would otherwise have to be removed by larger and
more costly shaft ventilation systems. Currently, no published data for the release of
CH, from gab wells exist. However, preliminary data obtained trom the coal mining
industry indicate that gob well CH; emissions could account for a significant fraction
of the total emissions associated with some longwall mines [7). Emissions data for
crushing. operations are also extremely limited.
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In surface mines, the exposed coal face and surface, and in particular areas of
coal rubble created by the blasting operation, are expected to provide the major
sources of CH4. As in underground mines, however, emissions may also be
contributed by the overburden and by underlying strata. Emissions from abandoned
mines may come from unsealed shafts and from vents installed to prevent the buildup
of CHy4 in the mines.

The main purpose of this research has been to develop an improved

methodology for estimating global CH,4 emissions from underground coal mining
- operations and to produce a global emissions estimate using this methodology where
country-specific estimates are not available. The underground mine methodology
integrates data on coal production, coal properties, coalbed CH, contents (i.e., the
volume of CH4 per ton of coal), and coal mine ventilation air emissions from U.S.
mines. The objective was to develop a procedure which can be used to estimate mine
emissions trom generaily available coal analyses and production data where coalbed
CH, data or emission estimates are not available for a country. This procedure will

be brietly described.

Since emissions data are presehtly not available for surface mines, the Air and
Energy Engineering Research Laboratory (AEERL) of the U.S. Environmental Protection
Agency (EPA) has embarked upon a measurements program to quantify CH,
emissions from selected surface mines in the United States for Iater inclusion in this
work. The methodology employed will be discussed. Similarly, virtually no data exist
on emissions from handling operations (i.e., crushing, grinding, transport,” and
storage) although their magnitude will certainly depend, to a large extent, on the
desorption characteristics of individual coals. There are also no data available on
abandoned inactive mines; therefore, AEERL is initiating assessments in both of these

categories.

Since one purpose of producing these estimates of emissions is to identify
appropriate targets for control within the coal industry, it is also necessary to.
evaluate means of mitigating the emissions. Currently the most logical target for
mitigation is underground mines because they are the largest sources of emissions in
the industry and they consist of one or more point sources. The largest source of
emissions from an underground mine is ventilation air but, because of the enormous
volumes of air produced, CH4 concentrations in the air are typically less than 1
percent. No technologies are currently available to make economic use of such dilute
streams. |t is believed that the most effective means of addressing the problem is to
degasity coal seams prior to mining. To make this process more economical the
efficiency can be increased by enhancing the recovery of CHg trom coal. AEERL is
studying a nitrogen-flooding technique developed by the Amoco Production Company
for the coalbed CH4 industry to accomplish this purpose.
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EMISSIONS

Numerous studies have examined the physical relationships which control the
production and release of CH, by coal. These studies have been conducted either to
evaluate the potential of coalbed CH, resources or to enhance the safety of
underground mines. Generally, the studies address one of two topics: (1) factors
controlling coalbed CH,4 content; or (2) factors controlling the concentration of CHyin
the mine atmosphere and mine ventilation air.

Studies in the first group have identified pressure, coal rank, and moisture
content as important determinants of coalbed CH4 content.” Kim related gas content
to coal temperature and pressure, and in turn to coal depth [8]. After including coal
analyses data to represent rank, Kim produced a diagram relating gas content to
coal depth and rank. Although the validity of the rank relationship has been
questioned, it generally appears to have been accepted by recent authors
[8,10,11,12]. independently of Kim's work, Basic and Vukic established the
relationship of CH4 content with depth in brown coals and lignite [13).

Several studies have recognized the decrease in CH4 adsorption on coal as
moisture content increases in the lowest moisture regimes [14,15,16). Moisture
content appears to reach a critical value above which further increases produce no
significant change in CH4 content. Coals studied by Joubert et al. showed critical
values in the range from 1 to 3 percent [16).

