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U.S. - Japan Sclence and Technology Agreémenit

Second Workshop on Global Change Research:
Environmental Response Technologies

rebruary 1-3, 1993
East-West Center
Bonolulu, Hawaii

Workshop Communique

The Joint High Level Committee of the U.S. - Japan Science and Technology
Agreement, Co-Chaired by the Assistant to the President for Science and Technology
in the U.S., and the Minister of State for Science and Technology of Japan, have
identified leading areas of scientific research of interest to the two countries. One of
the major areas of importance concerns joint research on high priority scientific and
technical questions related to global change, including development of response
technologies. The Liaison Group on Global Geosciences and Environment of the
Joint Working Level Committee of the U.S. - Japan Science and Technology
Agreement scheduled a Second Workshop on Cooperative Research on Global
Change to focus on response strategies, including technologies related to global
change mitigation and adaptation. The First Workshop was held in November, 1991,
in Tsukuba, Japan, and focused on climate and hydrologic cycles, ecological
systems and dynamics, and global change interactions in polar regions.

The Second U.S. - Japan Workshop on Global Change: Environmental Response
Technologies for Global Change was hosted by the Program on Resources at the
East-West Center, in Honolulu, Hawaii on February 13, 1993, on behalf of the United
States Committee on Earth and Environmental Sciences (CEES) of the Federal
Coordinating Council for Science, Engineering, and Technology (FCCSET). This
workshop brought together over fifty leading scientists from the two countries to
review existing technologies and to identify needed research on the development of
new technologies for mitigation and adaptation of global change. The Workshop was
organized around three areas of research: (f) capture, fixation/utilization, and
disposal of CO, (e.g. CO, separation and capture technologies, ocean and land
disposal of CO,); (i) energy production and conservation technologies to reduce
greenhouse gas emissions (e.g. combustion efficiency, non-carbon based energy
technologies, energy conservation technologies); and (jiii) adaptation technologies
and practices related to global climate change (e.g., adaptation responses of crops to
climate change, adapting urban infrastructure for climate changse). Priorities for joint
research in each of these areas were discussed,

The Workshop recognized the importance of existing bilateral agreements between
the U.S. and Japan which are relevant to the topics of discussion. The Workshop
recommended that these agreements be reviewed for their relevancy to these topics
and strengthened where necessary. The Workshop also suggested that the two
countries review the need for additional bilateral agreements in some areas.
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The Workshop strongly recommended that the two countries continue to foster joint
research and scientific discussion, recognizing the potentially critical contribution that
Japan and the U.S. can make to international global change research efforts in
evaluating potential options for responding to climate change.

Both the United States and Japan are parties to the Framework Convention on
Climate Change, the ultimate objective of which is "o achieve ... stabilization of
greenhouse gas concentrations in the atmosphere at a level that would prevent
dangerous anthropogenic interference with the climate system.* The Convention
also encourages cooperation among the developed nations to achieve the objectives
of the Convention.

The Workshop, through its Co-Conveners, herewith forwards the Workshop ﬁeport to
the Liaison Group on Global Geosciences and Environment for consideration by the
Joint Working Level Committee and the Joint High Level Committee.

Signed on February 3, 1993, by the U.S. Co-Conveners of the Second U.S. - Japan
Workshop on Global Change Research:

festm. Sinn

Robert M. Simon

Principal Deputy Director
Office of Energy Research
U.S. Department of Energy
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Gary R. Evans

Special Assistant

Global Change Program Office

U.S. Department of Agriculture

Co-Chair, CEES Working Group on
Global Change Assessment

Signed on February 3, 1993, by the Japanese Convener of the Second U.S., - Japan
Workshop on Global Change Research:

@{Qﬁa«@\

Osayuki Yokoyama

Director-General

National Institute for Resources and Environment
Agency of Industrial Science and Technology
Ministry of Intemational Trade and Industry
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SECOND U.S./JAPAN WORKSHOP ON GLOBAL CHANGE:
ENVIRONMENTAL RESPONSE TECHNOLOGIES
(MITIGATION AND ADAPTATION)

OVERVIEW OF WORKSHOP:

The second U.S.-Japan Workshop on Global Change was planned and organized under
the aegis of the U.S./Japan Science and Technology (UJST) Agreement. The High
Level Committee for the UJST decided in 1989 to support the conduct of U.S./Japan
workshops to encourage joint research on high priority scientific and technical
questions related to global change. The second global change workshop under UJST
was hosted by the U.S. Committee on Earth and Environmental Sciences (CEES) on
February 1-3, 1993, and held at the East-West Center, in Honolulu, Hawaii. The
subject of the Workshop was Environmental Response Technologies (Mitigation and

Adaptation). '
It was agreed that the workshop should:

[ identify areas in which cooperative research and information exchange
on environmental response technologies and practices related to global
change would be productive;

o identify topics of high scientific interest and needed research within each
area; and
° identify potential mechanisms of research cooperation for consideration

by both governments.

Participants in the Workshop included more than fifty scientists from Japanese and
U.S. research institutions, universities, and government agencies. The Workshop was
chaired by Drs. Robert Simon from the U.S. Department of Energy (DOE), Gary Evans
from the U.S. Department of Agriculture (USDA), and Osayuki Yokoyama from
Japan’s National Institute for Resources and Environment (NIRE). The Workshop
participants divided into Working Groups to address three areas of speclal emphasis:

l. CO, Capture, Fixation/Utilization, and Disposal (Working Group 1)

in. Energy Production and Conservation Technologies To Reduce
Greenhouse Gas Emissions {(Working Group )

M.  Adaptive Technologies and Strategies, e.g., urban infrastructure, forest
management, adaptation of crops to climate change {(Working Group lll).
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Dr. Frederick Bernthal, Chair of the CEES, gave the keynoté address in which he
reaffirmed the commitment of the U.S. toward global change research and the
continuation of collaborative work with Japan in this area. Dr. Yokoyama presented
a plenary address in which he showed the present status of research activities in
Japan and introduced the Japanese New Earth 21 Project. Dr. Simon, in his plenary
address, pointed out the need for symmetrical technological benefits to the U.S. and
Japan from any cooperation in environmental technologies.

Working Group | identified ocean disposal of CO, as the most fruitful research area for
cooperation. Research on CO, capture was also identified as offering significant
opportunities. However, current methods are likely to be both expensive and energy
intensive, and methods to lower capture costs need to be studied. Although Japan
has a very active program in CO, fixation and utilization, the participants suggested
that these methods will require a long-term commitment to yield desired benefits,
since utilization is feasible for only a small fraction of the CO, produced, and fixation
requires a large outside energy source.

Working Group Il concentrated on six key areas of emission reduction technologies:
(1) energy conservation, (2) coal combustion and advanced gas turbines, (3) fuel cells,
(4) energy from biomass, (5) other renewable energy, and (6) transportation. The
Working Group proposed that information be exchangéd between the U.S. and Japan
to provide an initial indication of the state of technology development in each country
on integrated gasification combined cycle (IGCC) and pressurized fluidized bed
combustion (PFBC). The Working Group also concluded that use of renewable
biomass energy can play a greater role in addressing global warming than growing
biomass solely for carbon sequestration. Collaboration between the U.S. and Japan
in the area of high-pressure biomass conversion was proposed.

Working Group Il also recommended that information be exchanged on non-proprietary
areas related to fuel cell development, such as the research on the potential impact
of fuel cells on global CO, emissions and the economics of, and government
incentives for, fuel cell development and deployment. Recognizing the potential for
reducing CO, emissions through the electrification of vehicles, the group
recommended international cooperation in the development of standards for electric
vehicles. The Working Group proposed that a shared database be developed on
energy efficiency/conservation practices and their costs and benefits to assist with the
development of common perspectives on renewable energy options.

The focus of discussions in Working Group Il were on adaptation of urban
infrastructure and agricultural systems to climate chanige. The Group discussed how
to protect and/or manage agricultural and forest systems to reduce their contribution
as a source of greenhouse gases and to enhance their role as a sink. Joint research
was proposed in studying crop response to climate change.




Group Il further recognized the need by developed countries such as the U.S. and
Japan to acquire new knowledge aboutthe organization and design of energy-efficient
cities capable of sustaining a mixed system of energy production, and minimizing
energy costs associated with residential, industrial, and recreational activities, and the

movement of people.

The results and recommendations of each of the Working Groups are summarized in
this report which will be forwarded to the Liaison Group for Global Geosciences and
Environment for their approval and further conveyance to the Joint Working Level and
High Level Committees for their consideration and approval.
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SECOND U.S./JAPAN WORKSHOP ON GLOBAL CHANGE:
ENVIRONMENTAL RESPONSE TECHNOLOGIES
(MITIGATION AND ADAPTATION)

February 1-3, 1993

WORKING GROUP SUMMARIES

SUMMARY REPORT OF WORKING GROUP |
CO, CAPTURE, FIXATION/UTILIZATION, AND DISPOSAL

INTRODUCTION

The topics of our working group were divided into four key areas: CO, Capture,
Utilization/Fixation, Ocean Disposal, and Land Disposal. Fourteen presentations

were made as follows:

CO, Capture: Toshikatsu Hakuta (Japan) and Rod Judkins, Bruce St. John,
and Alan Wolsky (US).

Utilization/Fixation: Hironori Arakawa, Yasuo Asada, and Takashi Ibusuki
{Japan) and Ed Lipinsky (US).

Ocean Disposal: Yuji Shindo (Japan) and Eric Adams, Gerard Nihous, and
Wheeler North (US).

Land Disposal: Shoichi Tanaka (Japan) and Roger Bailey {US/Canada).

Co-chairs for this working group were Toshikatsu Hakuta (Japan) and Howard
Herzog (US).

This document contains only a summary outline of research needs in the area of
CO, capture and sequestration. It should be used in conjunction with other
assessments made in this area. For the U.S., a DOE report entitled A Research
Needs Assessment for the Capture, Utilization and Disposal of Carbon Dioxide from
Fossil Fuel-Fired Power Plants will be forthcoming in 1993.

GENERAL R&D NEEDS

The area most fruitful for cooperation is Ocean Disposal research because both the
U.S. and Japan agree that this is a high priority topic for CO, capture and
sequester research and that it is a large and costly research area that would greatly
benefit from collaboration. The general R&D needs for all four CO, capture and

sequestration areas are outlined below.
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The feasibility of CO, capture has been proven, but it is both expensive (almost
doubles the cost of electricity for a coal-fired power plant) and energy intensive
(reduces coal-fired power plants overall efficiency by about 35%). Research needs
to focus on lowering these costs by developing better separation techniques and
optimizing plant designs (e.g. through integrating the power plant with the capture
plant). One way to significantly lower capture costs is to introduce new power
plant technology like Integrated Gasification Combined Cycle power plants and/or
fuel cells. However, the working group reached no consensus on whether to focus
research on retrofitting existing power plants or working with new plant designs.

The area of CO, fixation and utilization is an area Japan is very active in, with
research into biological and artificial fixation. In the U.S., opinions are diverse with
regard to the promise for using this route for CO, capture and sequestration
because CO, utilization will use only a small fraction of the CO, we produce and
CO, fixation requires a large outside energy source. However, in a broader sense,
the U.S. finds some of this research important and is supporting research in this
area for reasons other than CO, capture and sequestration. Examples include
artificial photosynthesis and catalyst development (e.g. to convert water to
hydrogen and oxygen). Research in this area will require a long-term commitment
to yield the desired benefits.

The weakest link in CO, capture and sequestration schemes is deciding what to do
with the CO, once it is captured. Ocean disposal is a promising solution, but many
questions must be resolved before it becomes feasible. Many ocean disposal
schemes have been proposed, but their feasibility has not been proven with
respect to cost, time of CO, sequester, and environmental effects. Japan has
focused on deep injection schemes, which would maximize residence time for the
CO,, but is relatively costly. The U.S. has focused on shallower injection schemes,
which would have reduced costs. There is much room for fruitful collaboration in
this area, ranging from research on basic issues like determining CO, hydrate
kinetics and properties to large scale pilot projects, where cost sharing would
greatly benefit both sides.

Of all the disposal options, storage of CO, in active or depleted oil and gas
reservoirs-is the most promising disposal option, where available. Storage in
aquifers may be viable, but little is known about this land disposal option or its
feasibility. The U.S., with its large land mass and its predominantly sedimentary
geology has many Iand disposal options. Japan, with its relatively small land base
and volcanic geology, does not. However, the U.S. and Japan can find some
common interest in helping develop Enhanced Oil Recovery (EOR) with CceC,
sequester in some of the world’s oil production areas, like the Middle East or Asia.
In the long-term, exporting CO, mitigation technology to the third world will be
essential for controlling the atmospheric build-up of greenhouse gases.




MECHANISMS FOR COOPERATION

Since it is unrealistic to expect an immediate dramatic increase in U.S. research
funds in the area of CO, capture and sequestration, we propose the following
mechanisms for initial collaboration in the near-term, which can be accomplished at
modest cost and will allow for our interactions to increase as the research
programs in this area increase.

1. Information Exchange. Information exchange can include workshops on
areas of mutual interest (e.g. ocean disposal) and establishing a visiting
scientist/engineer program for both short-term (month or less) and long-term
(up to 2 years) durations.

2. Coordination of Research currently on-going in both countries. For
example, research into CO, hydrates is a good example of a program that
would fit into this category. This field is quite large and would benefit from
research coordination, instead of both countries "reinventing the wheel".

3. Joint Research with funding from both countries on projects modest in
scope (less than 1 year duration). An example of an appropriate project for
joint funding is to define the required purity specifications for the captured
CO, stream for a variety of disposal options.

4. Joint Projects that are large in terms of expense and duration. The
project identified as most appropriate in this area is the building and
operating of an ocean disposal pilot plant for the purpose of field testing
various ocean disposal strategies and their environmental effects.

The working group brought up three areas of concern that need to be addressed
before a successful joint program can be implemented:

1. Japan has a strong research program currently on-going in the area of
CO, capture and sequestration with well-defined goals and well funded
programs. The U.S. research in this area to date has been ad-hoc, with
minimal funding coming from a variety of sources, including some funding
from Japan. The U.S..-needs to define the role and priority of CO, capture
and sequestration as a greenhouse gas mitigation option.

2. Carbon dioxide capture and sequestration is only one of several
mitigation options. CO, capture and sequestration must be integrated into
an overall greenhouse gas mitigation program.

3. Other countries such as the Netherlands and Norway have aggressive
research programs in this area. Also, an international program under the




auspices of the International Energy Agency is in existence. Bilateral
cooperation between the US and Japan should complement these efforts
and, where appropriate, the collaboration should be expanded to include
other countries.
SPECIFIC AREAS FOR COOPERATION
Attached are eight specific proposals for proposed U.S./Japan cooperation. As
stated earlier, ocean disposal research is the most fruitful area for cooperation,
with CO, capture also offering significant opportunities. On the other hand, land
disposal research offers few opportunities because of the very different conditions
in the U.S. and Japan. Utilization/fixation also offers opportunities for
collaboration, but their scope is beyond the strict bounds of CO, capture and
sequestration.
Research areas for information exchange:
- CO, hydrate research
- Environmental benefits of CO, EOR
- Hydrogen from water using new catalysts
- Utilization of CO, using natural and artificial photosynthesis
Areas for research coordination:

- CO, hydrate research

- Separation methods, particularly membrane separation, of H,-CO,
and N,-CO,

Joint research projects:

- Determine allowable impurity levels for CO, capture product for
various disposal methods

- Space shuttle experiment on catalytic conversion of water to
hydrogen

Joint research program (may be multilateral):

- CO, ocean disposal pilot plant




SUMMARY REPORT OF WORKING GROUP I
REDUCTION TECHNOLOGIES

It is generally accepted that major environmental problems, such as the greenhouse
effect, destruction of the ozone layer from CFC’s, acid rain due to air pollution by
NO, and SO,, etc., are caused by excessive industrial and residential energy
consumption. Considering the finite world energy resources and limited global
space, the day might be already upon us in which the total amount of energy
consumption in the world would need to be reduced. To maintain a high living
standard without increasing energy consumption, waste energy recovery and
energy conservation are vitally important.

In order to meet our energy needs while minimizing greenhouse emissions and
other environmental impacts, we need to understand:

o the nature of the energy consumption process

o the characteristics of our energy resources

o the potential of a given technology within the context of available resources
and due regard for the ability to reduce emissions.

The Group operated very well and quickly established a degree of comfort with one
another (the Aloha spirit) that permitted free and open discussion. This was
fortunate in view of the complexity of the subject.

The subject of reduction technologies cuts across all energy use sectors, involving
consideration of energy supply, energy demand, and energy utilization. It includes
challenges of technology development, the problem of deployment and
implementation, with a particular emphasis on technology transfer to the
developing world. It is further complicated by giving appropriate recognition to the
proprietary concerns of industry and the issue of economic competitiveness. Never
the less, cooperation between the U.S. and Japan in providing leadership to the
world community is both possible and essential if we-are to reduce the likelihood of

catastrophic global climate change.

By necessity, the direction of technology cooperation is linked to the choice of specific
technological areas. Therefore we chose to concentrate on six key areas as the subject

of the working group on reduction technologies. The areas chosen were energy
conservation, coal combustion and advanced gas turbines, fuel cells, biomass, other

renewable energy, and transportation. A total of thirteen presentations were made along
these topical these areas. The working group then broke into the discussion subgroups

shown in Table 1, to develop research proposals.
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Table 1

Working Group II: Reduction Technologies Presentations and Discussion Groups
U..S. Chairs: H. Hubbard, C. Bloyd Japan Chair: K. Hijikata

Subject uU.s. Japan
1. Energy Conservation R. Carlsmith K. Hijikata
H. Hubbard*
C. Bloyd*
2. Coal Combustion & D. South H. Moritomi
Gas Turbines K. Suzuki
3. Fuel Cell D. Keinschmidt* H. Takenaka
4, Biomass C. Kinoshita *+ S. Yokoyama
5. Other Renewable T. Bath M. Akai
Energy
6. Transportation H. Courtright H. Shimizu

* did not present papers, but participated in the discussion group.

1. ENERGY CONSERVATION

Members of the Subgroup agreed that energy conservation was an issue that included
all energy sectors, i.e., utilities, transportation, manufacturing processes, residential
consumers, and businesses. It is a matter of concern both with regard to the
development of new and improved technologies for the supply, distribution and
utilization of energy as well as the social, behavioral and economic factors affecting
energy and demand.

In the U.S. the term "energy conservation" most often is applied to efforts to reduce
energy consumption in the residential and business sectors and to promoting the use
of energy efficient devices. Various approaches to addressing these goals have been
used in both the U.S. and Japan and applied as well to the question of improving
efficiency in industrial processes, transportation of people, goods and materials and
the development of more energy efficient infrastructure. '




While much of the subgroup discussion dealt with the in-country (domestic)
conservation of energy, it was also pointed out that energy conservation, i.e., the
improvement of the efficiency of energy use in developing countries was critical to a
significant reduction in greenhouse gas reduction.

In the energy conservation session, three very different and very interesting papers
were presented illustrating both the importance and breadth of the topic.

Dr. Carlsmith discussed the broad subject of the "Potential For Energy Conservation
in the United States", pointing out that the DOE National Laboratories had "estimated
that the technical efficiency of energy use can be increased by 25 percent by the year
2010 through gradual adaptation of cost-effective technologies” and that "with this
improvement in efficiency total U.S. energy us in 2010 would be only 10 percent
higher than it is today.” Policy changes will be required if total energy use is to be

lowered.

Prof. Hijikata in his paper stressed that to make effective use of energy resources we
must clearly understand the nature of energy consumption and the characteristics of
energy resources. In his paper the, "technological aspects of energy conservation as
stated from the standpoint of available energy” were discussed and evaluations were
made of various fossil fuels on a quality basis as measured by energy, a ratio of

entropy to enthalpy.

Mr. Coutright’s paper from the Electric Power Research Institute in the United States
discussed "Energy Conservation Technologies”. He pointed out that "even though
uncertainties exist on the degree and causes of global warming, efficiency
improvements in end-use applications remain in the best interest of utilities, their
customers and society” because efficiency improvements reduce environmental
exposure, increase industrial productivity, reduce business costs, and provide
consumer savings. The paper reviewed equipment efficiency improvements and
increased energy efficiency potential from the 'continuing development of
electrotechnology.

It was recognized that cooperation and information exchange must take into
consideration the propriety nature of efficiency improvements in devices and
processes but that cooperation in the basic underlying research issues, pre commercial
technology and approaches to deployment and implementation will be helpful to both
sides in addressing both national and international aspects of global climate change.

2. COAL COMBUSTION AND GAS TURBINES

Presentations by representatives of both the United States and Japan indicated that
1) fossil fuel combustion produces carbon dioxide (CO,) and other greenhouse gas




(GHG) emissions, 2} the large worldwide fossil fuel resource base and economic
development plans of developed/developing countries will likely rely on this resource,
and 3) advances in the efficiency of coal combustion and conversion systems could
substantially reduce future CO, emissions and_ thereby permit the continued use of
coal-based technologies for the production of power, electricity and other chemicals.

Both nations recognize the importance of coal-based technologies and have
independent RD&D programs (e.g. the Sunshine Program in Japan and the Clean Coal
Technology Program in the U.S.) to develop 1) advanced coal combustion and
conversion technologies, 2) coal handling and preparation systems, 3) coal
liquefaction technologies, and 4) advanced materials and technologies for
combustion/conversion systems and turbines.

Under the US/Japan Bilateral Agreement it is proposéd that:

an information exchange program be established to facilitate the accelerated
deployment of advanced coal technologies into domestic and worldwide
markets; and

the comparative economics and market potential of advanced coal
technologies be investigated.

These joint research proposals were suggested because:

1) CO, and other GHG emissions are a growing concern and only through an
accelerated RD&D program, where the efficiencies of coal technologies are
improved, can these emissions be reduced and continued reliance on the
technologies be ensured.

2) Both countries would likely benefit from an exchange of information on their
RD&D programs, so as to accelerate the commercialization of the
technologies under development.

3) There are many technical developments necessary to advance the state of
knowledge and the strengths of each nation’s research could be drawn on
through a coordinated effort.

4) There is a need to both appreciate and standardize the technology
configurations, performance characteristics and cost estimation procedures
to ensure that a) accurate comparative analyses can be performed and b)
necessary economic/regulatory incentives to overcome technological or
market barriers for commercialization can be determined.
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The information exchange program proposes separate initiatives for integrated
gasification combined cycle (IGCC) and pressurized fluidized bed combustion (PFBC).
In each program Japan and U.S. representatives would compile a list of the RD&D
projects currently underway. This list would be exchanged as an initial indication of

the state of technology development in each country. It is proposed that a series of -

meetings (with site visits to RD&D facilities) be arranged to learn more about each
country’s coal- based RD&D program and ongoing research, and to identify areas of
mutual interest and potential collaboration. Of particular interest is 1) basic materials
and fundamental technology research and 2) demonstration/commercialization
activities (e.g., the joint industry/government funded Clean Coal Technology Program

in the U.S., and the Sunshine Program in Japan).

The comparative economics and market potential program was proposed in response
to the need to:

1) standardize cost/performance information to facilitate cross-country
technology evaluations

2) assess the role and opportunities for technologies to serve future power,
electricity and chemical needs in developed/developing countries, and

3) determine if (and what type/level of) incentives are needed to overcome
technological risks or market barriers.