Investigations which attempt to identify correlates of CH4 content in coal mine
ventilation air include those by Irani et al. [17] and by Kissel et al. {18). Irani et al.
developed a linear relationship between CH, emissions and coal production depth for
mines in five seams. Kissel et al. demonstrated a linear relationship between CH,
emissions and coalbed CH, content for six mines. Although both studies suffer from a
paucity of mines and/or seams in their analyses, Kissel et al. made the important
observation that mine emissions greatly exceed the amount expected from an
analysis of coalbed CHg4 content alone. Emissions are produced not only by the mined
coal, but also by the coal left behind and by surrounding strata. For the six mines
studied, emissions per ton of coal mined exceeded coalbed CH4 per ton by factors of

from six to nine.
MINE EMISSIONS ESTIMATE

Historically coal mine CH, emission estimates have relied on coal production and
a value for coalbed CH,4 content. The implicit assumption was that emissions were the
same as the CH,4 content of the coal removed from the mine. A recent estimate by
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Boyer et al. [6] took into account the fact that emissions are six to nine times that
expected based on coal CH, content alone. This estimate is considerably more
defensible than earlier ones for this reason. Our study refined the estimation
procedure even further by using a series of regression eguations to predict coal mine
CH, emissions from those coal characteristics known to be related to CHy content:
depth, moisture content, and indicators of rank such as heating value and fuel ratio
(fixed carbon/volatile matter). The first step in the process uses the above coal
characteristics and one of two regression equations, depending upon heating value, o
produce estimates of in-situ coalbed CH, content. The coalbed CH, values along with
coal production statistics are then used in a second regression equation to predict
CH,4 emissions. The equations have R2 values from 0.56 to 0.71 suggesting that the
independent variables used explain 56 to 71 percent of the vanabuhty in the estimated
values. Although the equations were developed using U.S. coal data, they are believed
to be universally applicable since they employ coal characteristics which are known to
control coalbed CH, content. The calculations are generally performed at the basin
level of disaggregation since this is the type of coal data usually available. A detailed
description of the estimation methodology is reported by Kirchgessner et al. [19]. It
produces a global estimate of CH, emissions from underground mines of 36.0
Tg/year. This estimate is believed to be of sufficient quality to obviate the need for
further work on this category of mines.

Very little data exist on which to base estimates of emissions from surface
mines. A single emission analysis has been conducted to date by the EPA at a large
Powder River Basin surface mine in Wyoming [20]. Using open-path Fourier transform
infrared (FTIR) spectroscopy, an emission rate of about 4,814 m3/day was
determined. Using a single coalbed CHy content for the same county and coal seam,
it was estimated that, at the mine's actual coal production rate of 11.8 million tonnes
per year, potential emissions from the mined coal alone should be 1,008 m3/day. This
would suggest, as noted by Kissell et al. [18] for underground mines, that actual mine
emissions exceed, by a factor of about five in this case, the emissions which would be
expected based on coal production and coalbed CH4 content alone.

Rightmire et al. [21), in their study of coalbed CH4 resources in the United
States, report 38 analyses of shallow coals (104 m deep or less) with CH, contents
ranging from 0.03 to 3.6 m3/tonne coal. One analysis of 9.6 m3/tonne for the
Arkoma Basin was not included because it is known to be anomalously high for
shallow coals. Coalbed CH, analyses for shallow coals from other countries are
lacking, so this study is temporarily making the gross assumption that the range of
0.03 to 3.6 m3/tonne coal reflects the CH, content range for shallow coals warldwide.
Multiplying the average value for this range (1 m3/tonne) by 1987 world surface coal
production of about 1.8 x 109 tonnes/year [6), and expanding the results by a factor
of five as discussed above, produces an estimate of about 6.3 Tg/year. Adjusting
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this value upward by 10 percent to represent 1989 coal production yields an estimate
ot 6.9 Tglyear. As additional surface mine emissions are sampled under the EPA test
program, the factor by which actual surface mine emissions exceed expected
emissions may change, in which case this portion of the emissions estimate will require
modification.

No data were found on CH, emissions from handling operations. Boyer et al.
[6] estimate that 25 percent of the CH4 contained in the mined coal is released during
post-mining operations. There is no compelling reasen not to follow this precedent for
now; theretore, coal handling emissions were estimated by assuming that 25 percent
ot the in-situ CH,4 content for all coal produced is released in post-mining operations.
If warranted after further EPA investigation, these assumptions will be adjusted.
- Country-specific results of underground mine estimates are shown in Table 1.

TABLE 1. SUMMARY OF ESTIMATED GLOBAL METHANE EMISSIONS FROM COAL MINES FOR 1989
e e e
. 1980

Ungsrground Coabes Methane vaiups
Mine Coal 3 .
Proguction (m Aonne) Emissions
6 Disaggregason 6 3
Country {10 lonnas) Level ‘Average Maximum Minmum {10 m Ay} (Te/yr)
China 1,053 21 Provinces 4.0 13.9 2.7 12,942 9.3
Former Soviet Union 418 6 Basins 5.6 9.2 2.2 11,045 7.9
Poland , 181 3Basinn 7.8 7.8 7.7 5,013 3.6
United States , 356 19 Basins 3.9 11.4 0.2 4,871 3.5
United Kingdom 717 12Basins 6.0 18.4 0.3 1,756 1.3
West Germany 73 4 Basins - . . 1,529 1.1
Australia 59 3Basins 46 7.1 2.1 1.529 1.1
India 95 8States 2.0 4.7 0.3 935 0.7
South Africa 115 4 Basins 0.9 1.4 0.6 963 0.7
Country Tota! 2.421 40,583 29.2
Rest of World 567 9,487 6.8
Total (Underground) - 2.988 o 50,070 36.0
Total (Surface) 9,629 6.9
Total (Handiing) ! ' } 3,770 2.7
Total ' 63.469  45.6

*1990-1991 Production
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SURFACE MINE EMISSION MEASUREMENT

A fundamental goal of the sampling methodology is to obtain an emission rate
for.total CH, emissions from a surtace mine. The heterogeneity and size of the
source called for a creative measurement approach. Since smoke releases show that
emissions from surtace mines ditfuse out of the pit in the direction of the prevailing
winds, a near-ground-level concentration measurement downwind from the mine is
used to estimate a total CH, emission rate for the mine. A CHs measurement of the
cross-wind-integrated concentration of the plume at near-ground level is made using
an open-path Fourier transtorm infrared (FTIR) sensor. Using this near-ground-level
concentration measurement and a measured background or natural ambient CH,
concentration, the total mine release is estimated using an appropriate plume
dispersion model. If site-specific plume dispersion characteristics can be determined,
they can be used in the model to more accurately represent the behavioral
characteristics of the plume at a given site. Using a tracer gas, these site-specific
plume characteristics can be estimated as described below.

A tracer gas release can be assumed to be a continuously emitting point
source. Based on this assumption and on the results of the smoke release studies
conducted at strip mines,- standard Gaussian dispersion equations can be applied.
When the standard Gaussian equation is integrated across the y direction (y is
assumed to be in the direction normal to the wind direction) from - e 10 + s, the
following reiationship can be developed [22]:

Ccw = 20 exp [-1/2{H/c;)2) (1)
(2rn)12u o,

where,

ground-level cross-wind-integrated concentration (g/m2)

emission rate (g/s)

= average wind speed (m/s)

vertical dispersion coefficient (m)

effective emission height of plume centerline above ground level (m)

Cow
Q
u

T
]

For a ground-level source such as a tracer release at a surface coal mine, H is
effectively equal to zero so the exponent of the expression is equal to 1. Thus,
Equation (1) can be simplified to:
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Cewi = 2Q (2)
- (2n)12u o, ~