3. FUEL CELLS

It was agreed that fuel cells can dramatically reduce CO,/NO, emissions in
utility, industrial, commercial, and transportation applications. Significant fuel cell
research is being sponsored by both government and private funding in Japan, the
U.S. and Europe. It was recognized that fuel cells are in varying states of
commercialization and significant technical hurdles remain. Assuming the technical
hurdles are overcome, manufacturing costs for PAFC, MCFC, and SOFC systems
will remain a major commercialization barrier. The major focus of activities by fuel

cell type is shown below.

Materials} > Stack } ESystem > ZCommercial- >yMam‘1;acmring>
Research Research Integration ization

PAFC (7 7 7727 77
MCFC VDI OIIINS

SOFC 77 77>
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PPM LLLLL LD
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Agreement was also reached that:

° Fuel cell technologies are at differing states of development.

° The majority of the development activities are considered proprietary and
manufactures will be reluctant to collaborate (other than with formal

arrangements).

° Manufacturing costs for systems are an area of major concern and would
benefit from additional study but are subject to proprietary concerns.

© This type of continuing information exchange on technology, economics,
market, impacts on global CO, emissions, etc., is beneficial.

A variety of support needs exist as shown below:

‘Economics > ZApplicationg ) Markets > > Analytic

Tools
Methods New end uses Gov't Incen. Global impacts
Manufacturing Values High value System costs
MCFC/CO, markets
concentrator

Of these, global impact and government incentives would be most relevant to this
type of forum. Both of these topics are of interest to manufactures, but would not
be considered proprietary.

4. REDUCTION TECHNOLOGIES — BIOMASS

Renewable bioenergy, i.e., biomass produced in a sustained manner and utilized as a
modern energy carrier, can play a greater role in addressing global warming than
growing trees solely for carbon sequestration — under the renewable bioenergy
strategy, the contribution of biomass in remediating global warming would not be
limited to the time scale of forest maturity; moreover, the economic potential for
biomass appears to be greater if it were used as a clean substitute for fossil fuels than
planted just to capture carbon.

Biomass ranks fourth in the world as an energy resource, and is the most important
source of energy in developing nations; however, the contribution of biomass to the
energy mix of developed nations is relatively small. While wastes and crop residues
offer many viable near-term opportunities for significant penetration of biomass into
the energy mix of industrialized nations, in the long term, fast growing energy crops
will have to be grown if biomass is to become a significant energy resource.

12




Estimates of the extent to which biomass can be tapped to supply useful energy and,
in turn, help to stabilize atmospheric carbon dioxide vary widely; nevertheless, most
studies suggest that the amount of land required for growing high-yielding energy
crops to displace a significant portion of currently consumed fossil fuels would not be
prohibitively large (i.e., such crops could be grown on a fraction of the land presently
in crops, pasture, and forests). Since a major portion of the ultimate cost of
marketable energy (e.g., electricity or transportation fuels) is attributable to the cost
of feedstock delivered to an energy-conversion plant, developing more productive and
less costly means to grow, harvest, and transport energy crops is essential to the
future health of bioenergy. Moreover, since the biomass potential and the future need
for energy is much greater for developing nations than for industrialized nations, any
effort to increase the role of biomass in the world’s energy mix must target developing
nations. To that end, it is recommended that assessments of bioresidue resources
and the potential for producing energy crops, focusing on developing nations, be

undertaken.

One specific issue that must be addressed in considering the siting of biomass-for-
energy farms is the impact on biodiversification of mono-cropping with fast-growing
energy species. Ongoing improvements in energy-crop species and cuitural practices
have the potential to bring the cost of delivering biomass feedstocks to a level
competitive with coal within the next decade. However, costly large-scale energy
crop demonstrations will be required to provide the information needed to
commercialize the concept of dedicated bioenergy ‘feedstock farms.

Several biomass energy conversion processes show promise and are approaching
commercialization; but many promising concepts face technical obstacles that require
substantial research and scale-up funding. There was no consensus on which
conversion alternatives showed the greatest promise (this lack of consensus largely
reflects the diversity of options available with bioenergy). One technical obstacle in
the advancement of virtually all bioenergy conversion concepts is the overall lack of
understanding of the environmental impacts of conversion processes; therefore,
having actual inventories or projections of effluent streams from alternative
thermochemical and biological biomass-energy conversion processes would greatly
facilitate the siting and permitting of precommercial projects. Research on high-
pressure biomass conversion was of mutual interest to the research teams in the
workshop’s Biomass subgroup; future collaboration in that area is planned.

5. OTHER RENEWABLE ENERGY

The parties agree that energy derived from renewable resources must be a very
important component of any response to global warming concerns. We further agree
that existing technology-specific information and collaboration efforts are appropriate
to our mutual need and any further augmentation of these runs the risk of violating
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propriety concerns on both sides. We agree that renewable resources characterization
of all kinds are of critical interest. Japan is primarily interested in the characterization
of resources outside of Japan since its land costs are high and its territory limited.
The U.S. is primarily interested in characterizing domestic resources first and global
resources second. We have proposed a project in this area bridging the interests of
both sides. We also feel that there is benefit to sharing information on processes and
tools to inform energy decision-makers and we have proposed a joint project in this
area.

6. TRANSPORTATION ISSUES

Agreement was demonstrated during the presentations on the potential for saving
primary energy and therefore reducing CO, emissions through the electrification of
vehicles. The range of efficiencies showed the potential differences from traditional
vehicles utilizing electric propulsion versus vehicles specifically designed for electric
drives.

Working group discussions focused on:

°© Infrastructure-- the need for international cooperation (including Europe) in the
development of standards for vehicles changing, safety and maintenance. This
will facilitate a global market for electric vehicles (EVs) from any country and
maximize emission reductions.

° Vehicle design-- the importance of total integration of components designed
specially for EVs to maximize performance and range. This will also contribute
to maximum emissions reductions.

© The feasibility of a vehicle manufacturer consortium should be investigated;
especially with small specialized EV developers and EV components.

© Battery development appears to be well organized in both countries and joint
participation in research may not be practical due to proprietary concerns.
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SUMMARY REPORT OF WORKING GROUP Ili
Adaptation Technologies

Introduction

Working Group Il was co-chaired by Dr. Gary Evans, United States, and Drs.
Tsuruta and Kontani from Japan. The working group participants were as follows:

Urban Infrastructure Dr. Takashi Kawanaka, HRI
Dr. Kazuo Kontani, MEL
Dr. William Sommers, USDA Forest Service

Forest Management Dr. William Sommers, USDA Forest Service |
Dr. Gregg Marland, DOE
Dr. Takao Fujimori, FFPR

Crop Response Dr. Hiroshi Seino, NIARS
Dr. Hugo Rogers, USDA

Agricultural Methane Dr. John Duxbury, Cornell University
Dr. Haruo Tsuruta, NIAES

Soil Management Dr. Lee Mulkey, USDA

The range of discussions in this working group not only focused on global climate
change, but also included a broader scope that encompassed global environmental
change. These discussions involved not only the physical and biological
components, but also human lifestyle and well-being.

Because of the broad spectrum of the participants backgrounds, the discussion
was carried forward in a very lively manner and resulted in a very constructive

interaction.

Urban Infrastructure

Urban infrastructure represents one of the newest topics to enter the sphere of
global change discussions. Discussion in this workshop recognized that in
addition to understanding the effects of increasing greenhouse gases on physical
and biological systems, there is also a need to understand climate change effects
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on the human community. This workshop takes pride in the fact that discussion
on this topic was started. Exploration of this complex and not well understood
issue was started by reviewing concepts from three diverse scientific disciplines,
including urban planning and architectural design research, urban forestry research,
and motor vehicle engineering research. The discussions focused on the fact that
end user energy efficiency of the individual should become a major goal of new
research programs, either through the design of integrated, energy efficient
elements in a city structure, or designs that will minimize the energy costs of
moving people over long distances between places of work, residence and
participation in other social activities. It was also recognized that a need exists to
develop new knowledge about the organization and design of energy efficient cities
capable of sustaining a mixed system of energy production, energy transfer from
residential, industrial, social and recreational activities and the movement of
people.

The need to develop trees and other plants with the biological capability to
overcome urban stresses is a research priority for urban forestry, when used as

a technology for reducing energy consumption. It was also clearly recognized that
commuting to and from urban hubs in industrialized countries consumes the
largest amount of the petroleum in the transportation.sector. By seeking to create
highly efficient city and suburban structures with a mixed use design, end user
energy demand can be reduced. The working group agreed that the issue was
beyond the scope of most of their expertise, however, believed that this initial
discussion will serve as a springboard for future working sessions.

Forest Management

Perhaps no single biological process for carbon sequestration of atmospheric
carbon reduction has been singled out more than forest management. This
represents the use of photosynthesis as the reduction mechanism to create and
store carbon in above and below ground woody biomass. It was pointed out in
this workshop that 59% of the earth’s photosynthesis takes place on 30% of the
earth’s surface. Furthermore, 47% of the earth’s forests are located in only two
regions of the world, within the boreal forests of Russia and the wet tropical
forests of Latin America. An additional major forest region is North America,
including the United States and Canada There is, today, approximately 1.3 times
more carbon in the boreal forest ecosystems of the world, than in all the
atmospheric carbon.

Under intensively harvested systems, the forest is a net source of carbon, rather
than a net sink found in well managed systems. Therefore to overcome the
problems of forests existing as net sources and to create net sinks requires

* sustainable approaches, including partial harvesting, plantation forestry,
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development of agroforestry technologies suitable for temperate and tropical

forest systems, and development of systems that significantly reduce soil loss and
eliminate soil carbon deterioration. The ultimate goal is to keep carbon emissions
from forests in balance, globally, with carbon uptake or to increase the net uptake
rather than the net emissions. Management systems must, however, meet the
social, cultural, economic and environmental goals of each country or region.

Three global environmental issues were identified that encompass the problems of
forest management. These are sustainable development, global climate change,
and biodiversity. All of these issues have a common set of mitigative and
adaptive strategies that may be considered.

Mitigative strategies include:
(1)  an understanding of the total biological carbon cycle;

(2) development of appropriate energy substitution strategies, particularly
related to the fuel wood energy demands of developing countries; and

(3) and understanding the appropriate energy demand related to various
energy uses.

Adaptive strategies, to focus on the three issues, would include:

(1)  understanding regional scale structure and function of each forest
ecosystem;

(2) identifying location advantages relative to the type of forest management
to be considered;

(3) specifying actions requiring appropriate targets; understanding the
persistence of the forest community as it adapts to potential changes in
temperature and moisture regimes;

(4) requirements for the sustainability of wilderness regions; and finally,

(5) the use of extreme measures to save components of high value forest
communities and associated germplasm pools.

Adaptation of Crops to Climate Change

Agricultural production systems are very vulnerable to potential global warming.
Quantitative studies of the effects of global change have indicated that given
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some current crops and cropping systems, significant sensitivity to warming
extremes exists. Studies on a regional scale have been conducted in Japan. Crop
physiology models have been run for selected crops predicting production
responses based on output from General Circulation Models. When, as predicted
by these models, there is an indication of a decrease in crop productivity due to
increases in temperatures, the decrease will be overcome through the crop
management system by improving irrigation management, changing planting dates,
or by selecting different cultivated varieties. This computer derived experimental
data immediately creates a larger set of questions. It was identified in the
workshop, however, that a wider range of crops and production data will be
required to enable crop models, and model projections to answer the new question
that may arise.

Several types of carbon dioxide studies in the United States were also reviewed

at this workshop. These studies are being conducted using methods and
technologies ranging from enclosed chambers to field scale carbon dioxide
enrichment. Above ground production and net primary productivity has been well
studied, however significant work remains to understand the complete

partitioning of carbon to the below ground components of the soil, including roots,
organic matter and micro organisms.

Agricultural Methane

Methane from agricultural systems, while not the only source, makes up one of
the largest sources that has the potential for being reduced through the
application of new technologies. It was pointed out, however, that methane
processes are not yet fully understood. Within agricultural systems, the emissions
of methane from paddy rice production and from livestock and livestock waste
have management options which will enable these sources to be reduced.

Livestock systems, including improved animal diets in developing countries, will
reduce methane per animal, and will improve production of each animal. Thus
these technologies will likely reduce the quantity required for production purposes
of animals over current herd sizes. Both US and Japan have recognized that the
solution to this problem will require the leadership of these developed countries in
concert with developing countries where the problem exists.

This recognition also follows to the second agricultural source, paddy rice
production. Studies are, however still required to quantify the amount of
methane rising from various types of production systems. Preliminary data
indicate that there is a significant difference in the quantity of methane emitted
from acidic soils as opposed to more neutral soils. There are also indications that
iron oxidation processes may influence methane emissions. Due to unique social
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and cultural, ecologic and climatic situations, the workshop recognized that
research in these areas will need to be based on the unique regional and local
conditions. It will be very difficult to make projections based on national

estimates.

Soil Management Assessment

The concluding report for Working Group fll provided an overview of assessment
methodologies being developed in the US to evaluate the relationship between
agricultural management systems and the potential sequestration of carbon in the
soil. This assessment will eventually utilize a national data base and

projections of the amount of soil carbon that may be sequestered under different
cropping, and tillage systems. Such systems include conservation tillage and
no-till systems as well as systems utilizing cover or green manure crops to
increase plant organic matter available to be incorporated into the soil. Preliminary
data was reported from a pilot test conducted in the Corn Belt of the U.S.
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Keynote Address
US/Japan Workshop on Mitigation and Adaptation
Technologies Related to Global Climate Change
February 1, 1993

Dr. Frederick M. Bernthal
Chair, U.S. Committee on Earth and Environmental Science
and Deputy Director, U.S. National Science Foundation

It is a great pleasure for me to have the honor of delivering the
keynote address for this important gathering, an honor enhanced
further because of the many activities and historic relationships

represented by this workshop.

First of all, it represents the spirit of continuing cooperation
and good relations between the United States and Japan. With the
aid of the framework provided by the U.S./Japan Science and
Technology Agreement, our two nations can come together to
address a problem that has no national boundaries...and we can
think about solutions of potential benefit to all citizens of the

global community.

This workshop also symbolizes the spirit of cooperation so
characteristic of the conduct of research in science and
technology -- cooperation between us as individual scientists and
engineers, between the various institutions we represent, and
across our diverse disciplines. :

This workshop is only the second of its kind. The first US/Japan
Workshop on global climate change was held last year in Japan.
That workshop focused on cooperative scientific research in the
United States and Japan. Out of it came a general agreement to
continue collaborative work and to extend cooperation into the
area of global change-related technologies, in particular those
technologies that hold promise for mitigation and adaptation.

continuity in U.8. Government Programs

Besides continuity in research cooperation between the United
States and Japan, this workshop also is a symbol of continuity in
the commitment of the United States Government towards global

change research.

As all of you know, President Clinton and Vice President Gore
were sworn in to their new jobs just over one week ago, and
although the details of the priorities of this new Administration
have yet to be articulated, I believe we can expect significant
continuity in U.S. global change programs.
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Of one thing we can be especially sure: the scientific premises
for that policy have not changed. Let me review the elements of
continuity in our knowledge of the science of this issue.

There remains no doubt that so-called "greenhouse" gases are
accumulating in the atmosphere of our planet. We can measure
their increasing concentration. Most of this accumulation is
believed to be man-made. And we know from ice-core measurements
that the atmospheric inventory of CO,, the most important
greenhouse gas, is now in uncharted territory -- some 20% higher
than it has been for any sustained period in at least 200,000
years.

Finally, there is also little doubt from the laws of physics

that, other things being equal, such gases will warm the planet.
As you know, were it not for the greenhouse effect, ours would be
a perpetually frozen planet, some 30 degrees C colder than it is.

But beyond the scientific underpinnings of policy, there is every
reason to believe as well that many of the important
institutional structures put in place in the U.S. over the last
several years will be preserved and extended.

Dr. John Gibbons, recently named Assistant to the President for
Science and Technology and Director of the President's Office of
Science and Technology Policy (OSTP), has already voiced his
support for the existing U.S. organizational structure for the
global change research program.

In his confirmation hearing before the Senate, he said that
"coordinating Federal global climate change research will be one
of OSTP's highest priorities."” He plans to give added emphasis
to "programs designed to develop and accelerate the adoption of
technologies that permit economic growth without damaging the
global environment." That should come as good news to everyone
here today.

I have been part of this coordination process, both within my own
government and working with other governments for several years
now, and there have been times when I wondered whether the whole
thing might fall apart. "Coordination" is a word not always
compatible with either national or international bureaucracies.
But thanks to the perseverance of many people far more patient
than often am I, the U.S. now has a permanent, statutory
structure to deal aggressively with the many and varied issues
related to global environmental change, and the international
community has agreed to a historic Convention on Climate Change.

The United States Global Change Research Program is perhaps the
first research effort of its kind in our history to be codified
in an act of Congress. The Global Change Research Act of 1990
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was supported by members of Congress from both parties, and was
co-sponsored by then Senator and now Vice President Albert Gore.

I want to take a moment to describe the goals and structure of
the U.S. Global Change Research Program, because they are germane
to the purposes of this workshop. The US Global Change Research
Program is designed to be poligy relevant -- to support the needs
of policy-makers in the U.S. and in other nations. 1Its research
strategy is to reduce key scientific uncertainties and to develop
more reliable scientific predictions upon which sound national
and international policy and response to global change can be

based.

The program has been developed by the Committee of Earth and
Environmental Sciences, or CEES, which I chair, and which is
under the Federal Coordinating Council for Science, Engineering,
and Technology, better known as FCCSET. Jack Gibbons, recent
successor to Dr. Allan Bromley as Director of the President's
office of Science and Technology Policy, will now chair the
FCCSET. Much of the hard work of developing this program has
peen carried out by the CEES Subcommittee on Global Change,

chaired by Dr. Robert Corell.

I want to highlight two of our CEES subcommittees whose work
specifically addresses the issue of environmental technologies.
Both of these subcommittees were established in 1992. The first
is the Subcommittee on Economic Research on Natural Resources and
the Environment. The other is the Subcommittee on Environmental
Technologies, which is so new that it has yet to hold its first

meeting.

subcommittee on Economic Research on Natural Resources and the

Environment

The establishment of the economic research subcommittee
highlights the critical role of economics in global change
research. Economic relationships are fundamental to
understanding the potential impact of global change on human
society, and for developing and assessing effective responses.
Responses to the challenge posed by global change are investments
for ourselves and for future generations.

The objective of the economics research program includes
evaluating options for limiting adverse economic and social
consequences of global change. And that requires analysis of
emerging technological opportunities, and of the payback on long-
range investments, such as development of new technologies for

adaptation to climate change.

This effort should help bring about an improved understandiﬁg of
the spread of technologies and practices relevant to mitigation
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and adaptation. Of particular importance is how legal,
institutional, financial, and other factors affect the rate at
which technologies are adopted. Understanding such issues can
clarify the relationship between the technically possible and the
actually achievable.

Subcommittee on Environmental Technology

The Subcommittee on Environmental Technology was established to
foster coordination across U.S. Federal agencies in the research,
development, and demonstration of technologies which address
environmental issues.

It is clear to anyone who has devoted more than a few moments to
the issue of global change that technological innovation is key
to any lasting solutions. A recent report by the World Resources
Institute framed the issue this way:

"In principle, demands on the Earth's resources could
be reduced by diminishing economic growth, limiting
population increase, or increasing the resource
efficiency of production. However, the third option is
the most viable. Demographic momentum points to a
doubling of global population by the mid-21st century.
Economic growth is needed to meet the aspirations of
most of the world's people.

These realities leave technological transformation as
the primary strategy for avoiding environmental
degradation." [p. ix, Transforming Technology..., WRI,
April 1991)

Given this perspective, it is timely that the Subcommittee on
Environmental Technology has been established. It will give
impetus to research efforts that extend from basic research on
innovative technologies...to the application of such technologies
to existing environmental problems...to demonstrations and pilot
projects to foster rapid adoption by the private sector.

Action Plan

Finally, I want to emphasize that the U.S. Global Climate Change
Research Program is more than boxes on organizational charts and
lines of authority -- it is a program to support action.

Accordingly, two months ago the National Action Plan on Global
Climate Change was published by the U.S. State Department. This
report outlines the steps the US is taking in accordance with the
United Nations Framework Convention on Climate Change.
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Specific technology-related measures highlighted in the action
plan include increasing energy efficiency in residential and
commercial buildings through improved design, incorporation of
new building materials, and through improved lighting and
management of heating, ventilation, and air conditioning systems.
It is estimated that improvements in the area of lighting alone
could lead to the avoidance of 5 million metric tons of carbon

emissions in the U.S. by the year 2000.

Also highlighted in the Action Plan were many programs related to
industrial processes, such as the Metals Initiative, a project
sponsored by the U.S. Department of Energy to develop new, more
efficient technologies for the production of metals. For
example, direct reduction steel-making, which eliminates the use
of coke ovens, could reduce U.S. CO; emissions by 12 million tons
annually. Such programs will continue to grow and evolve in the
years ahead, and will almost certainly benefit from the ideas and
insights we share with each other. And I know that our Japanese
friends, through their own programs, can present a similar list

of planned actions.

Close: Charge to Workshop

The challenge posed by global climate change, especially in light
of its many confounding political, social, economic, and
geographic dimensions, casts the role of technology in a new
light. It has been said that the global change problem is
largely an unanticipated result of technological advance itself,
because technological advance has made possible economic
progress, development, increased longevity, and indeed, life as

we know it today.

In my opinion, no one in his right mind would choose to forsake
any one of these advances. We cannot turn back the clock on
progress. The vast majority of the occupants of this planet want
the benefits and comforts of life that you and I take for
granted. And society is pinning its hopes on technology to
produce a future not just with more and better, but one which is
cleaner, more efficient, and therefore sustainable.

This workshop is a first step toward realizing this vision of the
future. our charge is to do three things: first, to discuss the
research and development activities within our respective
countries, specifically those technologies that hold promise for
mitigating energy-related greenhouse-gas emissions; second, te
assess what areas of mitigation and adaptation research need
immediate and increased attention; and third, to identify areas
of potential future collaborative research and development
between the United States and Japan.
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All of these activities testify to the spirit of cooperation that
this workshop, and indeed the U.S./Japan Science and Technology
Agreement itself, represents.

Let me close, then, with some reminders on how we got here, and
perhaps on where we are going.

In 1962, a woman named Rachel Carson published a book called
Silent Spring. 1In it, she said:

"Only within the moment of time represented by the present
century has one species -- man -- acquired significant power
to alter the nature of his world."

Since then, four environmental issues have come to be recognized
as so far-reaching in their effects and so vital to our future
that they are now generally considered to be truly global in
scope -- beyond the ability of individuals, or even nations, to
deal with. Those issues are: 1) biodiversity; 2) atmospheric
acidifjcation; 3) stratospheric ozone depletion; and of course,
4) global climate change.

These "global change" issues cut a wide swath across science --
embracing as they do the air that we breathe, the land where we
live, the oceans that surround us, and the social and economic
laws that order our society. Each of these issues is now part of
the foreign policy agenda. Each is related to the other in
complex ways still only beginning to be understood. And in the
end, they all lead us face to face with our own values.