"~ Equation (2) can be used to obtain site-specific o, values for a mine it the
values of the remaining unknowns can be determined. Specifically, o, can be
determined for the plume given: (1) a measured tracer gas concentration (Ccw)
from an FTIR sensor; (2) a measured value of u from a meteorological station located
near the FTIR path; and (3) a known release rate Q from a tracer gas source, such
as a metered gas cylinder located at the mine. To use this technique to estimate
total mine emissions, a number of o, values must be determined based on tracer gas
releases conducted -at several different distances upwind from the monitoring path.
These resulting values are used to construct a relationship of o, versus distance from
the path for the area source. All tracer gas releases used to determine this o,
relationship should be conducted as close in time as possible because atmospheric
stability may change, thus changing the o, relationship.

A similar and somewhat simpler technique can also be used to assess plume
dispersion characteristics using fewer tracer gas measurements. Given measured
values for the tracer gas release rate Q, tracer release location, wind speed u, and
wind direction, an appropriate area source plume dispersion model can be used to
predict Ccw for the tracer gas piume. The mods! is run to predict concentrations of
the tracer gas at various points along the FTIR monitoring path. These predicted
concentrations are integrated using the trapezoidal rule to caiculate a path-
integrated concentration or Ccw) for the FTIR monitoring path. The model is run seven
times, once for each of the seven Pasquill-Gifford (P-G) atmospheric stability classes
[22). These varying P-G assumptions, which incorporate the influence of o, simulate
increasing atmospheric stability and its effect on the dispersion of the tracer gas
plume. Since several model results are produced, a range of Cew,; values are predicted
under varying degrees of atmospheric stability. The predicted Ccw) value which most
closely matches the Ccwi measured by the FTIR is used to define the P-G atmospheric
stability class which occurred during the tracer gas monitoring event. If simuitaneous
CH, measurements are also collected during this monitoring event, this stability
assumption is applied to the CHs plume. The model is then run assuming a unity
emission rate for CH,4 (i.e., a homogeneous release rate of 1 g/m2-sec) and the P-G
stability determined as described above. The model is run to predict concentrations
ot CH, at various points along the FTIR monitoring path. By again applying the
trapezoidal rule to these predicted point concentrations, a path-integrated
concentration or Cew for the assumed homogeneous release is predicted along the
FTIR monitoring path. Of course the FTIR is actually measuring a path-integrated
concentration due to a heterogeneous emission release pattern from the coal seam.
However, this measured value is comparable to the concentration determined from
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the model for an assumed homogeneous release because the FTIR measurements
integrated or 'averaged out' the variable concentrations which exist in the plume from

the mine.

The actual CH4 release rate for the mine is then calculated using the simple
relationship shown below where Qpredicteq) IS the unity emission rate for CH,.

Q(acxual) Concentraﬁon(measured)
o(pradlcted} Concen"aﬁon(predzc!ed)

This technique is used to estimate CH, release rates in this study. The Point Area and
Line (PAL) source model is used to predict point concentrations along the
measurements path as described above [23]. A non-reactive gas, sulfur hexafluoride
(SFe), is the tracer gas used. Use of a synthetic trace gas such as SFg is important
to the determination of plume dispersion characteristics because it is non-reactive,
does not naturally occur, and there is no background concentration 1o cause potential
interferences.

Applying this methodology at a large, strip mine in the Powder River Basin of
Wyoming produced a CH, emission rate of 4,814 m3/day. An important observation
was, as in underground mines, that actual emissions exceed expected emissions by a
tactor of about five in this instance. Details of the methodology have been discussed
previously by Piccot et al. [ 24 ] and Kirchgessner et al. [20]. A validation study of
the methodology designed to answer questions raised during the first sampling trip
has recently been completed and the data are being analyzed.