As for the one, global climate change, that brings us here today,
of a few things we can be sure:

o) This problem is not likely to go away within our
lifetimes. Therefore, we can not afford to wait until
all of the uncertainties have been resolved before
beginning the kind of actions which this meeting
represents.

o While our scientific knowledge of this complex problem
continues to be refined, it is entirely appropriate
that we focus on prudent steps, such as those you will
discuss over the next three days.

o Finally, whatever efforts might be made here, and
whatever actions might grow out of them, those actions
are likely ultimately to be effective only if we can
resolve the central challenge of our times--the need to
sustain global economic development while at the same
time securing and preserving our planetary environment.

You have my very best wishes for a successful meeting.
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Opening Remarks by

Dr. Robert M. Simon
Principal Deputy Director
Office of Energy Research
U.S. Department of Energy

at the

Second U.S./Japan Workshop on Global Change:
Environmental Response Technologies (Mitigation and Adaptation)

February 1, 1993

| am pleased to be here today as one of the U.S. Co-Chairs for the Second U.S./Japan
Workshop on Global Change. This series of workshops is an outgrowth of the 1988
bilateral agreement between the U.S. and Japanese governments on scientific and
technological cooperation. That agreement called for comparable access to, and
exchange of, information in scientific and technological fields, as well as the joint
undertaking of cooperative activities for peaceful purposes in nationally important
areas of science and technology. Meetings such as this were envisioned under the
agreement to allow experts from both sides to discuss and exchange information on
scientific and technological aspects of important problems and to identify researchand
development projects that might usefully be undertaken on a cooperative basis.

The first U.S./Japan Workshop on Global Change focused on research needed to
better understand how the global climate system operates, what the interactions are
between the climate system and marine and terrestrial ecosystems, and how Earth

systems might respond to global climatic changes.

The focus of this second workshop is on response strategies to global environmental
changes; that is, what strategies and practices might be implemented to allow our
economic, social, and environmental systems to adapt to global climatic changes, and
what might we do to mitigate a human-induced augmentation of the greenhouse

effect.

This workshop focus is directly relevant to the commitments undertaken by the United
States and Japan in the UN Framework Convention on Climate Change, signed last

year in Rio de Janeiro:

° to adopt national policies and to take corresponding measures on
mitigating climate change by limiting anthropogenic emissions of
greenhouse gases, and by protecting and enhancing greenhouse gas
sinks and reservoirs;
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° to promote and to cooperate in the development, application, and
diffusion of technologies, practices, and processes that control, reduce,
or prevent anthropogenic emissions of greenhouse gases not controlled
by the Montreal Protocol in all relevant sectors, including energy,
transport, industry, agriculture and forestry, and waste management; and

L to cooperate in preparing for adaptation to the impacts of climate
change.

Successful interchanges at this meeting could facilitate the efforts of both countries
to meet these commitments. The results of this workshop will also be useful to
efforts now beginning under the aegis of the Intergovernmental Panel on Climate
Change (IPCC). The IPCC is starting work on a second assessment report, due for
completion in 1995, that will include an assessment of adaptation options. Our
discussions and report should feed into that assessment. Thus, the broad objectives
of the workshop are: .

(1)  to exchange information on research and development activities in the
area of mitigation and adaptation technologies and practices related to
global environmental change, particularly potential climatic changes
associated with the human-induced increase in greenhouse gases in the
atmosphere;

(2)  to identify topics of high scientific interest in each of areas covered in
this workshop; and

(3)  to identify research and development needs related to each of these
topics where U.S-Japanese cooperation could have high potential for
mutual benefits.

| am very pleased that so many distinguished researchers from both countries could
join us for this important effort.

President Clinton has declared that U.S. technological leadership is a national priority,
and has committed to focusing the national will and the U.S. government’s resources
to renew America’s civilian technology base. In his view, civilian industries, and not
defense industries, are the driving force behind advanced technology in the world
today, and need to be strengthened in order to provide both national security and
improved economic competitiveness. He has already taken steps to bring better
coordination and management to these issues by the formation of a high-level National
Economic Council, and has indicated that additional steps will be taken to strengthen
the way in which the U.S. government coordinates technology policy and enhances
cooperation between the private and public sectors.

32




The National Technology Policy for America, which he announced as a candidate for
President in September 1992, outlines six broad initiatives:

° Building a 21st Century Technology Infrastructure for the United States;
° Establishing Education and Training Programs for a High-Skill Workforce;

® Investing in Technology Programs that Empower America’s Small
Businesses;

[ Increasing Dramatically the Percentage of Federal R&D for Critical
Technologies;

° Leveraging the Existing Federal Investment in Technology to Maximize
its Contribution to Industrial Performance; and

. Creating a World-Class Business Environment for Private Sector
investment and Innovation.

Two of these themes, relating to critical technologies and industrial performance, are
relevant to environmental technologies in general--for. example, pollution prevention
has been highlighted in past U.S. government studies of critical civilian technologies.
As the Clinton Administration fleshes out its initiatives in technology policy, we may
find that specific topics on our program, such as combustion efficiency and energy
conservation, receive considerable attention and focus.

There has been, of course, an increasing emphasis in Japan on technologies that are
responsive to global climate change, and Japan is a leader in developing energy-
efficient technologies. While I will leave it to our Japanese counterparts to describe
their programs in detail, we in the United States are very much aware of initiatives
such as the New Earth 21 Program, and | have had the pleasure of speaking to a
number of Japanese researchers in your carbon dioxide programs who visited the

Department of Energy last year.

The mutual interest of both our countries in environmental technologies, and the
conviction on both sides that technological innovation is an important engine for
national economic growth, provides us with a challenging context for this meeting.
On the one hand, we have both committed ourselves to continued and expanded
cooperation on research and development in the area of environmental technologies
related to global climate change. At the same time, some of these technologies (and
we cannot predict with certainty at this time which ones) may give rise to new and
lucrative markets that will be important to the continued growth of our respective
national economies. How do we reconcile our commitment to cooperate with the
need to safeguard commercially sensitive technological insights and information?




| believe that the solution to this dilemma has several dimensions, and that our
program over the next three days is responsive to a number of them.

One part of the solution is to look for those areas of research where we have much
to learn from each other, but where the knowledge base to be extended is primarily
intended for policy development, and not commercial application. For example, at this
meeting we will be discussing the connection between urban infrastructure and
adaptation technologies to giobal change.

Another part of the answer is to look for cooperation in areas where some
technological research is underway, but where the ultimate commercial potential is
speculative and long-term. An example of such a generic, pre-competitive area might
be carbon dioxide fixation, utilization, and disposal--also on our program.

A third partial solution is to look to areas where our knowledge bases are
complementary and incomplete, and where there are likely to be symmetrical
technological benefits from an exchange of information and from cooperative work.
An example might be crop response to global climate change, another topic on our
agenda. U.S. research in this area has stressed crops that are dominant in the United
States (e.g., maize and wheat) while Japanese research has focused on other crops,
such as rice. Comparing our research findings may lead to mutually beneficial
advances in our understanding of plant behavior under environmental stress.

A fourth and perhaps most difficult part of the solution relates to those technological
areas where cooperative efforts might require access to, or result in the generation of,
intellectual property that might be commercially valuable in the near term. To develop
a cooperative approach to areas that are close to commercialization, we must frankly
acknowledge and address the asymmetries that exist in the U.S-Japanese
technological relationship. As the U.S. National Academies of Science and
Engineering have observed, "Japan, a country that has perfected the ability to learn
from abroad (and from the United States in particular) in science and technology, has
now become one of the world’s most important sources of technological advances.
Japanese industry is the driving force in Japanese R&D, but corporate programs are
largely proprietary and therefore not easily accessible to outsiders. The United States
maintains a research system that is the world’s most open and second to none in
basic research. Some therefore conclude that the United States is trapped in an
unfortunate division of labor: while the United States continues to generate new ideas
and technologies, Japan gains the commercial advantage.” Both the United States
and Japan need to take steps to resolve the root causes for such asymmetries, and
the U.S-Japanese Science and Technology Agreement provides a valuable forum for
promoting a more healthy and mutually beneficial cooperation. | would hope that our
common technological future would be one in which the United States makes more
progress in cultivating a deeper understanding of Japanese science and technology,
as well as a greater receptivity to foreign-generated ideas and information. And |
would hope that the internationalization of Japanese science and technology would




result in greater accessibility- of Japanese research personnel, laboratories, and
intellectual property to foreign researchers.

In this context, | believe that it is encouraging that among the "Fourteen Proposals for
a New Earth” put forward last November by the Japanese Industrial Structural Council
and Industrial Technology Council is a suggestion that international cooperation in
New Earth 21 "specifically provide for the facilitation and expansion of technology
transfer.” If this portends a greater possibility for symmetrical technical exchange in
the area of environmental technologies, then such a suggestion would be a very

positive step.

This set of considerations leads me to the following principles that | would like to
leave you with as a charge to the Working Groups.

First, | believe that we should use our time here to:

o exchange information on environmental response technologies related to
global change;

. identify specific and general research and development needs related ta
these response technologies;

L identify potential research and development projects and programs which
may be usefully undertaken on a cooperative basis, bearing in mind the
need for symmetrical benefits to both U.S. and Japanese partners; and

° identify potential mechanisms of research cooperation for consideration
by both governments.

The Working Groups need to develop reports that:

o outline general research and deveopment needs on the topics discussed
in each of the three groups;

° identify topical areas and specific research and development projects and
programs on environmental response technologies and practices which
may be usefully undertaken on a cooperative basis between the U.S. and

Japan; and
® if possible, identify potential mechanisms of cooperation.

At the end of each day of this workshop, we will call on the chairs to provide all the
participants with a brief update on their discussions, with the aim of promoting cross-
fertilization of significant ideas generated in the course of the workshop. The Working
Group chairs are expected to summarize the findings of their working groups in the
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final plenary session. Working Group reports will be included in the report of the
Workshop and reflected in the Final Communique.

I would like to conclude by thanking you all again for your willingness to participate
in this workshop. | am very much looking forward to the outcome of our discussions.

36




Present Status of Research Activities Relating Global Warming Problems in Japan
(mainly MITI and relating organizations)

0. Yokoyama
National Institute for Resources and Environment
Agency of Industrial Science and Technology, MITI

1. Introduction

Japanese government has issued action program so called "Action Program to
Arrest Global Warming" for preventing global warming at Oct., 1990. According to
the program, CO, emission should be stabilized on a per capita basis in the year 2000
and beyond at about same level as in 2000 by introducing several methods such as
energy conservation, improvement of energy using efficiency, expanding use of
renewable energy and so on. The basic concept, target and methods are summarized
in Table 1. At the same time, MITI published so called "New Earth 21" project which
aims remedying the earth environment modified by human activities since industrial
innovation began at about 200 years ago in coming 100 years. This plan proposed
yearly step of research development of technology for mitigating CO, emission.
According to the MITl’s plan, 15 institutions belonging to AIST have carrying research
for developing technology of reducing emission of CO, and other greenhouse gases,
with cooperation of other research organizations such as RITE (research Institute of
Innovative Technology for Earth) and NEDO (New Energy and Industrial Technology
Developing Organization). Time schedule of the research development by The New
Earth 21 project is summarized in Table 2. Also image of the New Earth 21 scenario
is shown in Fig. 1. Now, in Japan, many national institutions and universities,
research works relating reduction and mitigation of GHG are carried out according to

this guideline.
2. Measures of reducing GHG emission

At first, present status of efforts for reducing CO, emission in Japan are briefly
described. In order to reduce CO, emission, following measures are considered in the

New Earth 21 plan.

Energy Conservation and improvement of efficiency
Renewable energy and nuclear energy

Artificial processing of CO, (fixation, recycling)
Activation of natural absorbing potential
Development of new primary energy

Except last two subjects, research and practical use has started already.
Present status concerning to these subjects are briefly described.
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Table 1, Outline of the Action Program to Arrest Global Warming
(Japanese government, October 1990)

Basic elements to cope global warming
Formation of environmentally-sound Society
Compatibility with economy’s stable development
International coordination

Target
Stabilizing CO, emission per capita in the year 2000 and beyond at same
level as in 1990. CH,, N,0 emission should not exceed 1990 level.

Measures
Source:
CO,: Urban and regional structure. Transportation. Production.
Energy supply. Life style.
CH,: Waste management. Agriculture.
N,O: Agriculture. Combustion.

Sink:

CO,: Afforestation. Domestic forest management. Reduction of timber use.

Research activity
Promotion survey, observation, monitoring.

Development and dissemination of technology
Reduction of GHG gas emission. Absorption, fixation of GHG.
Adaptation of global warming.

Public awareness
Environmental education

International coordination
Technology transfer. Conservation of tropical forest.
Cooperation of research activity. International cooperation project.

Promotion of the action program

Table 2, time Schedule of technological development in New Earth 21 (MITI, Oct
1990)

Year | Main Technology

2000 | Energy Conservation and Improvement of Efficiency

2010 | Renewable and Nuclear Energy

2020 | Artificial Processing of CO, (Fixation, Recycling)

2030 | Activation of Natural Absorbing Power

2040 | Innovative Energy Technology (Nuclear fusion, Space Solar etc.)
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3. Energy use efficiency

Since the first oil crisis occurred at 1973, energy conservation and
improvement of energy use efficiency have been tried in Japan. Firstly, industrial
sector has attained fairly well results. As a whole, shown in Fig. 2, energy intensity
index of Japan which is energy consumption per GNP has been decreasing most
rapidly among OECD countries. In order to maintain "sustainable growth” without
increasing CO, emission, energy intensity index must be decreasing more or less. This
improvement of energy use efficiency has achieved firstly in the industrial sector.
Some examples of improvement technology is given in Table 3. Each technology
earns little amount energy saving, but accumulation is not little.

Table 3, Major Energy Conservation Technologies in Industrial Sector of Japan

Scrap preheating system

Industry ltem Technology
Steel Collection of wasted energy | Blast fames power generation system
Recovery of wasted heat New coke drying system

Synthetic fiber | Collection of wasted energy Heat pump for low temperature
Energy saving facility source

Multiple thread reeling system

Continuous polymer spinning system

Paper pulp Total energy Recycling old paper
Process Improvement Continuous evaporating system
Equipment efficiency High efficiency sludge dehydrator
Cement Wasted heat recovery SP kiln, NSP Kiln
Crashing efficiency Ball mill

In past few years, new energy conservation technologies are introduced in
commercial and domestic sector in Japan. Main technology is co-generation system
and use of wasted and natural heat by using heat pump. Some example of facility of
district air conditioning built in Japan is shown in Table 4 with sub-heat source, such
as river water, ventilated air from subway. At present, number of such air
conditioning system are increasing in Japan. Co-generation system is another method
to improve energy use efficiency. Combination of Diesel engine, gas turbine or fuel
battery and absorbing chiller is most popular in Japan. “Total energy use efficiency of
these co-generation system is estimated to be 60-70%

As indicated in The New Earth 21 project, it is most effective of reducing CO,
emission for the time being by transferring such high efficiency technology to other

countries from Japan.
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4. Renewable Energy

Development of renewable energy technology is carried out mainly by NEDO
with electric power generation Co., national institutions and university. Most big
renewable energy is hydraulic power but there remains no large sources in Japan.
However, effort is pay for developing small hydraulic power stations of undeveloped
small water head resources by Agency of Energy and Resources of MITI.

Wind power stations have been built some places in Japan such as Rokko island
by Kansai power electric Co., cape Tappi by Tohoku electric Co., however these are
all testing facilities for clarification of characteristics of wind power. Also, survey of
wind power potential all over Japan is carried out by NEDO with help of NIRE.

Geothermal power plant is now practically used in Japan and total power
output reached about 270 MW?t. At present, utilization of hot dry rock is surveyed by
NEDO with NIRE.

Solar battery is produced in Japan nearly same amount as in USA, but there are
only testing power stations such as in Rokko island (Kansai electric power Co.),
Urawa testing station (Tokyo electric power Co.,) and so on. However, potential of
solar light power in the future is considered as the biggest amount in Japan too.
Research of solar battery power generation is continued by NEDO. Solar heat power
is most popular in Japan for getting hot water for each home. However, electric
power generation by solar heat is not investigated in Japan as contrarily to practical
use in California USA.

Utilization of biomass for energy source is investigated by two ways. One is
the process making oil from biomass by using thermal-chemical reaction. This
research is carried in NTRE and some result is report in this workshop. One another
utilization of biomass is the usual process making methanol by fermentation
technology which is also investigated by NEDO.

Finally, I should point out that energy used for building renewable energy facility
must be take into account. In Table 5, necessary energy for developing power plant
is compared. Index B/A (A: capacity, B: used energy) is not directly expressing CO,
emission, however renewable natural energy is not necessarily effective for reducing
CO, emission, because about 90% primary energy comes from fossil fuel.
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Table 4, Area Air Conditioning by Using Electric Power

Area Supply Capacity Gcal/h | Sub-energy
Hibiya Tokyo OB H5.4 C5.8 Trans Substation
Ginza 2,3 OB H8.4 C8.0 R | Trans Substation
Sibaura OB H18 C19.5 R | Transformer
Sinkawa OB H116 CS0 R | Public Bath
Ginza 4 OB H32 C32 Trans Substation
Kanda Surugadai | OB H13 C15 R | Sewage Process
Makuhari Chiba OB H880 €853 R| St.

Hakozaki OB H28 C39 R | River Water
Utunomiya CB H38 €68 R | Trans Substation
Nakanosima OB H36 C49 R | Gas

HikarigaOka Houses CB R Incinerator
Nagoya Sakae 4 | OB CB Gas

Osaka OB H15 C17 R | Gas

Sapporo OB, Road heating | CB Subway Exhaust
Kanagawa OB CB Gas

Takesiba OB CB Gas

Fuchu OB LCB Gas

(Combined system), R: Heat Reservoir

OB: Office Buildings, H: Heat Pump, C: Chilling Unit, CB: Combined with Boiler

Table 5, Amount of Necessary Energy for Developing Power Plant

Technology Capacity Used Energy B/A
(MW:A) (oil t:B) (t/MW)
Nuclear 1,000 97 0.097
Coal 1,000 140 0.140
4 Oil 1,000 43 0.043
| small Hydro | 10 5,462 546
Geothermal 10 3,983 398
Ocean Wave
Floating 1 1,179 1,180
Fixed 0.1 180 1,080
Solar Light 1 5,221 5,220
Wind 0.1 125 1,255°
Ocean Curfent | 3 4,177 1,390
Sea Temp. 2.5 8,853 3,540
Solar Heat
Tower Focus | 5 x 10 18,060 3,210
Cylinder 5x 10 28,872 5,770
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5. Artificial processing

Research of artificial processing of CO, and other GHG is proceeded by RITE,
NIRE and other national institutes under AIST, some electric companies. As shown in
Table 6, two main subjects are investigated in RITE and NIRE. One is artificial
photosynthesis and other is hydrogenation processes. Details of research activity
concerning to artificial photosynthesis is reported in this workshop. Also,
development of hydrogenation process for CO, is carried by cooperation of RITE,
NIRE, Osaka Industrial Technology Research Institute and National Institute of Material
& Chemical Research. Removal CO, from combustion exhaust gas, fixation and
recycling are being studied aiming to increase technological options of selection in the
future. At present, of course, these studies are at basic stage and it is not certain
these measure will be main technology for reducing CO, emission.

More practical artificial fixation of CO, is dumping of CO, in deep sea which is
now investigated in some electric power Co., in Japan. This deep sea dumping of
CO,, environmental impact assessment for plants and animals in deep sea must be
done.

Concerning to mitigation, reduction and adaptation for emission of GHG, many
research are now running in national institutes. Present main subjects and budget are
cited in Appendix for the reference.

Appendix Name of Research relating global warming problems and budget in National
Institutes.

Development of global environmental technology (1993, AIST, MITI)
Unit 1000 yen

Reduction of Carbon dioxide 13,027
Recycling technology of carbon dioxide by catalytic

Hydrogenation 4,877
Recovery of carbon dioxide by inorganic layered

compounds and carbonaceous adsorbents 11,018
Chemical conversion/Decomposition of methane by

catalysis : 9,929
Carbon cycle in the ocean and atmospheric interface 10,101
Remote sensing techniques for measuring GHG 9,856

Global environmental studies (JEA)

Decomposition of CFC by RF plasma 8,790
Catalytic decomposition of CFC 9,711
Incineration and thermal decomposition methods 2,026
Transformation and decomposition of substitutes

for CFC in the troposphere 10,922
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Study on the environmental behavior of GHG of
industrial origin

Clarification of source and emission of CH, and N,O
(Source inventory of industrial origin)

Behavior and emission source of marine pollutants

Sedimentation and accumulation of toxic material on
seabed

Modeling of biological process of material flux in
continental shelf by using satellite data

Modeling of material transport in the troposphere

Technology and evaluation for abatement of SO,, NO,
cast Asia

Promotion of joint studies (Science and Technology agency)

Study of atmosphere, hydrosphere and biota in north pole
area Aerosol and original gases material
Measuring techniques of trace materials

Decomposition mechanism of detergent by anaerobic
bacteria

Study of global environment (Science and technology agency)
Change of tropical forest and influence on CO, balance
Formation processes of sulfate and nitrate

Basic study {Science and technology agency)

Polysilane complexes as conversion device of solar
energy

Special study on pollution abatement (JEA)

Catalytic combustion for reducing NO, emission from
small sources

Removal of NO, from Diesel engine by hybrid system

Simultaneous control of NO, and N,0 emission from
coal combustion

Selective separation technique for volatile organic
halogenated compounds ’

Suppression of emission of toxic material from
electric precipitator

Effective treatment of toxic materials by ecological
control

Development of prediction model for change of shallow
water environment

Savaging and cleaning process of shoreline environment

30,564

4,506
10,636

6,223

11,595
7,441

7,933

1,303
6,136

1,199

14,302
12,096

13,3562
13,153

22,996
17,339
23,390
14,943

27,673
19,980




Degradation of synthetic chemical in coastal sediment

Landwater quality protection from toxic chemical
compounds

Treatment of industrial wastes containing mixed toxic
chemicals

Treatment of asbestos waste by transforming fibrous
form

Recovery of rare metal from wasted electronic devices

Propagation mechanism of impulsive low frequency sound

Automatic measurement of lower trophic ecosystem

Sensitive differential determination of hazardous
substance in waste by hybrid analytical method

Diffusion process and monitoring method for toxic
material emitted from high-technological factories

International cooperation on industrial science (AIST,MITI)

Control technology of acid rain caused by coal combustion

23,825
9,476
17,173
21,952
13,535
25,055
5,267
9,983

34,504
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Energy Intensity of OECD Countries
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Overview of CO, Flxatlon, Utillzatlon, and Disposal Options™

Howard J. Herzog
Room E40-489
MIT Energy Laboratory
Cambridge, MA 02139

January, 1993

The Energy Laboratory of the Massachusetts Institute of Technology
(MIT), with the Technology-Evaluation Group of the Argonne National
Laboratory as a subcontractor, was awarded 3 Special Research Grant in
December 1991 to identify, assess, and prioritize research needs for the capture
and non-atmospheric sequestering of a significant portion of the carbon dioxide
(CO,) emitted from fossil fuel-fired electric power plants, The scope of the study
was limited 10 capture technologies applicable either to existing plants or to those
that might be introduced over the next twenty years. A final report from this
project will be released in the near future. The information contained in this
abstract is based on the data gathered in conducting the research for the U.S.
Department of Energy (DOE). However, the conclusions stated below are solely
those of the author and do not necessarily represent the position of MIT or the

U.S. DOE.