COAL MINE METHANE MITIGATION

AEERL is participating in a demonstration of the Amoco Production Company's
nitrogen-fiooding process to enhance the recovery of CH, from coal seams. Although
Amoco’s interest in developing the technology is focused on CH, as the saleable
resource, the methods involved will translate fully from the coalbed CH,4 industry to
the coal mining industry. The goal of the project is to demonstrate that the 50
percent average CH,4 recovery rate from coal seams using current practice can be
increased to 80 percent or more using nitrogen flooding. The final objective of the
Laboratory's involvement is to transfer the practice to the coal industry as needed.
The enhanced recovery, if achieved in a premine degasification program, will allow a
mine to reduce its costly ventilation air requirements, and to retrieve more CHy for
utilization or sale for a given drilling-cost. In this fashion a consistent program of
premine degasification may become not only less costly, but an actual economic
benefit.
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In conventional reservoirs CH, is contained as a free gas. In contrast, CHg in
coal seams is stored as a gas adsorbed on the internal micropores of the coal
matrix. The conventional practice of recovering coalbed CH, is to reduce total
reservoir pressure by pumping water out of the coal. Some CH, desorbs from the
coal surtace, migrates through the micropores to the cleat or fracture system, and
then travels to the recovery well along with the water. Although the system is simple
it is inefficient because at the lower economic limit of pumping, about 150 psi
(1000kPa), as much as 50 percent or more of the original CH, may remain in the coal.
An additional drawback to reducing the total reservoir pressure is that the driving
torce for gas expulsion is lost.

An alternative to reducing the total reservoir pressure is to reduce the partial
pressure of CH, by introducing an inent, low-adsorbing gas at a constant pressure
[25). Partial pressure of a compaonent is equal to the total system pressure multiplied
by the component’'s mole concentration in the gas phase. Therefore the injection of
nitrogen reduces the relative concentration ot CH4 and hence its partial pressure while,
in some cases, increasing total reservoir pressure. Laboratory studies have shown
CH, recoveries of over 80 percent as well as significantly enhanced rates of recovery.
Modeling studies suggest that the cost of nitrogen is more than offset by the
improvement in production. ‘

The demonstration tract is located in the northern portion of the San Juan
Basin, approximately 9 miles (14.5 km) southeast of Durango, Colorado. The source
of the CH4 is in the coals of the Upper Cretaceous Fruitland formation at a depth of
about 2800 feet (853.5 m). The tract is 80 acres (32.5 hectares) in size with four
injection wells located at the four corners of the tract, and a recovery well located
approximately in the center of the tract. The objective is to demonstrate an
economic CH, recovery rate of 80 percent or better using nitrogen flooding, with
minimal or no effects on neighboring wells. The project began in the summer of 1992.

SUMMARY

AEERL is actively involved in a program of estimating and measuring global CH,
emissions from coal mines, and of developing mitigation technology for underground
mines should control of this source be deemed prudent. The estimation of emissions
from underground mines is regarded as complete and has produced a value of 36.0
Tg/year. Emissions from surface mines were estimated to be 6.9 Tg/year using a
single measured value. A sampling campaign at selected surface mines will be
conducted using an open-path FTIR instrument and dispersion modeling. It necessary
the estimate for surface mines will be adjusted using these data. Emissions from coal
handling operations were estimated using a technigue from the literature, but
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emissions from abandoned/inactive mines have not been addressed. Programs are
underway in both of these areas and the current giobal estimate of 45.6 Tg/year will

be modified as appropriate when they are complete.

A technology for enhancing the recovery of CHy from coalbeds is being
demonstrated. It is expected that the increased efficiency will improve the economics
of premine degasification and provide a reasonable method of mitigating CH4 from
underground mines should control of these sources become advisable.
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Emissions and Mitigation
of Methane
from the Natural Gas Industry

Robert A. Lott
Gas Research Institute
8600 W. Bryn Mawr Avenue
Chicago, Illinois 60631

ABSTRACT

The Gas Research Institute and the U.S. Environmental Protection Agency are
cofunding and comanaging a program to evaluate methane emissions from U.S. natural
gas operations. The purpose of the program is to provide an emissions inventory
accurate enough for global climate modeling and for addressing the policy question
of "whether encouraging the increased use of natural gas is a viable strategy for
reducing the U.S. contribution to global warming.® The program is composed of
three phases: Scoping, Methods Development, and Implementation.