Figure 1 shows a pumber of different options for reduction of CO,
emissions into the atmosphere; this review addresses only the one option shown
as “flue gas clean-up". A general overview of other mitigation options for global

warming is given by Rubin ef aL (1992).

In an overview assessment of alternative processes for capturing CO, from
existing coal-fired power plants, Herzog ef al (1991) concluded that capture is
technically feasible, but that the most efficient available technology will reduce
energy efficiency by about 30% and will produce an 80% increase in the price of
electricity, even before disposal costs are added. These results are consistent with
a recent EPRI study on CO, capture and disposal (Booras and Smelser, 1991).
For ¢xisting plants, the best capture technologies seem to be amine scrubbing or
oxygen combustion with flue gas recycle. Integrated Gasification Combined Cycle
(IGCC) power plants appear to be the leading candidate for new CO; capture
power plants. In the future, advanced technologies (e.g fuel cells) could be
coupled to gasification plants to yield even better performance.

'Prepared for the Second U.S./Japan Workshop on Global Change:
Environmental Response Technologies (Mitigation and Adaptation), East-West

Center, Honolulu, Hawaii, February 1-3, 1993.




Once the CO, is captured, it needs to be sequestered in some way that
avoids prompt release to the atmosphere. One option is to store the CO, in
depleted gas and oil wells. Another option might be to inject CO, into deep
aquifers or into other mined subterranean structures.

The ocean already contains about 60 times as much carbon as the
atmosphere (and more than 10 times as much carbon as in all recoverable fossil
fuels), so it appears to be a potential repository of ample capacity if the CO, is
not quickly released back into the atmosphere. However, even the deep ocean is
known to recirculate on a time scale of the order of a thousand years, so
eventually the atmosphere and the ocean will reach a new equilibrium reflecting
the total quantity of CO, generated during a period of intense fossil fuel usage.
Thus, the main effect of deep ocean disposal is to reduce the transient peak in
atmospheric CO, concentration. However, a reduction in long term atmospheric
CO, levels is a possibility if the CO, can be removed from the ocean circulation.

Another sequestration option is to find recycle opportunities for power
plant CO, in products or processes that might utilize CO, as a feedstock. The
total industrial utilization of CO, today in the U.S. is about 2% of the CO,
generated from power plants, with about 80% of the usage in enhanced oil
recovery (EOR) operations. Also, much of the CO, use, as in EOR and the food
industry, results in rapid return to the atmosphere. Therefore, new utilization
opportunities are needed if significant quantities of CO, are to be recycled in
some manner.

Seven statements relating to CO, capture and disposal are presented
below. While other workshop attendees may disagree with some of the
conclusions, they are presented to help stimulate and focus discussion on the CO,
fixation, utilization, and mitigation option.

To implement CO,; capture and sequestration on a national scale will require
a significant amourt of research to establish the basic feasibility of large-scale
disposal, decrease power plart net efficiencies, and significantly increase the cost of
electricity. All capture and sequestration options consume additional energy, thus
lowering a power plant’s fuel to electricity efficiency. This creates more CO, per
unit of net electricity to capture and sequester. Using today’s technology, the
capture and sequestration of CO, would more than double electricity costs. The
best estimates with new technology would still increase electricity prices by 30%.

Commercial CO, capture technology, though expensive, exists today. Proven
disposal technology is not presently available or even known to be feasible for a
significant fraction of the generated CO, Therefore, the highest priority research
should focus on dispasal options. CO, capture plants are in operation today using
MEA scrubbing to produce CO, for industrial utilization. Research still needs to




be done on advanced capture methods for new types of power plants (e.g. IGCC),
but the basic technology is well understood. The development time required
would be relatively short (3-S years), and commercial companies would undertake
the task if a commercial incentive were present. However, no viable CO, disposal
option is ready today. While storage of some CO, in depleted gas wells seems
fairly straightforward, the more ubiquitous options -- widespread disposal in
depleted wells, disposal in aquifers or disposal in the deep ocean - have many
unknowns and will require significant research over a fairly long time-frame (10-
20 years). We feel that this weak link (e.g. feasibility of large-scale CO, disposal)
in the capture/sequestration mitigation option requires the highest priority for
research funds. The bottom line is that it makes no difference how efficiently one
can capture CO, if there is no place to dispose of it.

Land or ocean disposal appear technically feasible, but will require much
research to better understand residence times and environmental impacts. Even with
such information, the public may be reluctant to accept some disposal options.
Where available, disposal of CO, into depleted oil and gas reservoirs is probably
the best option. Most of the know-how for CO, injection in petroleum reservoirs
exists, even though much practical knowledge developed by private oil and gas
companies is proprietary. Environmental impacts for petroleum reservoir disposal
should be minimal, since the carbon in the CO, originated in the same place that
will be used for disposal. Disposal in the oceans or in aquifers offers more
ubiquitously located disposal options worldwide with potentially much larger
capacities than depleted wells. However, many technical questions must be
answered before either ocean or aquifer disposal can become a reality. In
addition to technical questions, environmental and safety questions need to be
addressed. While it seems that either option should be environmentally
acceptable, much research will be needed to convince the public of this fact. For
example, the local effects near injection sites in the ocean have raised many
questions about the ecological impact of ocean disposal. For land disposal,
concerns about a catastrophic failure of reservoir integrity causing a large release

of CO, must be satisfied.

mepataﬁonafcozwdiqyosalsiteshmndbemadqwayaddtwd
Issues include cost, safety, technological and institutional barriers. Transportation
issues inherent in the CO, capture and sequestration option have been identified
(Steinberg et al., 1984), but have not been considered in detail. For example,
even today people call for disposing of CO, at depths of 3000 m in the ocean
without any analysis on how to inject the CO, at those depths, Our analysis shows
that injection at this depth will be extremely difficult and is probably infeasible in
the foreseeable future. While some studies have discussed costs of a single CO,
pipeline, what are the implications of a major CO, pipeline network? In looking
at the transportation issue, one possible long-term outcome may be to decide to
site power plants close to disposal sites and transport electricity long distances.
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These and many other related issues must be addressed as part of the research on
CO, disposal options.

Thcnwapromisingappmachtommwcozaqxuniﬂodﬂdoppoww
cycles tha facilitate the CO, capture. Implementation of CO, capture technology
should be done in conjunction with replacement of power plants, Retrofitting
existing power plants will result in large energy penalties and large investments.
The best retrofit technology commercially available today has an energy penalty of
35%. New integrated gasification combined cycle (IGCC) power plants can have
energy penalties of 20% or less. New plants using IGCC or fuel cells will also
have higher base efficiencies, requiring less CO, to be captured per kWh,
produced. Finally, new plants can be sited taking into account the methods of
disposal. Assuming new plants like IGCC will become competitive with today’s
pulverized coal-fired power plants, research priorities should address capture
methods to be used in conjunction with these new plants as opposed to methods
for retrofits of existing plants,

Utilization options are not promising for sequestration of significant amounts
of CO, Utilization options either have too limited an applicability or require too
much energy to be considered as viable options for reducing atmospheric CO,
levels. Therefore, research in these areas should have low priority. Industrial or
biological utilization can handle at most 5% of the 1.7 Gt of CO, produced
annually from U.S. power plants. Converting CO, to a fuel by chemical means
would require a significant energy source that could be used at least 6 times more
efficiently by directly replacing fossil fuel-fired power plants with renewable or
nuclear-fired plants.

To make responsible societal decisions, accurate and consistent economic and
environmental analysis of all allernatives for atmospheric CO, mitigation are required.
CO; capture and disposal is just one of many options that can reduce atmospheric
CO, levels (see Figure 1). As shown by Rubin et al (1992), cost estimates for the
various mitigation options vary over a large range. Capturing CO, using today’s
best MEA scrubbing process costs about $61/tonne of CO, avoided, while capture
from IGCC plants using physical sorbents are projected at about $23/tonne of
CO, avoided. Note that these cost estimates are for CO; capture and
compression only and that they may significantly increase when disposal costs are
added. While these estimates for CO, capture are relatively high, they must be
considered in the context of other mitigation options, including conservation and
fuel switching. To make a valid comparison, the various options must be
evaluated on a common basis.
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CO, SEPARATION

TosHikaATu HAKUTA
NATIONAL INSTITUTE OF MATERIALS AND CHEMICAL RESEARCH
HiGAsHI, TSUKUBA, IBARAKI, 305 JAPAN

The climate change induced by CO, and other greenhouse gases is probably the most serious
environmental threat that mankind has ever experienced. Nowadays fossil fuels occupy the
majority of the world commercial energy supply. Most nations will be dependent on fossil
fuels even in the first half of the next century. Around 30 % of CO, in the world is emitted
from thermal power plants. Recovering CO, from energy conversion processes and storing
it outside the atmosphere is a promising option for the mitigation of global warming. CO,
fixation and storage include CO, disposal into oceans and underground, and utilization of
CO,.

CO, separation process will be used in any CO, storage system, and is estimated to
consume almost half the energy of the total system. Research and development of highly
efficient CO, separation process is most important from the viewpoint of practical application
of CO, fixation system.

Ongoing Research in Japan

1) Separation process

CO, can be recovered from flue gas either by membrane process, absorption and
adsorption. Survey and cvaluation for separation and concentration processes of CO; on the
basis of total system has been conducted'?, Since each separation process has merits and
demerits, a combination of two separation processes sometimes lead to higher efficiency. For
example, membrane process oOr absorption process is employed at first step to capture Co,
in high recovery rate, then adsorption process is used to purify CO,. Specific separation
process should be sclected depending on the composition, pressure and temperature of the flue
gases.

2) Membrane process
The Research Institute of Innovative Technology for the Earth (RITE) was established

with the aim of tackling the growing threat of the global environment problems”. RITE
carries on two large-scale research and development of technologies for CO, fixation;
chemical-based CO, fixation and biotechnology-based CO, fixation.

As a part of the technologies of the chemical-based CO, fixation, membrane process for
the separation of CO; are developed. Polymer membranes? and liquid membrane process are
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studied in cooperation with National Institute of Materials and Chemical Research (NIMC).

3) Chemical absorption

A pilot-scale test of CO, recovery by chemical absorption from a natural-gas fired power
plant is conducted at Kansai Electric Power Company (KEPCO)®. The solvent is MEA, and
the amount of CO, to be treated is 600 m*N/h. Efforts have been directed towards evaluating
CO, absorption performance, treating impurities in the flue gas and finding the most efficient
integration of the CO, recovery system into thermal power plants.

A pilot-scale test for CO, recovery of 1000 m’N/h including CO, absorption and
adsorption process is carried on at Tokyo Electric Power Company (TEPCO)®. A large-scale
experiment for CO, recovery by chemical absorption in 880 m*N/hr at maximum is conducted
at Central Research Institute of Electric Power Industry (CRIEPI)®. Energy and material
balances of solvents are investigated in order to improve the energy efficiency of the chemical
absorption process.

4) I.’hys:.'cal absorption

A pilot-scale test for CO, recovery by physical absorption is carried on at Hokuriku
Electric Power Company (HEPCO)?. A circulating fluidized bed is used instead of
conventional fixed bed.

It is considered that physical absorption is suited for CO, highly concentrated gas
mixtures. It has been investigated at University of Tokyo” that in the case of coal
gasification process CO, can be captured from flue gas in a high efficiency by physical
absorption utilizing the sift~reaction before the gas is bumnt.

5) Pressure Swing Adsorption

A bench-scale experiment of 2 m’N/h for CO, rccox;cry by pressure swing adsorption
(PSA) was conducted at Tohoku Electric Power Company®. The experimental apparatus was
placed beside a coal fired power plant. A pilot-scale test of 1700 m’N/h by PSA is, carried
on together with a CO, liquefaction process of 75 m*N/h.

6) Combustlon with 0,/CO, mixture

Fossil fiiel combustion with 0,/CO, mixtures is expected to be effective for improving
combustion efficiency and for CO, recovery from flue gas without the process of CO,
separation. In this process air separation to produce highly pure O, is necessary in stead of
CO, separation, and pure O, is diluted by CO, for the control of combustion temperature.
Some studies at Osaka University” and Electric Power Development Company (EPDCO)'®
indicate that this process is more economic than the process of CO, capture after bumning.

It is noted that all the ongoing research concerning CO, reduction in Japan cannot be
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introduced owing to limited space. Many other studies are carried on at companies,
universities and national institutes.

Future View for Collaborative Research with U.S.

1) Resedrch on highly efficient membrane :
There is large possibility that high~performance membrane for CO, separation will be

developed, and this will allow to improve the efficiency of CO, recovery process. Promising
membranes for CO, capture include polymer membranes and liquid membranes. Synthesis
of membranes from various raw materials and the evaluation of membrane such as
permeability, separation factor and durability are important.

2) Development of absorption process
Many pilot-scale tests of CO, separation by absorption have been conducted. Exchange

of the experimental results, and larger scale test in cooperation of two nations are expected.
Improvement of durability of solvents and reduction of corrosion on the vessel caused by

solvent are also important.

3) Optimal design of separation process

There are many kinds of thermal power plant such as natural gas fired, oil fired,
pulverized coal fired and integrated coal gasification combined cycle. Selection of separation
process for CO, recovery will be done dcpcndiﬁg on the type of the thermal power plant.
Design of separation process for each type of power plant, and optimal design of combined

process are expected.
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Carbon Dioxide Removal With Inorganic Membranes

Roddie R. Judkins, Fossil Energy Program Manager
Oak Ridge National Laboratory

Douglas E. Fain, Membrane Technology Department Head
Oak Ridge K-25 Site Co

Introduction
The increasin
phere has sparked a great deal of interest in the removal of CO; from flue gases of fossil

several techniques for the removal of CO, are considered to have
example, amine scrubbing of flue gas streams is

g concentrations of greenhouse gases, particularly carbon dioxide, in the

atmos

fueled plants. Presently,
potential, but are lacking in practicality. For
effective in removing COy but costs are high; efficiency suffers; and other acid gases must be

removed prior to amine stripping. Membrane systems for CO, removal are held in high regard,

and inorganic, particularly ceramic, membranes offer the potential for high temperature, thus

energy saving, removal.
A great deal of rescarch on inorganic membranes has been performed for the US.

Department of Energy over the last 50 years. This research was primarily associated with the
development of membranes for use in the gaseous diffusion process for scparating uranjum isotopes.

That work is and likely will remain classified. However, this research covered a very broad range

of investigations of inorganic membranes. Some of that research is not applicable to uranium

isotope separation and could be useful in the development of inorganic membranes for a broad
mmercial applications. Over the last three years, research has been sponsored by the

array of co
gen from synthesis

DOE Office of Fossil Energy to develop a membrane that can separate hydro
gas (syngas) produced from coal at up to 1000°C. The Office of Fossil Energy is also interested
in the removal of carbon dioxide from gas streams. This paper will review briefly some of the
¢ development of a hydrogen membrane and discuss the potential for modifying those

from gas streams. Several approaches to developing a membrane, based
The system operational conditions needed

progress on th

membranes to remove CO;
on different transport mechanisms, will be discussed.

to take advantage of the different membrane characteristics and the efficiency for removal of CO;

will also be discussed briefly.

Research sponsored by the US. Department of Energy, Office of Fossil Energy, Advanced
Research and Technology Development (AR&TD) Materials Program, Work Breakdown Structure
(WBS) Element K25-1. The Oak Ridge National Laboratory and the Oak Ridge K-25 Site are
managed by Martin Marictta Energy Systems, Inc. for the U. S. Depariment of Energy under

Contract No. DE-AC05-840R21400.
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Fundamentals of Gas Separation With Membranes

The separation ‘factor for a binary mixture or the relative velocities for a multicomponent
mixture depends on the membrane and is the primary factor affecting its usefulness for separation
of the two gases. Membrane separation results in a stream enriched in one component and a
- second stream depleted in' that component. The dnvmg force for the separation, or for transport
of a gas through a membrane, is the partial density difference across the membrane for each
component. The enrichment of a component that occurs is greatly influenced by the density ratio

across the membrane. The pamal density, or partial pressure of gases, of a component on the
“enriched side of the membrane cannot be greater than the partial density, or partial pressure, of
that component on the feed side of the membrane. Figure 1 provides indications of membrane
separatic‘)h' abilities based on assumed separation factors and pressure ratios of the components in
binary mixtures. Figure 2 provides model calculation separation curves for several binary mixtures
Eas'ed on the assumptions of ideal diffusion of hard sphere molecules. Ideal separation in this
figure refers to Knudsen diffusion controlled separations. Of course, molecules are not hard
 spheres, nor is pure Knudsen diffusion thé only operative transport mechanism. Figure 3 provides
model separation ¢urves for He:CO,. The model used to produce these separation curves considers
" the several influences on separation that occur in real systems. As may be noted from the family
of curves, at lower femperatures and lower average pressures, some of these influences actually
lower the achievable separation factor as pore radius is lowered. At some point, however,
molecular sieving becomes operative and very high separation factors are indicated by the model.
Experiments have been conducted (Fig. 4) which lend credence to the model as these very low
‘mean pore radii-are approached. - - ‘ '
 Difficulties in’ Using Mermbranes for CO, Separation

For systems involving the separation of CO, from flue gases using membranes, several
difficulties need-to be considered. - Inorganic membranes tend to favor enrichment of lighter gases.
Some of the systems of importance, most notably pulverized coal power plants, operate at or near
atmospheric pressure. For these systems, the feed gas must be pressurized or, alternatively, a
vacuum must be created on the permeate side. Thus, membrane separation of CO; from pulverized

_coal power plant ﬂue gases’ is not hkely to be economical. However, for pressurized systems such
as Pressurized Fluidized Combustom or Coal Gasifiers, separatxons may be achieved much more
efficiently because the driving force, feed pressure, may be sufficient. : .
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Currently available membranes have separation factors and permeabilities too low to be
economically viable. Organic membranes have been operated successfully, but they can not be
operated at high temperatures and environmental degradation is a concern. In spite of these
difficulties, there is some cause for optimism based on recent developments. Figures 5 provides
indications of the efficacy of inorganic membranes in e&'eéting separation of CO, from coal
gasification systems (Cases 1 and 2; Table 1) operated to maximize H, production (i.e., employing
a shift reaction to convert CO and H,0 to CO, and H,) and from PFBC flue gas mixtures (Case
3; Table 1). \ ‘

Potential for Improvements in Membrane Separation of CO,
Removal of CO, can be accomplished in either the enriched or depleted stream. This

p}ovides some flexibility in the operation of the separation device. Also, new molecular pore size
inorganic membranes have the potential for producing very large separation factors. Figures 6-7
provide examples of the state-of-the-art in producing very small pore size membranes. Figure 6
shows the pore size and pore size distribution achieved for a membrane made in the first year of
the inorganic membrane development, and Fig. 7 provides the same information for a more recently
made membrane. Several other modifications to membranes may also be made to improve their
separation efficiency. For example, the membranes may be designed to transport all molecules
smaller than CO, or they may be designed to greatly enhance the transport of CO,. This enhanced
transport may be accomplished by increasing CO, surface flow, adsorption bloch'ng of other
molecules, or transport by capillary condensation of CO».

Conclusions
Economic removal of large amounts of CO, from gas streams using currently available

membranes appears unlikely. However, the prospects for new molecular pore size inorganic
membranes provide optimism that very large separation factors and very high permeabilities can
be achieved in pressurized high-temperature systems. System designs that address the membrane
operating requirements will be vital to the success of membrane separation of CO, These new
molecular pofe size inorganic membranes may accomplish CO, separation and/or removal at more

advantageous points (i.e., high temperature, high pressure locations) in process streams.
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AN INDEPENDENT ASSESSMENT OF CO,
CAPTURE RESEARCH NEEDS

Bruce St.John
INTECH, Inc
28B South Frederick Av
Gaithersburg, MD 20877

INTRODUCTION

The United States generates on the order of five billion metric tons of CO, annually. Of
this, approximately 1.8 billion metric tons is from electric utilities. Other industrial sources
of CO,, such as cement plants, coke ovens, ammonia plants, oil refineries, etc. are small
relative to the emissions from power plants. The majority of the emissions from U.S.
electric utilities are from coal-fired power plants. Thus, any large scale program to control
CO, emissions needs to include abatement of CO, from power plants.

[

Currently, there are very few proven options to mitigate CO, emissions:

o« Improve thermal efficiency, thereby decreasing the amount of
CO, generated per unit of output.

L Improve the efficiency of end use.

. Convert to lower carbon fuels or non-fossil energy sources.

o Plant trees to offset CO, erpitted.

° Produce a concentrated CO, stream for utilization or disposal.

The first four options are well known and are being actively pursued at the present time.
This paper examines the last option from the perspective that the gap between what is needed
and what is available defines the research and development opportunities.

PROCESSES TO PRODUCE CONCENTRATED CO,

A number of investigators in Europe, Japan, and the United States have evaluated methods of
producing a concentrated CO, stream from power plants. The different investigators,
working independently, have identified four processes for this application: monoethanol
amine, combustion in a mixture of oxygen and recycle CO,, membrane separation, and
separation from coal gasifier synthesis gas. A number of other commercial gas treating
processes have been determined to be unsuited to CO, removal from power plant flue gases,

primarily because of the low CO, partial pressure.
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The monoethanol amine (MEA) process is the only commercially demonstrated process for
scrubbing CO, from low pressure flue gas. Thus, -this is the technology for near term
application to fossil fueled power plants. Several MEA units have been operated on power
plant flue gas to recover CO, for enhanced oil recovery projects, and there are three MEA
scrubbers currently operating in the United States on low pressure flue gases. Two are on
coal-fired boilers and the third is on a natural gas-fired combustion turbine. One plant has
operated since 1978, recovering CO, from coal fired boiler flue gas for use in soda ash
manufacture. The two newer CO, plants are part of cogeneration projects. These plants
treat a flue gas slipstream, and the CO, product is sold to industrial customers.

The operating MEA plants have demonstrated the ability of the MEA procéss to treat boiler
flue gas containing problem compounds, such as SO,, 0,, hydrocarbons and particulates,
The plants all had some startup problems which were solved.

There is general agreement that CO, scrubbing is a commercially demonstrated technology
which could be applied to collect CO, emissions from power plants, but the cost and energy
penalty is very high and the collection is only a first step in the ultimate disposal of the CO,.
Research needs in the collection technology area could include

® consideration of new process approaches, such as catalytic reduction of
the SO, to H,S with CH,, followed by simultaneous separation of the
H,S and CO,, This approach would eliminate the separate FGD

system.
o development of new solvents, and
L decreasing the energy consumption of solvent regeneration.

Instead of removing CO, from the flue gas, a CO,-rich flue gas'could be produced by
removing the nitrogen from the combustion air. Combustion in a mixture of oxygen and
recycle CO, has been tested in a laboratory furnace and appears to be technically feasible as
a method of producing a flue gas of CO,, SO;, NOx and H,0, which is not diluted with N,.
Research topics in this technology area could address

L integrating the oxygen plant, the power plant, and the flue gas recycle
to optimize the energy efficiency of the total system,

¢ studies of co-disposal of CO;, SO,, and NOx in carbon steel pipelines.
. development of I_a combqstion-in-éfygen ~cyc]e\for combustion turbines.