The purpose of Phase I was to define the problem. Phase II of the program
concentrated on developing techniques for measuring steady or fugitive emissions
and for calculating the highly variable unsteady emissions from the variety of
sources that comprise the gas industry. Because of the large number of sources
within each source type, techniques were also developed for extrapolating
emissions data to similar sources within the industry.

Phase III of the program was started in early 1892 and should be completed in
early 1954. The purpose of the current phase of the program is to collect
sufficient data to achieve the accuracy goal of determining emissions to within .
+ 0.5 percent of production.

Based on the limited amount of data collected to date, methane emissions from the
U.S. gas industry appear to be in the range of 1 percent of production.
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SECTION 1.0

INTRODUCTION

The combustion of natural gas produces less carbon dicxide per unit of energy
generated than either cil or coal. For this reason, a number of organizations
have suggested that global warming could ke reduced by encouraging fuel switching.
However, methane is a more potent greenhouse gas than carbon dioxide. Since
natural gas is approximately 90 percent methane, leakage of natural gas could
reduce or even eliminate the inherent advantage that natural gas has because of
its lower carbon dioxide emissions. :

In order to accurately evaluate the impact of various fuels, the emissions of all
greenhouse gases must be considered as well as the end use efficiency. 1In such
an analysis, two major issues have been identified: The magnitude of the methane
emissions for each fuel (coal, gas, and oil), and the impact of methane relative
te carbon dicxide; i.e., the global warming potential (GWP) of methane. The
uncertainty surrounding these two issues overwhelms all other considerations. For
this reason, the Gas Research Institute (GRI) and the U.S. Environmental
Protection Agency (EPA) have developed a jointly funded and managed program to
better define emissions from the U.S. gas industry. It is a comprehensive study
to quantify methane emissions from the wellhead to and including the customer's

meter.

The goal of the study is to determine emissions to within 0.5 percent of
production or approximately 100 billion cubic feet (BCF)* per year.

The purpose of this paper is to describe the GRI/EPA program, present interim
results, describe future work, and discuss mitigation strategies. These four
topics also comprise the four major subsections of the paper.

* English units are used in this paper because it is the accepted practice in the
U.S. gas industry. The table below can be used to convert from English to
metric units.

- Conversion Table

FROM TO MULTIPLY BY
ft m 0.3048 |
& fe? m 0.02832
1b kg 0.4536
hp watts 745.7
mile km 1.610
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SECTION 2.0

DISCUSSION

GRI/EPA .Program .

The GRI/EPA program is divided into three phases:

Phase I Scoping
Phase 1II Methods Development
Phase III Implementation

Phase I

Scoping studies were conducted by GRI and EPA independently, before
the formation of the joint program. It was clear from these
scoping studies that three major problems needed to be solved in
order to quantify methane emissions from the U.S. gas industry.

First it was recognized that all types of emissions could not be
measured. Steady emissions -- which are defined as emissions that
are nearly constant in time such that a measurement made over a
relatively short period (1 hour) is representative of the annual
average value -- can be evaluated by measurement. However, it
would be impossible, certainly impractical, to try to measure
unsteady emissions; i.e., those that are highly variable with time.
Therefore, techniques needed to be developed to calculate the
unsteady emissions from all the different source types.

The second problem was that proven techniques for measuring the
steady emissions from the different source types were not
available. New techniques needed to be developed and validated.

Lastly, it was clear that, even if methods for calculating the
unsteady emissions and measuring the steady emissions were
available the emissions from all sources could not be evaluated
because the number of sources was overwhelming. For example, there
are a guarter million gas wells, over a million miles of pipe, and
hundreds of thousands of pressure regulators. Because emissions
from all these sources could not be measured, scientifically
defensible techniques needed to be developed that would allow data
obtained for a set of sources to be extrapolated to similar sources
throughout the industry.