These two technologies could be applied to existing power plants. For each, the energy
penalty associated with CQ, concentration and a high pressure disposal option, such as ocean
disposal, reduces the net power plant output by approximately 40%, which instantly creates
the question regarding the need for replacement power. If replacement power is not needed,
then an equivalent 40% decrease in power generation would decrease’ CO, emissions by 40%
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at no cost. If the lost power must be replaced, it may be more economical to retire the
existing plant and build a new 100% capacity plant than to retrofit the existing plant and

build a 40% capacity plant.

Membranes can separate gases in proportion to the speed at which they diffuse through a
polymeric material. The permeate reports at low pressure. Single stage membranes can
either achieve a high recovery, or a high purity, but not both. If high purity and high
recovery are required, a multistage membrane design is required. The multistage membrane
designs are expensive and are frequently uneconomical compared to distillation processes.

Several investigators have evaluated using membranes to separate the CO, from the flue gas.
The results show that current membrane technology is not economically competitive with
monoethanol amine scrubbing. Current membrane materials have CO,:N, selectivities below
100. However, it may be possible to develop improved membrane materials with higher

selectivity which will be economically superior.

A number of investigators have investigated CO, removal from coal gasification. In the coal
gasification process, the synthesis gas is produced at high pressure (on the order of 600 psi
(4.2 kg/cm?)). A number of gas treating processes (such as physical solvents, membranes,
etc.) can separate the CO, from the high pressure synthesis gas with very little energy
penalty. In addition, coal gasification-based electric power generation processes have higher
thermal efficiency than pulverized coal power plants. Thus, the coal gasification power
plants appear to be a superior option for new coal-fired generating capacity. Some research
needs for this technology are:

° Development of technologies to use hydrogen-rich fuels:
o High temperature combustion turbines

o Molten carbonate fuel cells

o Process and economic optimization
o) Development of a gasification retrofit for existing power plants
o Investigation and optimization of simultaneous removal of H,S

and CO,, with co-disposal of the mixed H,S/CO, stream.

OPEN ISSUES

It is technically possible to concentrate the CO, from fossil fuel burning. The next question
is what to do with the concentrated CO,. Utilization can employ a small fraction of the CO,;
the remainder must be disposed of. This paper has examined what CO, capture options are
presently available to control CO, emissions from power plants. But CO, capture is
meaningless without an effective disposal option. Thus, disposal is the major research need.
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Disposal will be discussed in other papers presented during this workshop.

From the perspective of the power industry, there are a number of unanswered questions.

First, is the lack of a proven disposal method which can sequester large
quantities of CO, for a long period of time.

Then, a feasible CO, separation technology to retrofit existing power
plants has not been defined.

Third is that when the cost of CO, removal and disposal is incorporated
into the electric rate, the price of electricity will increase substantially.
What will be the effect on the demand structure? If the total demand
and the demand structure change substantially, this could make other
low CO, technology options more economical.
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REMARKS ON CO; CAPTURE %ﬁl ELECTRIC POWER PLANTS
RECOMMENDATIONS FOR FUTURE INVESTIGATIONS

presented to the Second US/Japan Workshop on Global Change
1 - 3 February 1993

by

Alan M. Wolsky
Argonne National Laboratory
Argonne, IL 60439

L Introduction

This paper recommends investigation of several topics that have not yet received
sustained atfention. Each bears directly on the cost and funding of CO2 capture and
sequestration, The reasons why each topic deserves attention are briefly sketched.

IL  Combination of Sulfur Compound and CO? Capture
" As shown in Fig. 1, there are three approaches to avoiding CO2 emissions:

A) separation of CO; from the post-combustion fluegas of an
otherwise conventional power plant, -

B) separation of N2 from air before combustion, leaving a post-
combustion fluegas, composed principally of CO2 and H20, from
which CO2 can be easily separa

0 sé,ga:ation of C from the fuel before combustion (e.g. via shift to

2 and Hy), leaving a post-combustion fluegas composed

principally of H20

- If the fuel were natural gas, CHa, the choice among approaches would be straight
forward. However, the principal U.S. fuel is and will be coal. Coal often contains non-
negligible amounts of sulfur. Some fluegas CO, separation technology (e.g., amines,
used to implement approach (A)) cannot operate economically when its input contains
too much SO2. In that case, a sulfur scrubber must be in ahead of the amine unit.
Another separation technology, implementing approach (C), consists of gasifying coal,
removing H2S, and then shifting the syngas to H2, capturing the CO2, and then burning
the H2. As before, the result is a sulfur stream and CO2 stream. In both cases, CO2
capture comes after a substantial investment in sulfur capture. However, another
possibility exists. Instead of separating sulfur compounds from CO?2, one can consider
capturing them together and sequestering them together. This can be implemented by
approach (B) in which the fuel is burned in 02 (e.g., with CO2-O2 recycle) and the
resulting CO? stream retains some SO2. This might also be implemented in approach
(A) if a cryogenic separation, rather than an amine, were used on the conventional
fluegas. Also, this might be partially implemented in approach (C) if no attempt is made
to separate H2S after gasification and the hydrogen were burned in a mixture of CO2 and

02.
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The economic choice among CO2 avoidance technologies must be made in
conjunction with the choice among sulfur emissions avoidance technologies and the
equipment to which they will be applied. Moreover, some of the equipment is common
to different approaches (e.g., an O2 plant is required in approach (B) where it is often
debited to CO capture and in approach (C) where it is often debited to sulfur capture).

Coal

Base Case —P Fluegas
present practice Air 'T;?aw:{ —
—_—P
Remove CO, C_gal;___’ Poner .
FG separation 2
amine (cryogenics) ___+A’ Plart ‘ @
2
Coal
Remove N, —_—
O, combustion e 0 m Q02,H,0, S0, ~ CO,, SOg’
002-02 combustion —Q——%
, Na H,0
S ) , cO,
—P
Coal H ' .
Remove C . Power
sIGCC Ar A2 Pt
"y |
’ x2 N2. 20

Figure 1

CO2 capture and sequestration from coal-fired plants must be considered in conjunction
‘ . with sulfur capture and disposal.

Two investigations are recommended. First, an engineering economic study is
recommended of the total costs of both CO2 and sulfur emissions avoidance in the
various approaches. This study should use the same cost assumptions for equipment
common to the various approaches and it should distinguish between the cost of
separating sulfur from CO? and the cost of capturing a single gas that is a mixture of COp
and SO2. The latter might provide significant cost savings. Second, an investigation is
recommended of the feasibility and desirability of sequestering CO2 that contains SOz
(e.g., 1-2%). Prior work on enhanced oil recovery maybe relevant.! It may also be




relesvant to note that the deep ocean is already the site of naturally occurring emissions of
H2S. .

M. Off-Peak CO2 Capture and Compression

The capture of CO? and its compression for transport will require a substantial
amount of shaft power. This is clear for approach (B) which uses an 02 plant and for
approach (C) when an O} plant is needed for gasification. However it is also true for
approach (A) if cryogenic separation is used or if steam is extracted from the turbine to
heat an amine regenerator. If not, then another source of heat will have to be provided.

At any given time, the cost of this shaft power is not accurately reflected in the
annual average price of electricity. The marginal cost of new shaft power depends very
much on whether traditional loads have driven the utility system near its peak load or
whether excess capacity is available. Most US utilities have substantial excess capacity
during most of the day, the so-called off-peak period. During this period, the marginal
cost of shaft power is essentially the cost of fuel, roughly $0.02 per kWhe in the US.
During the many fewer peak hours of the year, the marginal cost of new shaft power must
pay for the cost of new generating capacity, roughly $0.12 per kWhe or more. This
substantial difference between the peak and off-peak cost of shaft power deserves
attention. It may be that one could afford to capture and compress more CO2 than

otherwise by foregoing capture and compression during peak hours.

Two investigations are recommended. First an investigation is recommended of
the ease of turning the capture and compression technology on and off, as well as the
trade-off between capital and shaft power costs. Second, an investigation is
recommended of the availability of excess capacity during the different hours of the year
and the savings from using it. In short, an estimate of the optimal operation oty the
capture and compression technology is recommended.

Most published discussion of CO2 capture technologies estimates costs for
delivering CO) at 1Bar (latm = 14.7 psi). Most published discussion of CO2 transport
via pipeline concerns pressures of 140 Bar (140 atm = 2,000 psi). Most US discussion of
ocean disposal is concerned with finding ways to avoid the cost of deep injection b
injecting at relatively shallow depths, roughly a few hundred meters (roughly 20 -
Bar). These pressures are qualitatively different from each other.

Disconnected considerations may obscure important cost savings. For example,
cryogenic separation of CO2 from fluegas appears to be more expensive than either
amines or CO2-02 recycle. However, no one has estimated the savings, if any, in
compression costs from integrating 2 cryzfenic separation with compression for pipeline
transport. Similarly, shallow injection only saves the shaft power that can be recovered
from letting down pipeline pressures. Perhaps 30% of the shaft power would be lostina
cycle of compression and decompression. Today's choice of average piﬁline pressure
reflects both the desire for high thruput and the depths at which CO2 flooding is done for
Enhanced Oil Recovery.
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An investigation is recommended of the effect of pressure on cost in an integrated
system of capture, transport, and sequestration. The results are expected to be insensitive
to the details of each stage.

V. itabl Efficient Funding for CO; Capture and Sequestration

While investigation of the topics already raised may disclose ways to significantly
reduce the cost of CO2 capture and sequestration, the least cost will still be substantial,
Indeed the anticipated cost and its assumed allocation have persuaded some policy
makers and many in the electric power industry to advocate a "wait and see” policy
instead of a pro-active one. ‘ :

If mitigation is needed then its cost should be born in a way that is both equitable
and efficient. Such a policy is proposed below. -

Two aspects must be considered: a) method and cost of sequestration and b) how
to pay for it. With regard to the first, no specific technology is advocated, instead an
auction is proposed. Members of the private sector would be invited to submit bids to the
U.S. government (or an international authority) for sequestering whatever quantity of
(O the bidder wished to commit to. The bidder offering the lowest marginal cost would

"get the first contract. The next lowest bidder would get the second contract and so on

until the available funding is exhausted. (The source of the available funding is described
below.) Thus, members of the private sector would have an incentive to enter the
sequestration business and the need to offer the least expensive method, The
government's role would be to certify the practicality of the proposed sequestration
method and later monitor its effectiveness. (For example, the government would not
accept a bid from someone who proposed to grow trees in the desert.)

While unnecessary, it is interesting to speculate about who would enter the
auction. Perhaps, some land owners might find a profit by reforestation. After
inexpensive land is no longer available, some electric utilities might become the next
lowest bidders, entering the sequestration business with partners (e.g., pipelines and off-

-shore platform operators). The crucial point is that only those firms that choose to would

involve themselves in the auction and only the lowest bidders would sequester.

- The second aspect of this ’Pro&dsal is the mechanism for raising the revenue to
fund the "sequestration auction.” To do this a carbon tax is proposed. This severance tax
would be collected at.every gas-well, oil-well, and coal-mine. An equivalent carbon tariff
would also be collected at every sea-port (and pipeline) entering the U.S. The revenue
would be used exclusively for the sequestration auction. In this way, everyone who uses
coal, gas, or petroleum would share the cost of avoiding CO2 emissions. The carbon
tax/tariff would also encourage substitution of non-fossil for fossil fuel.

As alluded to above, an international agreement would further the purposes of this
proposal. The agreement would establish a uniform, international carbon tax and allow
any firm to enter the sequestration auction. In this way, the goals of efficiency and equity
could be universally implemented.

An investigation of this proposal is recommended.
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V1.  Conclusion

While progress has been made in identifying and clarifying promising approaches
to avoiding CO?2 emissions, much remains to be done. At present, many believe that
delaying or reducing the projected Greenhouse Effect is too expensive to be attempted.
Thus, efforts to scope the issue, estimate systematically the cost of CO2 avoidance, find

ways to reduce it, and discuss how to fund implementation are timely.
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Recycling Technology of Emitted Carbon Dioxide*
' Hironorl ARAKAWA

National Institute of Materials and Chemical Research (NIMC)
Agency of Industrial Science and Technology (AIST)
Ministry of International Trade and Industry (MIT])
Higashi 1-1, Tsukuba, Ibaraki 305 Japan

1. Action to Halt Global Warming and Technologles to Fix Carbon
Dioxide

Ways to halt global warming are being discussed worldwide. Global warming is an
energy problem which is mainly attributed to the large volumes of carbon dioxide (CO2)
released into the atmosphere from the rapid increase in energy consumption since the
Industrial Revolution. The basic solution to the problem, therefore, is to cut consumption
of fossil fuels. To this end, it is important 1o promote energy conservation by improving
the fuel efficiency of machines, as well as shift to energy sources that do not emit carbon
dioxide and develop related technologies. If current trends in economic growth continue in
the developing world as well as the developed countries, there can be no doubt that energy
consumption will increase. Therefore, alongside energy conservation and the development
of alternative energies, the importance of technologies to recover and fix CO, will increase
in the fight against global warming.

Several ways have been suggested to recover and fix CO2. There included physical
methods (dump'gg or storing CO; in the deep sea, abandoned mines or waste oil pits),
biological methods (fixing CO3 in algae and plants using solar energy) and chemical
methods, which will be described in detail below.

In discussing the feasibility of technologies to fix CO, the important thing is whether &
given method can be used to quickly dispose of large volumes of CO, safely and without

environmental harm. ; :
It is estimated that about 20 billion tons of CO; are released into the atmosphere each

year worldwide, and 800 million tons come {rom Japan, Assuming that Japan manages o
recover and fix only 1% of its emissions, the resulting eight million tons become a massive
disposal problem.  Collecting, fixing and storing it, where physically, biologically or
chemically, cannot be a permanent solution because it means only an accumulation of CO2
“and only changes the form in which CO; builds up from its natural slate toan artificial one.
The ideal approach is to think of CO as a carbon source and work out how to recycle it
Emissions from large fixed sources, such as power plants and factories, would be the
first target for recycling since they are much denser ( accounting for 10-25% of emissions)
than those from small, mobile sources like automobiles, and easier to recover.

-

2. Catalytle Hydrogenation of Carbon Dloxlde 3

Several ways have been suggested to recycle CO, chemically.!) Through organic
synthesis and polymer synthesis, CO may be fixed as organic chemicals an folymcrs.

- The synthesis of aromatic carboxylic acid using the Kolbe-Schmit reaction (see formula 1)
and of vrea using the reaction between CO; and ammonia (see formula 2) have already been
put into practice. The synthesis of polycarbonates by making copolymers from CO; and
ethylene oxide (see Formula 3) is an attraclive method that is nearing practical use.

- #prepared for the Second Japan/U.S.A. Workshop on Global Change: Environmental
Response Technologies (Mitigation and Adaptation), East West Center, Honolulu, Hawaii,

U.S.A., February 1-3 (1993).
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Formula 1: Synthesis of Aromatic Carboxylic Acid
ONa .

OH.
@ + CO, — (Catalyst) — € COON
Formula 2: Synthesis of Urea
|  2NH3 +COy —> (Catalyst) —> H;NCONH; + Hp0
Formula 3: Synthesis of Copélymers

Cl-&-C/H, +CO, — Cata?yst —+[-CH,-CH,-C-C-C-]
C . . ‘
Methods for reducing CO; by synthesizing chemicals include electrochemical fixation
and fixation using photocatalyst (artificial photosynthesis) (see Formula 4).
Formula 4: photochemical and Electrochemical Fixation
CO;, + 8H* + 8 (Electrical or Light Energy) —> CHjg + 2H;0

The catalytic hydrogenation method also reduce CO; using hydrogen as a reducing agent
" in place of electrical or light energy. - The reaction of CO; with Hy to CHy proceeds easily
over the catalyst (see formula 5).

Formula 5: Catalytic hydrogenation
CO; + 4H — Catalyst —» CHy4 + 2H;0
This is one of the most promising technologies for ﬁxiné large amount of CO; for reuse
as other chemicals or fuel. The main advantage is that the catalytic hydrogenation method

fixes a large amount of CO; quickly per unit of time and area and can be used 1o easily deal
with Jarge volumes of CO;,. :

Lower hydrocasbons lik Higher hydrocarbons
thylene and ethane (oils, waxes)
Methane Aromatic hydrocarbons
(benzene, toluene)

Carbon monoxide le Carbon dioxide »{ Methanol .
Homogencous
caulys Higher alcohols (eth
Formic acid Formic acid esters p.;fpa,:::. ete.) felanel,

Isomerization 1
Casboxylic acid

Fig. 1: Chemicals Synthesized by Catalytic Hydrogenation of COp
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Furthermore, as s¢en in Fig. 1, it is

me
If catalysts are devel

expected for that part
hydrogenation of CO2

synthesis gas reactions may

that work well for each chemical process, fast expansion can be
chemical industry that uses CO; as a raw material. The synthesis
gas reaction (catalytic hydrogenation of carbon monoxide) which resembles catalytic
has been used to synthesize methanol and so on. Therefore, some
be used in or replaced by catalytic hydrogenation of CO;.

sible to synthesize various basic chemicals,
including hydrocarbons and oxygenated compounds, using the catalytic hydrogenation

3. Chemlcals Synthesized using Catalytic Hydrogenation of Carbon

Dioxide

It is reported that many kinds of chemicals can be synthesized using catalytic
hydrogenation of CO3 (see Fig.1), from low hydrocarbons like methane, ethane and
ocarbons (e.g., oils, waxes), alcohols (methanol, ethanol) and
(formic acid, formate).
fectively and selectively synthesized there chemicals have not
they are al the stage of basic research at universities and research institutes
around the world. Research will become more active as more take on the problem of
recycling CO2. Table 1 gives some examples of catalysts that have proven effective in

cthylene to higher hydr
carboxylic acid derivatives
Industrial ﬁn:jccsscs toe

been establis

.
1

chemical synthesis.

It is interesting to note that the use
Generally, catalysts from the nickel,"co

of different catalysts results in different compounds.
balt, ruthenium and rhodium families most

frequenty produce methane.
Table 1: Representative Catalytic Hydrogenation of CO2
Synthetic reaction/ Reaction
yn g‘(‘;;:‘ condition Co, converslon (%) | Product {selectivity %)
Methane
RUSIO, 233°C. 11am | 9.0% CH, (89.7%)
FerSi0, 291°C. 11aim | 9.9% CH, (39.9%), CO (53%)
CorSio, 205°C, 11am | 11.2% CH, (89.0%), CO (10%)
H/CO, = 4
C,*- hydrocarbon
.Cuisi0, 340°C, 1atm | 25% CH, C,H, (44%)
-RVND,O; H/CO, =4
Cu-2n0 320°C, 21 aim 17% (H.C 4.1%) CH, (24.5%), C,H, (35.8%),
dealuminaled-zeofite | H/CO, = 2 .{CO11.8%) CH, (29.9%)
Methanol
Cu-2n0-L8,0, 300°C, 110 alm | 29.5% (ROH 16.4%) | CH,OH (99.9%)
H/CO,=3 "] (CO13%)
PdNLe,0, 350°C, 120 alm | 10.8% (CO 4%) CH,OH (89.4%)
H/CO, =3 (ROH 6.1%) CH, (10.5%)
Higher Alcohols
Mn/Fe/Cd/CuOxide 400°C, 150 aim | 46% EtOH (20%), PrOH (18%),
H/CO,=3 BuOH (8%)
KCUMo/SiO, 250°C, 16 atm tate (0.34 C-mmo¥ CH,OH (24.8%),
. H/CO, = 1 g-cath) E10H (30.9%), C,"OH (42%)
Formic ether
Pd{dpm), 125°C. 30 atm | TOF (100/24 h) HCOOEL (4000 pmol)
(440 pmoi) EtOHELN CH, {40 pmol)
| H/CO,= 1 (COOE1) , (0.4 pmol)
H.C.: hydrocarbon, ROH: alcohol, C,"OH: propandl, butanal, dpm: diphosphinomethane
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The use of iron-family catalysts generally results in carbon monoxide, Cyt
hydrocarbons, and the use of those related to coppert, palladium, platinum and rhenium
produces methanol. Palladium and ruthenium catalysts are effective in synthesizin
carbonic acid esters. Expect in the synthesis of methane, there synthesizing reactions lac
selectivity and activity. To commercialized catalytic hydrogenation methods, the
dcvcl:gmcn! of catalysts that allow efficient and selective synthesis of target chemicals will
be needed. '

4. Making Methanol from Carbon Dioxide

So we see that various chemicals may be synthesized using catalytic hydrogenation of
CQ;. To help stop global warming, the most promising area is to synthesize methanol this
way, primary because it is in great demand. Curreritly methanol is mainly synthesized from
natural gas via synthesis gas, and 20 million tons are produced each year worldwide,
Methanol is catching attention as a cleaner fuel {or diesel engines, since it produces fewer
NOx and carbon particulates. Its use blended with gasoline and neal use as a clean fuel is
being considered. In addition, the process of gasoline synthesis from methanol is already
established. Therefore, demand for methanol fuel will almost cenaigl(y grow,

Methanol is also important as a basic chemical. The processes synthesizing various
chemicals, including formaldehyde, glycol aldehyde, ethylene glycol, dimethylcarbonate,
acetaldehyde acetic acid, methyl acetate and methyl formale, are in commercial use or under

" development for the near future. In addition, methanol synthesis is much cheaper than

hydrocarbon synthesis, since it requires less hydrogen and produces less water. There are
two other positive factors: the development of a high-performance m!all)"st for commercial
methano! synthesis is Krobab!c, and an academically significant finding has been made that
at below 250 °C, methanol from CO; may be synthesized much more quickly compared
with that from synthesis gas.2) - ‘ ‘

If a high-performance catalyst is developed, 400,000 tons of methano! can be made from
600,000 tons of CO, per year in a chemical plant using 10 tons of catalyst. About 16,000

tons of CO; are emitted each day by a million-kilowatt power plant that uses heavy cil. A

chemical plant with the capacity stated above will be able to convert 10% of that CO; 1o
methanol, - L

From this standpoint, we have been studying an efTicient catalytic hydrogenation of COp
to methanol3+4) and its derivative, dimethyletherS), which is also a higher added-value-
chemicals as well as a precursor of gasoline synthesis using zeolite catalyst. So far,
promoted Cu-ZnO catalyst has proved lo be an effective catalyst for methanol synthesis

from CO2. Table 2 shows an example obtained by Cu-Zn0-A1203-Cr203 catalyst.3)
’ Ta‘b§e 2: Selective and Effective Synthesis of CH30H by Calalytic CO2 Hydrogenation

Pressure Temperature GHSV €O conversion CH30H selectivity (Yield) €O selectivity CH3OH STY

(MPA) ('C) (kD). (%) ( % ) ( % ) (plath)
7.0 ° 240 1500 24.9 ’ 78.8 (19.6) 20.8 89.8
7.02) 250 1800 252 78.9 (19.9) 20.5 91.6
7.02) - 250 3000 253 74.2 {18.8) 25.6 165.6
* 5.02) 230 1800 20.0 67.3 (13.5) 324 n.2
5.0a) 230 12000 9.3 67.0 ( 6.2) 33.0 219.5
30 210 10000 6.8 713 { 4.8) 28.7 144.4
3.0 210 20000 4.7 75.8 (3.9 24.2 216.0
‘3.0. 210 25000 . 42 76.5 (32 23.4 2355
3.0 190 10000 4.8 84.3 ( 40 15.6 121.7
3.0 220 20000 1.7 70.9 (59 29.1 330.2
3.0 230 20000 10.2 62.0 ( 63) 38.0 381.6
3.0 . 240 20000 12.8 53.1 {68 46.9 410.9

talyst: Mark E( 1.0 g of Cu0(43)-ZnO(20)-A1203(34)-Cr203(3). 16-32 mesh size), H2/CO: 311
: Catalyst E of powder type was used, '

L
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Methanol is produced with high efficiency such as 25% conversion of CO with 79%
selectivity of methanol at the condition of 7 MPa, 250 *C, GHSV=1,800 /h H2/CO2=3/1
and 410 g/l-cat h of space lime yield at the condition of 3 MPa, 240 'C, GHSV=20,000 /h,
H2/C02=3/1. Supposing that 100 tons of this catalyst are used for the catalytic
hydrogenation of CO2 to methanol as recycling process of emitted CO2 at one industrial
factory, about 1,000,000 tons of CO? will be treated and 360,000 tons of methanol in a
single pass will be produced per year using such condition as 3 Mpa, 240 *C and
GHSV=20,000 /h.