In summary, the scoping studies established that three major tasks
needed to be accomplished in Phase II or the Methods Development
Phase of the program. These are to develop methods for:

° Measuring Steady Emissions

° Calculating Unsteady Emissions
¢ Extrapolating Emissions Data
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2.1.2 Phase II

The block diagram in Figure 1 illustrates the approach taken in the program.
The gas industry was disaggregated until techniques could be identified for
evaluating emissions from the various types of sources. In some cases
emissions from the basic components of the industry (e.g., pipes, valves,
flanges) needed to be considered. It was necessary to develop technigues not
only for measuring the steady emissions from these sources, but also for
calculating the unsteady emissions. In addition, accuracy targets for the
emissions data from each source had to be established.

Accuracy targets were established in such a way that, if the target is met
for each source, the overall accuracy of the program (+ 100 BCF) would
automatically be achieved. 1In addition, the accuracy target is established
as a function of the size of the source. A higher degree of accuracy is
required for the larger sources, and this approach provides an automatic
mechanism for apportioning the needed resources to the most important
sources.

The flow chart for Phase II is presented in Figure 2. The first step is to
gather information on the gas industry in orxder to better define and
understand the problem to be solved. Developing methods for measuring,
calculating, and extrapolating emissions proceeded along parallel tracks.
The last step of the process is to validate the methods developed. The
experimental methods were validated by conducting a "proof of concept® test
not only to demonstrate that the method worked under controlled conditions,
but also to establish error bounds. The technique was then demonstrated in
the field by measuring emissions from actual sources. The methods for
calculating the unsteady emissions and for extrapolating the data were
validated by documenting the methods and subjecting them to a critical review
by experts. 4

Measurement Techniques

Developing techniques for measuring steady emissions from all the different
types of sources has presented the most difficulty. Figure 3 lists the five
techniques that have been developed for measuring emissions from the
different segments and source types comprising the industry. The essence of
each method is described below.

Emission Factor Approach This approach is used to determine emissions from
different source types based on measurements of emissions from individual
pipe fittings such as valves, flanges, seals, and threaded fittings.
Emissions from a large number of fittings are measured and an emission factor
(i.e., average emission rate per fitting) is determined for each fitting
type. Emissions from a source are calculated by multiplying the number of
fittings comprising the source by the appropriate emission factor. The
emissions are measured using the bagging technique; i.e., enclosing the leak
in a bag, blowing uncontaminated air through the bag at a constant rate, and
measuring the concentration in the stream. The emission rate is the product
of the flow rate and concentration.
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Correlation Equation Technique Like the Emission Factor Approach, this

technique is based on measuring emissions for individual pipe £fittings.
However, a screening value is also obtained. The screening value, which is
the maximum concentration measured on the fitting at the point of the leak,
is correlated with the emission measurement. To determine the emissions from
a specific source, the concentration measured from every leaking fitting is
used with the correlation equation to calculate the emission rate for each
fitting. The emissions from all the fittings comprising the source are
summed to obtain the total value.

Tracer Gas 1In this approach, a tracer gas is released at a known constant
rate at the methane source, and the concentration of both the tracer gas and
the methane is measured at a point downwind where these gases are uniformly
mixed. The emission rate of the methane source (Ey) is calculated from the
expression E, = (Cy/Cs)Ey, where Cy is the methane concentration corrected for
background, C; is the tracer gas concentration, and Ey is the emission rate
of the tracer gas.

Leak Statistics Method This methcd is directed toward evaluating emissions
from buried pipelines in distribution systems and gathering lines in
production fields. Emission rates are measured for a large number of leaks
in order to accurately determine the average emission rate per leak as a
function of pipe material, age, pressure, and soil characteristics.

The 1leak data recorded by individual gas distribution companies are
statistically analyzed to determine the actual number of leaks in the system.
Total emissions from the underground pipe system are calculated by
multiplying the appropriate average emission rate per leak by the number of
leaks per mile and the number of miles of pipe in each category.