8. Stable Hydrogen Supplles

A stable supply of cheap hydrogen is essential if the catalytic hydrogenation method is to
be commercially viable: Hydrogen was once produced using electrolysis of water, but
today it is more often produced from fossil fuels---caal, oil and natural gas.

Formula 6 -
CHy + H0 — CO + 3H2

Formula 7:
’ CO+HO0—-CO+H2

Reactions that produce both hydrogen and COy, as in Formula 7, are environmentall
meaningless. Hydrogen production from fossil fuels, as shown in formula 6, and meth
that use byproduct hydrogen are needed. Most desirable for the future would be to produce
hydrogen from water using nuclear fission and natural energy sources, such as solar, that
donot generate COz,

Recently we have seen enough pmfress in solar power generation systems, such as the
development of amorphous silicon cells, that solar encr%y is expected to become a major
energy source in the next century. The ideal system will combine solar power with high-

iclf electrolysis, which has long been under research, to produce large volumes of
gydrogcn at low cost. This will also be an essential component technology in recycling
CO; using catalytic hydrogenation.

Efforts and systems will be needed to make the method economically feasible using low-
cost hydrogen, such as byproducts from other reactions and that produced using off-peak
power capacity. ) :

* At the same time, a new technology for direct hydrogen production from water using
solar light energy will be expected 1o be developed. PhotocalalgrsiS is one of promissing
candidates for tgat. Recently we found a significant promoting effect of Na2CO3 addition
on the decomposition of water 10 hydrogen and oxygen by semiconductor
photocatalysts.5-7-8) Hydrogen production rate is not enough to apply to the practical use
at this moment, however, this is just the first step lo develop. Research and development in
this field will be strongly required.

6. A Catalytle Hydrogenation Project has Begun

- Under the circumstances described above, a foundation called Research Institute of
Technology for the Earth (RITE) was set up in 1990. It then started on a 10 year, 10
billion yen project to develop technologies 1o fix and effectively use CO; using catalytic
hydrogenation. .

The project is divided into three depariment areas: 2 membrane to concentrate and
scFaratc CO; from power plants and other fixed sources; an electrolysis method to
efficiently produce large amounts of hydrogen from water; and a high-performance
hydrogenation catalyst that can synthesize methanol and other chemicals efficiently from
CO; and hydrogen. Fig. 2 outlines a possible system linked to solar _lPower generation.

Separately, sunshine project promotion headquarters of AIST, MITl started now fo study
an overseas clean energy transportation technology shown in Fig. 3..9) In this system,
methanol is supposed 10 be one of available energy carriers because it is easy lo carry as
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liquid state like a crude oil at room temperature and one atmosphere by a supertanker,

Above mentioned catalytic conversion of emitted but captured CO3 to methanol is also

applicable to this system.
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Fig. 2: A Future Image of Catalytic Hydrogenation System for Recycling COp
Combined with Hydrogen Production System Using Sunshine Energy
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7. Future View for Collaborative Research with U.S.A.

1) Research on catalytic conversion of CO2 10 useful chemicals and fuel

There is a large possibility to use CO as a carbon source for syntheses of hydrocarbons
and oxygenates which are consumed as basic chemicals and fuel. Cj [si: wAn] chemistry
based on CO7 should be paied attention from the the point of the the new synthetic
chemistry as well as the conservation of fossil resources consumption. Especially catalytic
hydrogenation of CO2 will be important.

2) Research on photocatalysis ( Artificial photosynthesis )

Needless to say, photosynthesis is the most important and efficient production process
using solar light energy, water and atmospheric CO2. Development of an efficient artificial
photosynthesis process is an ambitious research topic and it will be required for the future
life of human being. Photocatalytic process is one of such candidates. Especially research
on photocatalytic production of hydrogen and oxygen from water using solar light energy
will be more attractive and important.
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'PI{H‘(BYNI'HEI'ICCOZ FIXATION AND ENERGY PRODUCTION - MICROALGAE AS A MAIN SUBJECT -

Yasuo ASADA
National Institute of Bioscience and Human-Technology
(formerly, Fermentation Research Institute) ,
Agency of Industrial Science and Technology,
Ministry of International Trade and Industry
Higashi 1-1, Tsukuba-shi, Ibaraki-ken, Japan 305

Research activities for application of microalgal photosynthesis to C0. fixation
in Japan are overviewed. Presenter’s studies on energy (hydrogen gas) production by
cyanobacteria (blue-green algae) and photosynthetic bacteria are also introduced

00, FIXATION BY MICROALGAL CULTURES
If incident solar energy, e.g., 4.8 kih/m2/day in a lower latitude is used to
0, fixation at efficiency, 100% about 1.58 kg of CO can be fixed. The theoretical
maximm of higher plant type photosynthesis efficiency, however, is limited to about
10% due to characteristis of light energy conversion; quantum processes.

We could estimate the actual efficiency achieved in current mass cultures of
algae or cyanobacteria (combustion energy of algal cells/incident solar energy)
using artificial open ponds to be around 3%.

There may be two factors affecting energy conversion efficiency; growth rate or
C0, -fixing rate of algae or cyanobacteria, and way of light energy supply for micro-
algal cultures in open ponds or photo-bioreactors.

Some topics concerning survey of fast-growing algae, (0. metabolism or develop—
ment of photo-bioreactors in some national research projects related to MITI, e.g.
in RITE (Research Institute for Innovative Technology for the Earth), or MBI (Marire
Biotechnology Institute) and in AIST (Agency of Industrial Science and Technology)

and some universities will be overviewed.

HYDROGEN PRCDUCTION BY CYANOBACTERIA AND PHOTOSYNTHETIC BACTERIA
Hydrogen gas is a clean and renewable energy carrier which does not evolve 00
at combustion. We have been studing on hydrogen production by cyanobacteria and
photosynthetic bacteria, which can be potentially useful to resolve (0 problem and
energy supply, simultaneously. I will introduce our studies on hydrogen production
by photosynthetic bacteria and cyancbacteria and a RTIE project, "Environmentally-
Acceptable Hydrogen Production” with which we are now in cooperative relationship.
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Carbon Dioxide Fixation by Artificial Photosynthesis
Takashi Ibusuki, Kazuhide Koike and Osamu Ishitani

Photo Energy Application Division,
Global Warming Control Department,
National Institute for Resources and Environment, AIST, MITI
16-3 Onogawa, Tsukuba, Ibaraki 30S, Japan

1. Purpose and Back Ground

Green plants can absorb atmospheric CO2 and transform it to
sugars, carbohydrates through their photosynthetic systems, but they
become the source of CO2 when they are dead. This is the reason why
artificial leaves which can be alive forever should be developed to
meet with global warming due to the increase of CO2 concentration.

The goal of artificial photosynthesis is not to construct the same
system as the photosynthetic one, but to mimic the ability of green
plants to utilize solar energy to make high energy chemicals.
Needless to say, the artificial photosynthetic system is desired to be as
simple as possible and to be as efficient as possible.

From the knowledge on photosynthesis and the resultsof previous’

investigations, the critical components of artificial photosynthetic

system are understood as follows:

1) light harvesting chromophore, _

2) a center for electron transfer and charge separation,

3) catalytic sites for converting small molecules like water and CO2
(multelectron reactions),

which are schematically described in Figure 1.

Solar Energy

Chromophore

Figure 1 Scheme of artificial photosynthesis
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In this workshop we would like to review the present state of
researches, especially in Japan and the United States and to look for
the direction of the research field or the future plan necessary for
developing the artificial photosynthetic system,

2. Ongoing Research and Future Plan

2.1, Photochemical electron transfer and charge separation

A number of detailed investigations have been carried out on the |
research fields of 1) and 2). The electron transfer chemistry of
molecular excited states is well developed, particularly with respect to
- metal complexes such as polypyridine complexes of transition metal
jons such as rhenium and ruthenium and metalloporphyrines. These
metal complexes can efficiently absorb visible lights and the stable
excited molecules with different energy levels can be designed.

In the past S years, much progress have been made concerning the
charge separation. The chromophores and electron acceptors or
donors-are incorporated into spadally controlled molecular assemblies
(Figure 2); complex molecules, soluble polymers or polymeric films on
electrodes in which intramolecular electron transfer and the charge
separation can be realized. :

(P-P : c13-PMPCH = CHPPY,)

(o) (bon)0s KOy~ O30 sman) (-0 3]

—(Cﬂr&°CH%].—[“:&-%&L-[%&-C&'C@NL—

LT C CH,C8 gu. cHy
CHy),= CH,).%O ’ () =(e)
. Mi(bpy),2*

(PS-Ru, An,,03,7 )(PF,)y
(a=12,m=3(M=Ry), a=I(M=0s),2=12: 4 +m+1m30)

Figure 2 Moiecule; and polymers in which light absorption and charge
" transfer are realized
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2.2. Catalysts for multdelectron reactions

Compared to the progress of studies on the light absorption and the
electron transfer/the charge separation, that of catalysis (mult-
electron reactions) has not been sufficient to date, although it is of
primary importance in order to realize artificial photosynthesis.

- lytic reduction of BNA* to BNAH

We recently found a novel type of hydride-transfer photocatalysis
of BNA+ to BNAH by ruthenium(Il)-pyridine complexes. BNAH (1-
benzyl-1,4-dihydronicotinamide) is a typical model compound of
NADPH (the reduced form of nicotinamide adenine dinucleotide
phosphate) which plays the role of a reductant in biological CO2
fixation. Although several attempts have been'made on the non-
enzymatic photoreduction of BNA+ (1-benzyl-3-carbamoylpyridinium
cation), the following problems remain unsolved: (1) uncontrolled
hydride-transfer reduction, i.e., production of mixtures of 1,4- and
1,6-BNAH and (2) reoxidation of BNAH through photoillumi-nation.

Irradiation (>500 nm) of a 5-mL N,N-dimethylformamide (DMF)
solution of [Ru(trpy)(bpy)(py)][PFel2 (1) (trpy=2,2":6',2"-terpyridine,
bpy=2,2'"-bipyridine, py=pyridine) 2 umol, BNA+PF6- 10 umol and
triethylamine (Et3N) 0.5 M under Ar for SO h regioselectively gave
1,4-BNAH in a 59 % yield along with an equimolecular amount of

diethylamine.

. H
p CONH, H CONH, o~ CONHz
l 1or2/hv ~ l
\+ > l l + H + HNEtz
~ NEts H Y

N , \
CHzPh CHzPh CHzPh
BNA?* 14-BNAH 1.6-BNAH

On the other hand, with [Ru(LL)2(py)2]2+ as the photocatalyst (LL= a
bidentate ligand) (2a-2d), mixturés of 1,4- and 1,6-BNAH were
formed in ratios dependent on LL as shown in Table 1. It appears that
_ increasing the electron-accepting ability of LL favors a higher
* selectivity for 1,4-BNAH formation. In all cases, no half-reduced
dimers were detected by HPLC analysis and moreover BNAH is
accumulated without parallel photoconsumption during the photo-

. reaction even after prolonged irradiation. :
By contrast, photocatalysis using [Ru(bpy)3]2+ gave only BNA2's in

34 % yield as the consequence of single electron transfer photo-
catalysis. It is therefore very unlikely that the photocatalytic
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hydride-transfer reaction is initiated by simple intermolecular
electron transfer of the excited-state ruthenium complexes with either
Et3N or BNA*. Actually, a photobleaching of 1 and 2 took place at an
early stage of the reaction, both in the presence and the absence of
BNA*¥, being attributable to the substitution of one pyridine ligand
with Et3N and/or DMF to give 3 or 4.

hv
[Ru(trpy)n(LL)z-n(PY)z‘sz. +U — [RUPY)a(L-L)2alpY)r-all)]?* + pY
1(n=1) 2a-d (n=0) 3 (L' = Et3N); 4 (L' = DMF)

Since the photocatalytic reduction of BNA+ did not occur at all in the
absence of Et3N even though 1 and 2 were invariably photobleached,
the photocatalysis clearly requires formation of 3. It is highly
probable that the hydride-transfer photocatalysis proceeds through
the photoformation of a reductant from 3. It was indeed confirmed
that [Ru(trpy)(bpy)(H)](PFe) 172H20 (5) can selectively reduce BNA* to
1,4-BNAH in the dark in quantitative yield based on 5 and can also
photocatalyze the selective hydride transfer (Table 1).

Table 1 Photocatalyzed reduction of BNA* with triethylamine

photocatalyst  selectivityd __yield®/ pmol TN

%  14-BNAH 16-BNAH
1 100 5.86 -0 29
5 100 8.85 -0 44

Ru(LL)(py)2)2+

2a  LL=phen* 97 3.94 0.04 2.0
2b  LL=bpy 93 5.84 016 3.0
2¢  LL=Mesbpyt 79 4.54 0.68 2.6
_2d_LL = (MeO)zbpy __38 é.12 2.8 2.2

2100 x (1,4-BNAHW((1,4-BNAH] + [1,6-BNAH)), after 2-h irradiation.
bIrradiation for 50 h. ¢phen = 1,10-phenanthroline; Mezbpy = 4,4"
- dimethyl-2,2"-bipyridine; (MeO)2bpy = 4,4"-dimethoxy-2,2"-bipyridine.
From these observations a reaction mechanism of the photo-
catalysis can be schematically shown in Figure 3: the photccatalysis

proceeds through the prior photosubstitution of one py ligand of 1 and
2 with Et3N, the subsequent photoformation of a hydride complex 5 or
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[Ru(LL)2(py)(H)}* accompanied by elimination of Et3N+=CHMe, and
regeneration of 3 (and 4) coupled with hydride transfer from the
hydride complexes to BNA*, The formation ratio of 1,4- and 1,6-BNAH
would be kinetically controlled by the hydride-transfer capabilities of

the photoformed reductants.

+ hv - +
(Ru(trpy)(bpy)(PY)I? ey [Rutrpy) PV Ety)]?

HH

CONH,
.ﬁj\]r : , ) hv
Et3N

N
_ CHgPh
1,4-BNAH

N CONHz
| ;,»

CH,Ph : ( | .
BNA* [Ru(trpy)(bpy)H]* + EtsN=CHCHj

Figure 3 Scheme of photoreduction of BNA* to BNAH by Ru complex

Water splitting by metal complexes and semiconductor catalysts

There have been many attempts to decompose photocatalytically
water to oxygen and hydrogen, since.this reaction is an essential half-
reaction in photosynthesis (Figurel). Indeed it has been ascertained
that several sets of chromophores (metal complexes) and catalysts
(metal/metal oxides) can produce hydrogen or oxygen by using
electron donors or acceptors as sacrificial reagent.

Table 2 metal complex catalyst for 02 evolution by
_ four-electron oxidation of water (Kaneko)

nﬁ?iﬁile nolzcﬁle Complex Phase  Activity
Di- - 4 ((bpy),Ru-O-Ru(bpy),)*’ Homog.  Yes
V-¥/111-111 Heterog. Yes
Tri- 4 [(M{s)sm-o-m-o-m(w%)s]s*nomog. Yes
vovvsaverrz-ty - Mgl Keterog. Yes
Di- 2 ((bpy) HnlOsHn(bpy),1°" Homog. Mo
- IV=-IV/II1-111. . Heterog. Yes

yono- . 2 {Ru(NH3)5H20]3+ Homog . Yes
v/111 . ‘Heterog. Yes
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As summarized in Table 2, several polynuclear metal complexes
can be catalyst for water oxidation to evolve oxygen. Dinuclear (T.].
Meyer et al.) and trinuclear (J.E. Earley et al.) ruthenium complexes
have been reported as homogeneous catalysts for water oxidation.

Kaneko et al. have found a high activity of these metal complexes
as heterogeneous catalysts incorporated into clay or polymer solid for
the chemical and electrochemical water oxidation. A dinuclear
manganese complex as a model compound in photosynthesis was
found to be active only as a heterogeneous catalyst.

Hydrogen or oxygen evolution from water has been achieved by
using semiconductor particles, although the efficiency was not high in
the absence of some sacrificial reagents which trapped electrons or
positive holes. Deposition of precious metals such as platinum,
rhodium and others could increase the catalytic activity of the semi-
conductors for simultaneous evolution of hydrogen and oxygen.
Recently Arakawa et al. revealed that addition of carbonate ion (C0O32-)
to aqueous platinum (0.3 wt%)-TiO2 suspension water remarkably
enhanced the uptake of hydrogen and oxygen.

Overall water splitting was realized with layered photocatalysts (K.
Domen et al.). The structure of nickel loaded niobates (K4Nbg0O7,
RbgNbgO17) was studied by means of XPS, EXAFS, TEM and XRD.
K4NbgO17 has an ion-exchangeable layered structure which has two
different kinds of alternating interlayer spaces as schematically shown
in Figure 4. Intercalated water is reduced to hydrogen in interlayer I
and is oxidized to oxygen in interlayer II. Each niobate macroanion
sheet is regarded as a "two-dimensional" photocatalyst where
hydrogen and oxygen evolve at different sides of the layer.

Figure 4 Schematic structure of the active NiO(0.1wt%) -
K4NbeO17 photocatalyst and the reaction mechanism
of water dedcomposition .to 02 and H2
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CO3 reduction by metal complex and semiconductor catalysts

A series of metal complexes have been identified which carry out
the reduction of CO; by electron transfer catalysis. In most of this
work the emphasis has been on electrocatalysis. In Table 3 (T.]J.
Meyer), some molecular or polymeric film based electrocatalysts for
the reduction of CO2 and the products of the reductants.

TABLE 3. REPRESENTATIVE CATALYSTS FOR THE ELECTROCATALYZED

REDUCTION OF CO22
Catalyst Medivm E.VINHE)® Products
Rh(bpy)z* CH3CN/H0 136 HCOH
Ca(pe) H0 : -0.95 0.0
Ni(cyclam)2+ H0 -1.05 (o)
poly-[Re(bpy)(CO)3Cl] CH3CN -1.26 CO,oxalate

apc is phthalocyanine dianion; bpy is 2,2'-bipyridine; cyclam is 1,4,8,1l'-tetra-
azacyclotetradecane; poly refers to a polymeric film on a Pt ¢lectrode.
bE is the applied potential in V vs the NHE electrode.

By combining these catalysts with appropriate photosensitizers/
chromophores and electron donors, photochemical reduction of CO2 has
been carried out. Lehn et al. first reported that fac-[Re(bpy)(CO)3Cl]
complex acting both as photosensitizer and as catalyst in its reduced
state, could reduce CO2 to CO at 14 % quantum yield. Tanaka et al.
reported that [Ru(bpy)2(C0)2]2+ with [Ru(bpy)3}4+ as photosensitizer
and triethanolamine (TEOA) or BNAH as electron donor
photochemically reduced CO2 to formate (HCOO") and CO at a high

quantum yield.

We recently synthesized rhenium complexes having two
phosphates as ligand, fac-[Re(bpy)(CO)2{P(OEt)3}2]+X- (X=Br, PF¢, BF4,
ClO4, BPh4). The complex in DMF solution photochemically reduced
CO3 to CO with TEOA and BNAH as electron donor at higher quantum
efficiency than 15 %. Although its reaction mechanism has not been
completely elucidated, it has been confirmed based on some
spectroscopic measurements that the excited state of the complex is a
‘metal-ligand charge transfer complex (MLCT) and the luminescence of
MLCT was quenched reductively by DABCO (amine).
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2 i sus-
pended in water was first reported by Honda et al in 1979. Since
then, a number of studies have been conducted, although the
efficiency of COz reduction was not high without extra sacrificial
reagents and the details of this reaction have not been made clear yet. -
A series of electrochemical reduction of CO2 have shown that product
distribution and reduction efficiency markedly change depending on
the kind of metal electrode. It is of much interest that copper elec-
trode favors hydrocarbons (ethylene, methane and others) as product
(Hori). In contrast, irradiation of aqueous TiO2 suspension mixed with
copper powder gave methanol as a main product (Harada et al.).

We prepared several metal (2 wt%) loaded TiO; by the photochem-
ical deposition method with methanol as reductant. TiO2 itself and the
metal (M)-TiOz powders were very carefully washed with water and
filrated untl any organic contaminants were not detected in the
filtrate. A suspension of TiOz or M-TiO2 (ca. 150 mg) in 1.5 ml of
water was placed in a quartz vessel and degassed by the freezing and
thawing method. This was followed by introduction of CO3 up to 650
Torr and the suspension was irradiated at >300 nm by a S00 W high
pressure Hg lamp with a cut-off filter. The vessel was kept at 5 oC
and CO2 was circulated with a glass pump during irradiation. The
products both in the gas phase and in the liquid phase were analyzed
by gas and ion chromatography.
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Figure § Time-course of CH4 yield by using M-TiO> photocatalyst
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Figure 5 showed photocatalyzed formation of methane by TiOz or
M-TiO7. A small quantity of methane was produced by using the non-
deposited TiO2. However, deposition of Pd, Rh, Pt, or Au on TiO;
greatly enhanced methane formation and methane increased with
irradiation time, except for Pt-TiO2. In particular, Pd-TiO2 produced
more methane than TiOz by a factor of about 35. In contrast,
deposition of Cu or Ru hardly accelerated the methane formation.

Table 4 summarized the yields of the products detected after S
hours irradiation. Pd and Pt-TiO2 mainly produced methane. On the
other hand, a certain amount of acetic acid (CH3COOH) was produced
using other catalysts. Especially in the case of Cu and Ru-TiO, acetic
acid was the main product.

Table 4 Photocatalyzed reduction of CO3 with water by M-TiO2

M-TiO; IP/eV - Products /108 mol
CH, C,Hg CH,0H HCO,H  CH3COH

TiO, 0.7 0.1 <1 <05 <1
Pd-TiO, 8.34 24.7 1.4 <1 <05 <1
Rh-TiO, 7.46 10.0 0.9 <1 <05 5.0
P-TiOy 9.0 5.0 <0.1 < <l <05 <1
AwTiOp - 9.225 3.3 0.6 <1 <0S 2.8
Cu-TiO, 7726 1.9 0.2 <1 . .06 4.1
Ru-TiO, 1.37 0.6 <0.1 <l <05 2.0

1 A suspension of M-TiO; (150 mg) in water (1.5.ml) was irradiated at >300 nm for 5 h under COy

<~atmosphere.