Mass Balance Approach This method uses the existing metering system to
perform a mass balance. The difference between the amounts entering and

leaving a system is equal to the amount leaked to the atmosphere plus an
error term. The key to the technigque is to minimize the error. This can be
accomplished by carefully selecting the site and by calibrating and
characterizing the meters in the system.

Calculating Unsteady Emissions

Techniques for calculating the unsteady emissions are described in Reference
1. ;

Emissions from a given source can ‘be caused by any of the following
actcivities:

Normal operations,
Maintenance,
Upsets,

Mishaps,

Leaks, and
Combustion.
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Because the technique for calculating the unsteady emissions is dependent on
not only the type of source, but also the cause of the emissions, as many as
six equations are needed to specify the unsteady emissions from a given
source type. ‘

Initial studies indicated that emissions from compressor exhaust and venting
activities accounted for nearly 98 percent of the unsteady emissions.
Therefore, Radian Corporation, the contractor for this portion of the work,
focused their resources during Phase II on these two categories.

Extrapolation Technigque

Emission and activity factors will be used to extrapolate the measured or
calculated emissions data. These factors are defined in such a way that
their product will be equal to the total emissions from a given source type
or category.

In the simplest case, the emission factor would be defined as the average
emission rate calculated from a large number of measurements of randomly
selected sources of a given type. The activity factor would then be the
number of sources within the U.S. For example, total U.S. emissions from
pressure regulating and metering stations could be calculated by multiplying
the emission factor, which would be the average emission rate (cubic
feet/station-year), by the activity factor, which would be the total number
of stations.

In applying the approach, two major problems can be encountered. The first
is that the variability in the emissions data is very large which could mean
a very large number of expensive tests would be required to achieve the
desired accuracy target. This problem can often be alleviated by presenting
the emission and activity factors as a function of other parameters that
affect the emission rate.

The second problem is that the sources tested cannot be randomly selected for
a number of practical reasons. This can induce bias in the results. The
bias can often be found through an analysis of the data. For example, Table
1 presents the measured emission rate from 39 pressure regulating and
metering stations along with the emission and activity factors and the
extrapolated emissions for this source type. The extrapolated emissions for
this source category are 140 BCF. However, if the data are subdivided into
two categories (pressure regulating stations, and regulating and metering
stations), the estimated emissions for this category decrease to 81 BCF. 1If
these categories are then subdivided into discrete operating pressure ranges,
the estimated emissions decrease to less than 27 BCF. The bias, which was
caused by testing a disproporticnate number of high pressure facilities, can
be removed by refining the emission factor. As shown in Table 1, the
extrapolated emissions decreased by over a factor 5 as a result of analyzing
the data to refine the emission and activity factors.
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2.2 Results
2.2.1 Measurement Techniques

As part of the process to develop and validate experimental techniques, tests
were conducted to first prove the concept. These tests were then followed
by a series of demonstration tests to verify that the technique could be used
to measure emissions from specific types or groups of sources. The purpose
of the Phase II effort was to develop and validate methods, not to collect
data on a wholesale basis.

Proof of Concept Tests

Emissions_ Factor/Correlation Equatiopn Method These methods are standard
techniques approved by EPA (Reference 1) for measuring fugitive or steady
emissions from ©il, gas, and chemical production and processing facilities.
The methods were originally developed based on data collected in the late
1970's. Because the validity of these data has been questioned, tests were
conducted in the spring of 1990 at a gas/oil production site. Although the
test program was limited, it was determined that the emission factor approach
over estimated emissions by a factor of S5 to 20, that there was large
uncertainty in the correlation eguation approach, and that an extensive data
collection effort was required to develop new emission factors and to select
the proper correlation equation from the many found in. the literature
(Reference 2).

Tracer/Proof of Concept Test A proof of concept test was conducted by SRI
International to demonstrate that a tracer gas could be used to measu