Based on the following evidence, we conclude that the major
carbon source of methaneis CO; (1) the photocatalytic reaction under
13C0O; instead of 12COz produced 13CH4, which was detected by GC-MS
measurement; contrastively, 13CH4 was not detected under 12C03. (2)
As shown in Figure 5, irradiation of the aqueous Pd-TiO2 suspension
under N produced a much smaller amount of methane than that
under COz and the build-up of methane stopped within 4-5 h of
irradiation. In this case carbonate adsorbed on TiO2 or Pd-TiO2 was
supposed to be the carbon source because a certain amount of
carbonate still remained in the water which rinsed M-TiO2, while the
organic compounds were washed away.

After 5 h irradiation PdO in the photocatalyst was rarely detected
by XPS and neither Pd* nor PdZ+ were detected by ESR and ICP

. analysis, in spite of the considerable formation of methane and others.

Since contamination with organic compounds was depressed to a much
lower level than the reduction products of CO2, the main reductant is

probably water.
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Much attention has been focused on quantum size (colloida])
semiconductor particles, since they can produce profound changes in
the optical, electronic and photocatalytic properties of semiconductor
particles and are convenient to mechanistic studies on account of
optically transparency of their solutions. A group of National
Renewable Energy Laboratory (Dr. Nozik et al.) has been conducting a
number of basic researches in this field. In addition to colloidal metal
oxides such as TiOz and ZnO, quantum-sized metal sulfides like ZnS,
CdS and metal selenides were prepared and their photocatalytic
activities have been investigated in details.

They have reported that immobilization of Pd onto TiO; powders
and colloids results in active photocatalysts for the selective reduction
of CO2/HCO3" to formate in the presence of oxalate as sacrificial
electron donor. As a reaction mechanism, the surface reaction of Pd-
activated HCO3- with hydrogen atoms (or hydrides) produced from
reduction of proton with electrons has been proposed. Inoue et al.
studied a photocatalytic reduction of CO2 by ZnS colloids in the
presence of 2-propanol. The quantum efficiency for formate
production were increased by increasing the [Zn2+][S2-], The fact that
the greater the excess of [Zn2+] to [S2-], the smaller the ZnS
microcrystallites, suggested that the smaller the ZnS photocatalyst the
richer the nonstoichiometry in the photocatalyst surface, which must
be favorable for adsorption of CO».

CO2
. Catalyst for

Catalyst for
oxidation

Oi + 4H+

positive holes
2 HzO/_'electron donors

Figure 6. Scheme of CO2 reduction by semiconductor particles

As a short summary, semiconductor particles can be the photo-
catalyst for multielectron reduction of CO2. Although the reaction
mechanisms have not been fully evaluated, the oxidative decomposi-
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ton of water and/or other electron donors with positive holes and the
reduction of CO2 with electrons/proton/hydrogen take place as shown
in Figure 6. Metals deposited on the semiconductor may not only
attract electrons which reduce protons to hydrogens or hydrides, but
also adsorb and activate CO2. In the absence of reactive electron
donors as sacrificial reagent, as the reduction products accumulate in
water, they are reoxidized by holes in preference over water. In order
to increase the efficiency, it is of great importance to increase the
efficiency of charge separation, to separate oxidation/reduction sites
and to recover/separate the products immediately.

Future Plan

The metal complexes can use visible lights and reduce CO2
efficiently as high as over 10 %, while most of products result from
two-electron reduction of CO2 and some sacrificial reagents are needed
for the catalysis. The semiconductor catalysts can use water as
electron donor for reduction of CO2 and multielectron (up to 8)
transfer steps are realized, while most of semiconductors can not use
visible lights for generation of electrons and positive holes and the
quantum efficiency seems generally low, particularly in the absence of
extra electron donors to trap positive holes.

iy S
Lr o Catalyst C O

bmiconducty

\

Figure 7 Artificial photosynthetic system to realize light absorption,
electron transfer, and catalysis (multi-electron reactions)

For developing the artificial photosynthetic system, we have to
challenge the design and synthesis of a spatially controlled molecular
assembly which consists of the photochemical apparatus (the

_ chromophore for absorbing visible lights and transfering electrons/
charge separation) and the catalysts required for water splitting and
for reduction of CO2. One example of the assembly is schematically
shown in Figure 7.
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As described in this paper, basic principles are available and some
progress has been made, but when applied to artificial photosynthesis,
this research area is still in its infancy.  To realize this kind of
molecular arrays containing inorganic, organic and polymer sub-
stances, an interdisciplinary approach are required, together with
varjous. sophisticated analysis techniques for evaluating the properties
of the assembly. This can not be performed by a single research
group, which is the reason why national and international cooperation
is strongly desired.-

3. Future View for Collaborative Research with the United States

Japanese researchers already have good contacts with those in
United States universities and national laboratories. We do hope that
this workshop can stimulate the research cooperation between Japan
and United States and increase the opportunities for exchanging
researchers and having joint seminars, which are essential in order to
disseminate results rapidly and to share research strengths.
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IT IS TIME TQ PUT CARBON DIOQXIDE TO WORK

by

Edward S. Lipinsky -~
Battelle
- 505 King Avenue
~ Columbus, OH 43201

Introduction
The need to control emissions of carbon dioxide into the atmosphere is the subject of
vigorous debate at this time. There is growing evidence that rising levels of carbon dioxide
increase global warming, with perhaps highly adverse impacts for the luman economy.
There are calls for carbon taxes and other harsh measures. Japan has established a national
goal of holding carbon dioxide emissions in the year 2000 to 1990 levels. I hope that this
conference will be a turning point in the United States position on this issue.

The current major end uses for CO; include refrigeration, beverage carbonation, soda

ash production, fire fighting, and urea fertilizer production. They are all based on chemistry

- that would not surprise a good chemist of the 19th century. -~

Consumption of carbon dioxide in synthesis of industrial chemicals is limited. -
Usually one explains low production of chemicals from a candidate feedstock in térms of
poor availability, price, purity, or feactivity. We can eliminate the first three as the causes
of the underutilization of carbon dioxide. . S s

Carbon dioxide is plentiful, and recovery of more carbon dioxide can-be accom-
plished relatively easily. When I say that, I mean recovery from ammonia production,
hydrogen production, not from 500 MW fossil fueled power plants!

The price is low and probably would decrease as production increases. Carbon
dioxide is an extremely economical feedstock with a current price of $40/ton, compared with
- ammonia at $115/ton, ethlyene at $450/ton, and sulfuric acid at $75/ton (Chemical Marketing

Reporter, 1992).

High purity carbon dioxide is available using current technology. ‘Its physical
properties (e.g., sublimability) render it easily purified. "~ - ' '

RESE 24

That leaves orily oné excuse for not developing carbon dioxide ifito a major chemical
feedstock: poor reactivity. The chemical literature refers frequently to the lack of
reactivity of carbon dioxide as a reason that carbon dioxide is so little used as a chemical

feedstock.
" This isa weak excuse! Naturé uses a rémarkable series of catalytic processes to
convert carbon dioxide into billions of tons/year of biomass via photosynthesis. If we
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humanoids are unable to use more than one percent of the carbon dioxide that we produce, it
is because we have not yet mastered chemistry very well and/or have not applied ourselves
diligently to this important opportunity.

tilization tegi

A major aspect of the carbon dioxide utilization challenge is to make a larger
number of promising chemicals available via processes that are reasonable by standards
of the chemical industry and its customers.

What is.a "promising chemical” by these ground rules? One way to answer this
question is to invoke the concept of direct substitution and indirect substitution.
Utilization strategies can seck direct substitution for a chemical that is used now by
synthesis of the current compound, or one can use an indirect substitution strategy in which
the function of the chemical is retained even though the molecular structure is different.

Direct Substitution

There are many opportunities for carbon dioxide to substitute directly for established
primary chemicals. Carbon dioxide is engaged in a competition with carbon monoxide with
regard to various C,; chemicals. Phosgene, which-is made from carbon monoxide and
chlorine, is especially vulnerable because of its toxicity and the worthlessness of the chlorine-
derived products of phosgene reactions (sodium chloride or HCI) as well as the adverse
impact on the environment of the by-product chloride. :

Phosgene-is the classical reagent to use to make carbonates from alcohols or phenols.
COCl, + 2ROH -» ROCOOR + 2HCI

In addition to the safety hazards-of phosgene and the carbon monoxide and chlorine gases
from which it is'made, the HCI by-product is corrosive and .can lead to the introduction of
chlorine impurities into the product. Separation of the carbonate product from the HCI may
require neutralization with alkali which adds to the pollution and cost problems.

One of the carbon dioxide-derived intermediates that is battling phosgene is urea
which is safer and much cheaper. The reactions that displace chloride with phosgene
displace ammonia with urea. Research at Marburg University and Bayer has shown that
aliphatic alcohols can displace ammonia from urea to form dialkyl carbonates.

JHNCONH, + 2ROH - ROCOOR -+ 2NH,

The standard processes for the manufacture of urethane polymers empldy isocyanates
as the key monomer ingredient. . Isocyanates now .are made mostly from phosgene and
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aromatic amines. Routes to isocyanates that use addition of isocyanic acid (HNCO) to
olefins to obtain aliphatic diisocyanates without use of phosgene are under consideration.

HNCO is best made by thermolysis of urea. The overall effect is to make isocyanates
from carbon dioxide, instead of from phosgene.

CO, + NH, — ;HNCONH, - HNCO + NH,

R,CH=CHR, + HNCO - R,CH,-CHR,NCO -

CO, + NH; - ,HNCONH, - HNCO + NH,

R,CH=CHR, + HNCO - R,CH,-CHR,NCO
Indirect Substitution

Indirect substitution involves a creative process in which needs are analyzed and
converted into functions that are desirable. The following examples illustrate the reasoning
that is involved in indirect substitution.

Pigments and Fillers

Paper manufacturers and paint companies use large quantities of titanium dioxide. It
has a worldwide market of about three million tons/year. About 80 percent is used in paper
and 20 percent in paint and other polymer applications. Titanium dioxide sells for about
$2,000/ton for use as a whitening filler for papers that are used for laser printing, office
copying, and other high quality uses. These fillers also provide powerful “hiding” properties
for paints.

New configurations of precipitated calcium carbonate for use as replacements for
titanium dioxide in paper applications are gaining rapid acceptance among manufacturers of
alkaline papers. Calcium carbonate that has a desirable crystalline structure is manufactured
by controlling the reaction of carbon dioxide with lime. The carbon dioxide that is used
frequently is obtained from the flue gas of the paper mill that buys back the calcium
carbonate. Control of the crystal size and structure of calcium carbonate allows a $200/ton -
$500/ton calcium carbonate product to compete with the $2,000/ton established product. The
new calcium carbonates already have won a 500,000 ton/year position, and the growth phase
is still underway. About 25 facilities are in operation now. .

Compare these positive economic figures with the costs of capturing carbon dioxide
from electric power plants. This is the difference between putting carbon dioxide to work
vs. killing it and burying it! : ‘
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Environmentally Benign Solvents

Carbon dioxide itself is an excellent solvent in its supercritical state. Both Union
Carbide and BASF. have introduced supercritical carbon dioxide paint solvent systems for
automotive spray paint lines. Very high solids formulations are possible so that the advan-
tages are not solely environmental.

Cyclic carbonates are powerful solvents for many solids that otherwise might require
chlorinated solvents. Also carbon dioxide itself is quite soluble in cyclic carbonates. These
hard-working solvents are made from carbon dioxide and olefins.

Envirgnr.ngngally‘ Benign Polymers

Direct production of polymers from carbon dioxide occurs in the reaction of diamines
with carbon dioxide to form polyureas:

2HN(CH2)nNH2 + CO, —» -[CQNH(CHQmNIﬂn-H + H,0

The Marburg University and Bayer technology mentioned above as a route to dialkyl
carbonates can be employed to produce cyclic carbonates without using oxiranes.

Catalyst

[ L ~ |
H,N—C—NH, + HQCH2CH2CH20H > O\”/O

0)

Cyclic carbonates with larger rings can be made from homologous diols by reaction with
urea. Yields of the desired products are well over 90 percent, when the catalyst consists of
an appropriate mixture of Lewis acid and base.

The Importance of Accounting

_ Many of the carbon dioxide-based products return to carbon dioxide quite soon (e.g.,
methanol fuels, plastics for packaging applications). These usés are not generally accepted as
helping the global warming situation. However, a little accounting can help to clarify the
. situation. If a polymier that was 100 percent ethylene is replaced by one that is 50 percent

- carbon dioxide, only half as much ethylene needs to be produced. - The ethylene came from
natural gas or petroleum which had to be produced, transported, refined, and cracked. These
steps would emit carbon dioxide that is avoided by putting to work the carbon dioxide that is
already being produced. -Of course, the carbon dioxide side of the ledger must include its

cost of capture and’transformation into the plastic.

Another argument against utilization of carbon dioxide is that the quantities of carbon
dioxide that are utilized would be small compared with the gigatons that are emitted by
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electric power plants, deforestation activities, etc. Successful utilization provides a profit
margin that can pay for capture, purification, and storage. This is one of the lessons of
photovoltaic R&D. The United States R&D focused on large panels for operating hot water
heaters, while Japan focused on solar-powered watches and calculators. Accountants can tell

you which team showed the better judgment.

If carbon dioxide cannot yet perform big tasks, let’s provide doable challenges.
Then, we will have added know-how for addressing bigger, harder issues.

Conclusions

The.above examples illustrate the latent powerful reactivity of carbon dioxide. They
also show that this reactivity can be directed to important industrial targets. Carbon
dioxide’s power remains latent because of under-investment by chemists and the chemical
industry in this inexhaustible, low cost chemical. Research should be focused on innovative
catalyst systems to activate carbon dioxide and on innovative pathways to polymers. Itis
time to put carbon dioxide to work!
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OCEAN CO, DISPOSAL

Yuji SHINDO and Toshikatsu HAKUTA

National Institute of Materials and Chemical Research, AIST, MITI
Higashi, Tsukuba, Ibaraki, 305 JAPAN

Most countries in the world will continue to depend on fossil fuels for their
main energy at least for half a country, even in the confrontation with the threat of
global warming. This indicates that the development of CO, removal technologies
such as recovering CO, from flue gases and sequestering it of in the deep oceans
or subterranean sites is necessary', at least until non-fossil fuel dependent society
is developed.

Ocean CO, disposal is one of the promising options for the sequestration of
CO, recovered from flue gases. Oceans have sufficient capacity to absorb all the

.CO, emitted in the world. It is very significant to research and develop the

technologies for ocean CO, disposal.

Ongoing Research in Japan

1) Research on the formation of CO, hydrate at NIMC

" Research on the formation of CO, hydrate has been carried on at National
Institute of Materials and Chemical Research'? (NIMC) in cooperation with
University of Tokyo. A model of formation of CO, hydrate is proposed based on
some assumptions, and a partial differential equation taking into account the
diffusion and reaction in the CO, liquid phase is derived. The most important
assumptions are that water dissolves into liquid CO, and reacts to form CO,
hydrate, and that the hydrate blocks the dissolution and diffusion of water.
Computational simulations were conducted, and the model proposed interprets well
the many observations on the CO, hydrate formation in previous studies.

Some conclusions were obtained from a viewpoint of the kinetics on the
formation of CO, hydrate. At the interface of water and liquid CO, under the
conditions of temperatures less than 10.2°C and pressures higher than 4.45 MPa,
CO, hydrate forms instantly and its thickness is very thin. For example, liquid CO,
drops injected in the ocean at depths below about 450 m will be covered with a
thin film of CO, hydrate, but it is difficult to produce drops completely made of
CO, hydrate. Of course, drops with very mall diameter will convert into CO,
hydrate, but at the same time considerable amount of the liquid CO, will be

. dissolved into sea water.

Liquid CO, disposed at depths greater than 3000 m in the ocean will form a
very thin film CO, hydrate at the interface with sea water. This thin hydrate film
will prevent the CO, diffusion in the ocean and control the change of pH. Ifa
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small fragment of liquid CO, comes off from the surface of liquid CO,, it will
instantly be wrapped by a very thin film of CO, hydrate. It is proposed that liquid
CO, will be transported through a pipe to the ocean floor from a station on the sea,
and it is worried that the outlet of a pipe for liquid CO, transport will be blockaded
by CO, hydrate. There will be no blocking, because the hydrate film is not so thick
to blockade the outlet. We believe that the ecological impacts of liquid CO, will be
considerably reduced due to the isolating and wrapping effects of the thin co,
hydrate film.

2) Liquid CO, disposal

Physico-chemical dynamics of CO, injected in deep ocean is studied at
Mechanical Engineering Laboratory"®, Studies on dissolution and diffusion process
of CO, under simulated deep sea environment, and on dynamics behavior of co,
are focused. CO, transportation system is studies at Mitsubishi Heavy Industries*
(MHI) from a standpoint of mechanical and chemical engineering. It was concluded
that the fatal technical difficulties were not found so far as the transportation
system, and the liquid CO, was estimated main to be carried on to the next phase
of study for transportation system. It was also confirmed experimentally that
liquid CO, became heavier than seawater under conditions of the depth of more
than 3000 m.

Studies concerning ocean CO, disposal are carried on at Central Research
Institute of Electric Power Industry' (CRIEPI). Technique of computer simulation
for the prediction of solute CO, behavior in the bottom ocean current was
developed in order to evaluate the degree of possible damage by the CO, to the
benthic ecosystem. A computational result shows that the low pH seawater
would crawl and spread out on the ocean floor from the site of CO, disposed. It
has been also pointed out that CO, disposed of at deep ocean would be neutralized
by CaCO,. Experiments on the formation of CO, hydrate at high pressure were
conducted. It was observed that CO, hydrate rapidly formed at the interface
between seawater and liquid CO,, and that its thickness was very thin.

A jet mixing model of CO, injected into deep ocean is developed at Tokyo
Electric Power Company'® (TEPCO) to understand the fundamental processes of
deep ocean disposal, namely diffusion to liquid CO, and dissolution of CO, into
seawater.

3) CO, hydrate disposal

Some experiments on the CO, hydrate are conducted at TEPCOY. CoO,
hydrate formation was observed under the conditions of pressures up to 2 MPa
and temperatures between room temperature and -10°C. It was confirmed that the
experimental results well coincided with phase-equilibrium relation reported in the
previous paper. The properties of CO, hydrate were also measured at the
pressures up to 3.2 MPa.

Research on the formation of CO, hydrate is carried on at Chubu Electric
Power Company™. Experiments were conducted at the temperature from 275 K to
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278 K and the pressures from 2.94 MPa to 3.72 MPa. It is.found that CO,
hydrate formation needs a considerable time before its initiation under the
conditions described above. » : .

Feasibility of CO, storage in the Japan Deep and utilization of CO, hydrate is
studied at Osaka University*®. Crystal of CO, hydrate is observed by an electron
microscope, and a mechanism of the formation of CO, hydrate is proposed.

4) The other studies on ocean CO, disposal ,

In addition to the studies described above, many other studies concerning
ocean CO, disposal are conducted in Japan. Some of them will be introduced due
to limitation of space. Microstructure of multi-phase and turbulent flows of CO,-
sea water system is studied at National Institute for Resources and Environment.
Feasibility study on total system of ocean CO, disposal has been conducted at
University of Tokyo"®. Basic studies of CO, hydrate are carried on at Hokkaido
University, and Government Industrial Development Laboratory at Hokkaido.
Transportation method of CO, is studied at Government Industrial Research
Institute at Osaka"'!, and Osaka Gas Company.

Future View for Collaborative Research with U.S.

1) Research on the formation of CO, hydrate
" Formation of CO, hydrate occurs in most of ocean CO, disposal, because

CO, hydrate is stable at the conditions of pressures greater than 4.45 MPa and
temperatures less than-10.2°C. Formation of natural CO, hydrate was also
observed at submarine gas vents on ocean floor. Many complicated phenomena at
the interface between liquid CO, and water have been reported. For example, CO,
hydrate instantly forms and its thickness is very thin. There are, however,; few
studies on the kinetics of CO, hydrate formation. Research on the kinetics and
mechanism of the formation of CO, hydrate are expected.

2) Research on the properties of CO, hydrate

Fundamental research on the physico-chemical properties of CO, hydrate is
very significant from the standpoint of practical application of ocean CO, disposal.
Elucidation of the mechanism of the collapse of CO, hydrate under various
conditions is important. Measurement of physico-chemical properties of CO,
hydrate, and evaluation of the stability of CO, hydrate in the seawater are

expected.

3) Simulation technology of the behavior of disposed CO,

, Thé most important problem of ocean CO, disposal is the ecological impact.
There are few studies on the simulation of the behavior of CO, after disposal.
Development of simulation technology and research on the behavior of disposed
CO, are very significant. These studies include modeling of CO, diffusion,
estimation of physical properties of substances, and computational stimulation.
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This technology will allow the precise assessment of ocean CO, disposal.

4) In situ investigation of ocean CO, disposal :

Ocean CO, disposal includes various methods such as liquid CO, disposal,
dry ice disposal, CO, hydrate disposal, and dissolution of CO, at shallow water. In
situ test is also significant. Studies such as observation of released CO, by a video
camera and measurement of the change of pH will be done by the use of an
investigation ship, research station on the sea, or submersible platform.

It is noted that researches at national laboratories and universities are
subject on the workshop, while researches on ocean CO, disposal are carried on at
many private companies in Japan.
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Confined Release of CO; into the Ocean
E. E. Adamss, D. Golombb, X. Y. Zhangs, & H. J. Herzog?

To help reduce global warming, it has been proposed!-3 to sequester some COz in the
deep ocean. However, current pipe technology is limited to about 600650 m*, so deeper
transport requires other means. Recently, it was suggésted-‘*‘“ that CO; could be released
at depths of 200400 m as a concentrated seawater solution. The dense solution would
form a negatively buoyant gravity current and sink to greater depth. In the following we
expand our previous calculations? showing that an unconfined release of CO2 will not
create sufficient concentration or negative buoyancy. However, release of either
compressed gaseous or liquid CO, into an appropriately designed confinement vessel could
produce sufficient concentration to transport the current to deeper water. Furthermore,

such a scheme may facilitate formation of CO7 hydrate particles that are heavier than

seawater, causing further sinking. A recently completed Research Needs assessment study

which we conducted for DOE® concludes that shallow water disposal of CO; may be the

most promising CO3 disposal option.

A solution of CO3 in seawater can be created on-shore by pumping seawater to a powér
plant where it contacts pressurized CO; in an absorption tower, or in situ by pumping
compressed CO3 to the ocean. Herzog et al.3 conclude that the second option is far more
efficient and that transport of liquid CO3 is more economical and less problematic than
gaseous transport Whether liquid or gaseous, injection into shallow waters reqmres
finding a site with sufficient slope, and creating sufficient negative buoyancy that the

plume can penetrate against the resistance of entranment and ambxeqt stratification.

aMassachusetts Institute of Technology, Cambndge, MA 02139, USA
bUniv. of Massachusetts at Lowell, Lowell, MA 01854, USA
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For release depths less than about 500 m, injected CO; forms gaseous bubbles either
directly from breakup of a gaseous injection or indirectly as liquid CO, flashes to a gas.
The bubbles rise, creating a plume which dilutes the CO;. From Liro et al.? we estimate
that 95 kg st of CO; (capture from a 1000 MW gas plant$) discharged through ten ports,
with 2-cm-diameter bubbles, dissolves over a height of 100 m. The induced flow of about
400 m3 s-1 dilutes excess total CO, concentration to 0.2 kg m*3, yielding seawater densities
only 0.04 kg m? above ambient, far too little to sustain a gravity current. Similar
conclusions pertain to liquid droplet plumes if CO; is discharged below about 500 m.
Clearly a device is needed to dissolve CO; with limited dilution.

How much dilution can we afford? Because dilution determines the initial density of
the gravity current, one must first understand how density affects gravity current behavior.
We did this using mass, momentum, and buoyancy conservation equations plus model
parameters reported by Drange and Haugan®. Figure 1 shows maximum current depth
versus initial flow rate for a CO; flux of 95 kg -, release at 200'm, bottom slopes of 1%
and 10%, and ambient density stratifications of N2 = 1.25x10-5 and 0.5x10-5-2 where N2 =
(g/p)(bp/ 0z); g is gravity, p is ambient density, and z is depth. Note that Qp~ 2.5 m3 5!
represents CO, saturati.onﬂ, while Qo ~ 400 m? 3 is'the flow induced by an unconfined
released. Although details depend on model and environmental parameters, the trend is
clear: penetration decreases sharply as initial flow increases; e.g., the maximum flow rate
allowing penetration below an assumed pycnocline depth of QOO‘m:is between 6 and
30 m3 s-t. Corresponding initial‘density diﬁergnces are 0.6 to 3.2 l::g m-3, much greater
than those from an unconfined release, ;onﬁrming that initial dilution must be artificially

reduced.

How can dilution be minimized? One idea is to build a confining vessel surrounding an
array of CO; ports (Figure 2). Liquid CO; jets break into drops, then flash into gaseous
bubbles if injection depth is:less than about 500 m. The-bubbles rise due to buoyancy
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while they are absorbed by surrounding water. Vents near the ceiling allow inflow of
relatively light seawater while a bottom sluice lets the relatively heavy COj; solution flow
downward. No external power is required; vessel size and inlet/outlet areas rely on
gravitational circulation (like an inverted chimney or natural draft cooling tower) to
achieve a target flowrate. While the depicted vessel is cubical with a horizontal array of

ports other configurations are possible, such as a cylindrical mixing chamber open at both

ends.
Assuming equal aggregate inlet and outlet areas A, induced seawater flow Qo can be

related to CO4 mass injection rate m and vessel height H by

Qot = Cq?ptnA’E )

where Cq is a discharge coefficient (< 1.0) reflecting inlet, outlet, and internal losses and A
relates buoyancy flux to mass flux, i.e., gApQo/p = P, where® = 0.0019 m* kg-1s-2, and
Ap is the density difference between COzenriched and ambient seawater. Avoiding
seawater intrusion through the sluice 6f height hq requires!? F# 2 1, where the Froude

number Fg is defined as
F§= !
" ’

Conversely, plume dilution increases with F, so § should be minimized!l. Requiring
F§ = 1, for a cubical vessel with height H and a full-width sluice, ‘
H= [_QL']“ o 3)
_|C§fm)-

Table 1 computes H and ho for h = 95 kg 81, 6 < Qo < 30 m?s-tand Cq = 0.5.
Clearly, as flow rate decreases, vessel size (hence cost) is reduced and initial density is

increased, allowing a more sustainable gravity current (Figure 1). However, CO2
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djssolutién becomes more difficult as vessel concentrations approachi saturation; we select
Qo= 10m3s, yielding an average vessel concentration of about 25% of saturation at a
depth of 200 m. The corresponding vessel with H ~ 13 m might house 100 ports, each
forming a small bubble plume which helps homogenize ihe tank through turbulence and
mear; circulation. We estimates that an initial bubble diameter of 0.5 cm or less is
required to effect complete dissolution over a height of 13 m. The inlet and outlet create

an average vertical fall velocity of 6 cm st and an exit velocity of 24 cm s-t.

At depths greater than about 500 m thermodynamic conditions are conducive to
forming solid CO; hydrates!3. These particles are heavier than s;eawa.ter and hence sink to
the ocean bottom where they could be sequestered indefinitely. However, hydrate
formation appears to be controlled kinetically, rather than thermodynamically; Sloant3
describes experirﬁents in which their formation rate is of order minutes. Applying the
above example to a confined release of liquid CO3, the vessel residence time would be 34
minuteé—at least an order of magnitude greater that the effective contact time without
confinement—thus increasiﬂg the likelihood of Syd:ate formation. In terms of CO,

sequestering, this would be an additional benefit of a confined release.
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Figure 1. Simulated penetration depth of CO; plume vs. initial seawater flow rate for a
95 kg 8! release of CO; at 200 m depth. Solid curve is for a bottom slope of 1%
and an ambient stratification of N2 = 1.25x10-% dashed curve is same as solid
g{nzxve except s:lope is 10%; dashed-dot curve is same as solid curve except

=0.5x10-3s-2,

118




relatively light

ampient seawater

X

/

/

/

Iu o
8"000

ue ®e

%
(R VRO L

o VLou
ooooo

OO0,
Y 00,

b
/

7

/

marnifoid

CO; pipeline

Figure 2.

119

CCz-ennched seawatei
(gravety current)

Conceptual design of in situ confinement vessel in which CO; could be dissolved
in ambient seawater with limited dilution.




Table 1

Vessel and sluice dimensions for various initial flow rates for carbon dioxide
injection rate of 95 kg/s at 200 m depth

. . Percent saturation
Initial flow rate Qg ° at 200 m depth Box dimension H Sluice height h,

(m3/s) (%) (m) (m)

30 8 . 246 6.2

20 12 19.3 4.8

15 17 16.2 4.1

10 25 12.7 3.2

6 42 9.4 2.3
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ABSTRACT
USE OF HYDRATE FOR SEQUESTERING CO, IN THE DEEP OCEAN

INTRODUCTION

Tremendous amounts of CO, are accumulating annually in the
atmosphere (ca 3 gigatons of carbon per year at present),
Prevention or significant amelioration of this atmospheric
buildup will obviously require a grand scale corrective activity,
A potential solution to the problem might involve sequestering
co in an alternate reservoir. The ocean immediately comes to
mind as a reservoir of appropriate magnitude to accommodate the
huge quantities of €O, involved. Presumably there would be a
trade-off: we would achieve a semi-clean atmosphere for an as-
yet-to-be-determined impact in the ocean. Minimizing any oceaniec
impacts would enhance ‘attractiveness of the trade-off,

Retention of some degree of control over a waste substance
after disposal is obviously preferable to lack of any control.
Oceanic disposal of CO, as a solid would probably be more easily
controlled than dispersing CO, as a gas or liquid. A solidified
CO -containing substance thus appears to be the most promising
avenue for mnminimizing oceanic impacts. Ice~like CO, hydrate
might be a suitable CO,-containing solid, CO, hydrate and
hydrates of other gases are reported to occur naturally on the
seg floor (Sakai et al. 1990: Max et al., 1991). An estimated
10 Gt of carbon may exist as natural deposits of methane on the
sea floor or beneath permafrost (Kvenvolden, 1991), releasing
from 2 to 4 million tons of carbon per year or about one percent
of the annual input of methane to the atmosphere. There is thus
interest in methane hydrate as an energy resource and also
concern as to its role in the carbon cycle with possible climatic
influences (Machta et al., 1991). Hydrates of nitric acid may
occur in polar stratospheric clouds and be involved in depletion
of ozone at high altitudes (Worsnop et al., 1993).

Feasibility of using €O, hydrate for €O, disposal will
depend on a variety of interrelated technical,” economic and
environmental factors. For the past year, we have been
investigating some of the technical questions regarding
production of CO, hydrate as well as studies of its stability and
other characteristics. '

HYDRATE CHARACTERISTICS, TEMPERATURE & PRESSURE EFFECTS

Hydrates are a category of clathrates or "inclusion
compounds" wherein lattices of water molecules can accept guest
molecules such as gases of low molecular weights (e.g., CO,, CH,,
N,, etc). Numbers of guest molecules per lattice varies somewhat
and the lattices are never 100% occupied (Miller, 1974). The
ideal formula for CO, hydrate is co,.5 3/4H,0. ’
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Hydrate stability is related to ambient pressure and
temperature (Figure 1). Considering only temperatures and
pressures relevant to the oceanic depths, CO, hydrate would be
stable at temperatures below 10° ¢ and above 9 atm pressure.
Influences of these two parameters will differ from one location
to the next. For example, at high latitudes (e.g. the Bering

- Sea, Figure 2) or in regions of strong upwelling, where sea

surface temperatures are less than 10° ¢, hydrate stability would
depend solely on pressurée as reflected Dby water depth.
Temperature and depth would both require consideration at
intermediate latitudes such as the eastern Pacific off Baja
California in Figure 2. Finally, hydrate could not exist in

_certain locations such as the Mediterranean or the Sulu Sea where

temperatures may exceed 10? C throughout the water column.

The curve denoting the lower limits of hydrate stabilitg
(waterrhydrate+CO, gas in Figure 1) rises very steeply between 0
and 10° C. Consequently temperature tends to be more controlling
than depth' in much of the world ocean (i.e. the appropriate

" jsotherm frequently ' lies at depths representing pressures

favorable for hydrate formation).

HYDRATE PRODUCTION

Given suitable pressures and temperatures, the rate of
hydrate formation is influenced by the mole fraction of CO and
by agitation within the medium (Takenouchi & Kennedy, 1965). A
thin film of hydrate presumably forms at the water-CoO interface,
impacting the reaction rate (presence of a hydrate film was
actually observed by Mori and Isobe, 1991, in their studies of
fluorocarbon hydrates). vigorous stirring disrupts the film and
hydrate formation then occurs almost instantaneously.

Engineering aspects of hydrate production were studied
intensively in the late 1960s and éarly 1970s vhen hydrates were
peing' considered as a means of desalinization. Research results
were detailed in several publications from the U.S. Department of
Commerce, Office of Saline Water. Thus Pangborn (1968) described
a continuous flow reactor.he developed for producing the hydrate
of methyl bromide, -operating at about 20 psia. A similar reactor
for producing €O, hydrate would necessitate operating at
pressures at least one order of magnitude higher than used by

Pangborn's device. --

INTRODUCING.COZ HYDRATE INTO THE DEEP SEA

Given that a device for large scale production of CO,
hydrate can probably be constructed and operated successfully,
let us examine some of the constraints associated with
sequestering this material in the oceanic depths. For discussion
purposes ve have utilized a vertical temperature profile
determined off southern California (33° 18.5' N, 118° 40' W) by
Holm-Hansen et al. (1966). The profile is representative of
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water masses where one must consider effects on hydrate stability
from both tenmperature and pressure. . Hydrate formation is
exothermic - and produces .about 14.4 K-cal/g-mole for CO, hydrate
at the oceanic temperatures we will be considering (Chen, 1972) .
We have therefore set our higher temperature boundary for jin situ
hydrate production at 8° C instead of 10° ¢, to create a thermal
margin of protection against hydrate decomposition. We can then
determine the operational region of an oceanic water mass within
which hydrate can be produced (Figure 3) by using information
from the phase diagram as presented above in Figure 1.

In sity production of CO5 hydrate from the gas could be
accomplished at this southern California location at a depth
slightly below 300 m and at about 350 m if the liquid is used.
Presumably one would first need to compress the CO, to roughly 40
atm, corresponding to pressures encountered at these depths. The
compression process is energy-demanding. . Simply to compress the
CO,  emitted from an electric generating :station using fossil
fuel, would consume an estimated 5§ to '10 percent of the generated
power. There are also additional costs associated with scrubbing
the stack gases and transporting -~ CO, ‘to a disposal site
(Steinberg et al., 1984; Spencer, 1991).

An alternative option inveolving lessergco2 compression
requirements would entail producing hydrate on the surface from
gaseous CO° at around 2° ¢ and about 13 atm pressure. This would
require refrigeration but the power requirement would be reduced
substantially.

The calculated density of CO, hydrate at 10.5° ¢ is 1.16
g/cm3 (Takenouchi_& Kennedy, 1965). The density of seawater is
about 1.03 g/cm” at great depths and low' temperatures. So a
solidly packed CO, hydrate would be. expected to sink when
released in the ocCean, assuming that. temperature and pressure
were favorable for hydrate stability.

A hydrate mass sinking through the water column would,
however, probably decompose to some extent, even when ambient
values of temperature and pressure were favorable. Apparently CO
molecules within the: hydrate lattice exchange positions wit
external CO, dissolved in the surrounding water. ¢O, hydrate
would thus decompose’ when surrounded by water tha is not
completely saturated with CO,. If we first prepare CO, hydrate on
the surface and then release it at some depth in the ocean, some
decomposition would occur with the liberated CO, then dissolving.
If we wish to deposit solid hydrate on the sea iloor, it should
be dispersed near the bottom, say through a pipe. The hydrate
mass could be temporarily encased in a containment if released at
a midwater depth. For permanent disposal on the sea floor, it
would also be necessary to deposit hydrate at a location where
bottom currents were small or non-existent, for example in ar
anerobic .basin or deep trench. .A location where sediments
accumulate rapidly would also be favorable. Hydrate deposition in

"a. trench bordering a subduction-zone might eventually 1lead te¢
deep burial of the CO, within the planetary crust.
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ENVIRONMENTAL IMPACTS

Environmental impacts from oceanic disposal of co hydrate
would probably vary according to precise details of the disposal
site and methodology employed. Hydrate disposal at midwater
levels, as noted above, would probably lead to a temporary
increase in dissolved CO,. The resulting H,C04 would react with
any carbonate ion present. The process woula not produce an

"ecological impact so 1long as substantial changes in pH were

avoided. (physiological studies on midwater organisms might be
needed to identify tolerable limits of pH change). Bacastow &
Stegen (1991) recommended that midwater injections of co should
be done at depths of 1000 m or greater to avoid early re%urn of
the material back to the surfaces. ' "

Impacts from depositing solid hydrate on the sea floor could
include smothering of any benthos and physiological effects due
to local pH changes. Both types of impact are 1ikely to be
severe. The large amounts of hydrate created could blanket
considerable areas (a billjon tons of CO, hydrate would occupy a
volume of about eleven km”). Ambient pH would decline to about
3.3 (Ohsumi, 1992). Only a few species of microorganisms might
survive and grow in this highly acidic environment. One might
ameliorate impacts by selecting biologically-impoverished arecas
as disposal sites (i.e. anerobic basins or locations where large
hydrate deposits already occurred). -We might justity biological
impacts from introductions of CO, hydrata to the ocean by
comparing them to-the impacts that might occur if CO, is allowed

to accumulate in the atmosphere. -

'SUMMARY

Use of hydrate for sequestering CO, in the oceanic depths
appears to be technically feasible. - .Whilé there is no off-the-
shelf  equipment presently available for manufacturing vast
quantities of CO, hydrate, considerable information on hydrates
is available from prior studies. Producing the required
apparatus could probably be -achieved with only a moderate
additional effort. ' Economical factors will probably figure
importantly in determining the most desirable method for
introducing CO, hydrate into the oceanic depths. Environmental
considerations” are 1likely to predominate in selecting disposal
sites. . - i
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Underground Storage of Carbon Dioxide -
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ABSTRACT

Desk studies on underground storage of CO2. were carried
out from 1990 to 1991 fiscal years by two ‘'organizations
under contract with New Energy and Indestrial Technology
Development Organization (NEDO). One group put emphasis on
application of CO2 EOR (enhanced oil recovery), and the other
covered various aspects of undergroud storage system.

CO2 EOR is a popular EOR method in U.S. and some oil
countries. At present, CO2 is supplied from natural CO2
reservoirs. Possible use of CO2 derived from fixed sources
of industries is a main target of the study in order to
increase oil recovery and storage CO2 under ground. The
feasibility study of the total sytem estimates
capacity of storage of CO2 as around 60 Gton CO2, if
worldwide application are realized. s

There exist huge volumes of undergroud aquifers which are
not utilized usually because of high salinity. The deep
aquifers can contain large amount of CO2 in form of
compressed state, liquefied state or solution to aquifer.A
preliminary'technical and economical survey on the system
suggests favorable results of 320 Gton CO2 potential.

Technical problems are discussed thiough these studies,

and economical aspects are -also-evaluated. -
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1 INTRODUCTION

Possible underground storages for CO2 are cavity, water
reservoir, depleted gas reservoir, depleted oil reservoir,
and active oil reservoir. Water reservoir and active oil
. reservoir are selected as targets for the study, since
depleted gas and oil reservoirs have the same
characteristics as the, selected ones on CO2 injection
problem. Cavity do not have capacity enough to store gas.

The water reservoir chosen as the target is a deep saline
formation, which is not used as public and industrial water
sources and have a trap structure like as oil and gas
reservoir to contain injected CO2.

Since conditions in deep formations are of high pressure
and high temperature, they are usually supposed above
critical point of CO2. Solubility of CO2 into water depends
On pressure, temperature, salinity and content of gases.
Solubility of CO2 ranges of 20 - 30 vol. gas/vol. water at
surface conditions. Underground water contains usaually a
amount of CHy, which solubility 4is about 2 vol./vol.
Solubility of CO2 into water is ten times more than that of
CH¢. Oil can dissolve more amount of CO2 than water.

State of CO2 in the water reservoir is supposed as above-
critical conditions, and some portion of injected CO2
dissolves into water. A large capacity of CoO2 storage is
expected. in the water reservoir. )

The active 0il reservoirs are candidates for CO2 EOR.
Injected CO2 into o0il reservoir has state of above-critical
conditions, and some portion of CO2 dissolves into oil and
water. The large capacity is expected for CO2 storage in the
system. c .

About -this problem, two desk works were carried out in
Japan. The water reservoir system was studied during 1990 to
1991 fiscal years by a committe organized by Electric Power
Development Co. contracted with the New Energy and
Industrial Development Organization(NEDO). The study on CO2
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EOR system was conducted during 1990 to 1991 fiscal years by
experts in each company, after the Engineering Advancement
Association of Japan(ENAA) contrcted with NEDO.

The Technical Research Center (TRC), Japan National 0il
Corporation(JNOC), makes laboratory works and pilot tests on
CO2 EOR in Japan and abroad.

2 CO2 EOR USING FLUE GAS

0i1 fields in Japan are so small that they can only
afford opportunities for pilot tests of CO2 EOR. 01l
producing countries are supposed to be candidates to apply
CO2 EOR. The CO2 EOR could increase oil production of these
countries as well as store CO2. : '

To evaluate technical and economical aspects of the
system, total system shown in Fig.l and Table 1 are studied.
CcO2 recovered from flue gas is liquefied and transported to
oil countries by tankers. Liquefied CO2 stoied in a landing
pasdi%ends to oil field by pipeline of 100 km, and injected
into oil reservoir. According to field performance in U.S.,
a figure of 6 MSCF CO2/1 BBL oil 1s chosen as an avarage.

In the studyﬁjfncrese of oil production by CO2 EOR is
assumed as 100,000 bopdJA 42,300 ton/d CO2 injecting system
is planned. As shown in Fig.2, 32,000 tod/é&Oz is carried
from Japan and remaining 10,300 ton/d CO2 is recycled from
field production. Fig.3 shows.proceSS conditions of CO2. A
path of points A to I is for liquefied CO2, and a path of
points D to I for gaseous CO2. Each case takes a path
through a single phase region to avoid unnecessary confusion.

Delivered costs of CO2 at field are estimated as shown in
Table 2. The cost of CO2 in U.S. is ranges from § 1.25 - 2.5
/MSCF CO2. The total cost of CO2 in Southeast Asia case
ranges from § 4.8- 6.4/MSCF CO2(11,900 - 15,900 Yen/ton CO2).
This is 2-3 times higher than that of U.S. If costs in Japan
is supported by any kind of financial means, the cost
delivered at field reduces to $ 1.9/MSCF CO2(4,850 Yen/ton C
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02). This figure is equivalent to that of U.S. In Middle
East case, the cost reduces to § 3.34/MSCF CO2 (8,350 Yen/ton
COz)unde: the. same assumpution.

Additional CO2 generated throughout the system (recovery
to injection) is an amount of 120 kg CO2/ton CO2 injection
for Southeast Asia case, and 160 kg CO2/ton CO2 injection
for Middle East case.

A potential capacity of CO2 storage by EOR is estimated
as 63 Gton shown in Table 3. There are, however, a long
period necessary to attain this figure.

3 CO2 INJECTION INTO WATER-DISSOLVED GAS RESERVOIR

Some water zone contains CH4 and Iodin in Japan. A
location of sedimentary basins containing water-dissolved
gas is shown in Fig.4. Produced water is reinjected into
water zone after recovering CH¢ and Iodin. Production of
water-dissolved gas is about 500 Mxﬁa/yvin Japan. As
mentioned above, CO2 dissolves in water more easily than CHy.
CO2 may be injected into water zone with reinjected water. A
potential capacity of CO2 storage in water-dissolved gas
reservoir 1s estimated as large as 11 Gton CO2 in Japan. To
realize CO2 injection into thé water, further study is
neceésarﬂéq clear effect of CO2 on CHy and Iodin‘production.

4 CO2 STORAGE IN WATER RESERVOIR _ .

Water reservoirs have an ability to store CO2 as gaseous
state .and/or dissolved~in-water state. If 1 % of sedimentary
basins all the world has structures suitable to trap gas, a
potential capacity of 320 Gton CO2 is calculated as shown in
Table 5 under the assumption shown in Table 6.

A schematic of CO2 injection terminal is shown in Figq.5,
and a pattern of injection and production well distributicn
is shown in Fig.6. Five-spot pattern like as water flood is
adopted to evaluate technical and economical problem.

Injection cost is roughly estimated as 3,010 Yen/ton CO2

134




as shown in Table 7. Additional generation of CO2 is about
5 &« of treated CO2.

S PILOT TESTS OF CO2 EOR BY TRC
Technical Research center(TRC), JNOC, carried out two
small scale CO2 EOR, one in Japan and other in Turkey as

shown in Table 8.

6 FUTURE VIEW FOR COLLABORATIVE RESEARCH WITH U.S.

Technical tasks for CO2 underground storage are listed up
in Table 9. In general, main tasks are as follows:
*Minimizing energy consumpution
*Enlargement of equipment
*Cost down
*Improvement of CO2 EOR
*confirmation of underground storage

Some items are selected from Table 9 as collaboartive
oneg as follows:

1.Pundamental items
(1)Data collection on CO2 and CO2-water sytem near critical

point and in super-critical conditions
(2)Data collection on corrosion of steel goods by CO2-water-
impurities system
impurities:H2S,salt,NOx, SOx
steel goods:tubular goods, downhole equipments, surface
facilities '
2.C02 recovery from flue gas
(1)Enlargement of equipment
(2)Minimizing energy consumpution
(3)Cost down
3.C02 liquefaction
(1)Development of refrigerant
(2)Enlargement of equipment
(3)Minimizing energy consumpution
(4)Cost down
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4.CO2 storage and shipping

(1)Large size CO2 storage tank

5.C02 recovery from CO2-hydrocarbon system

(1) Improvement of membrane 1life

6.CO2 EOR

(1)Extention of C0O2 EOR to heavy o0il

(2) Improvement of volumetric sweep efficiency of CO2 EOR

7.C02 injection into water reservoir

(1)simulation study of behavior of injected CO2

(2)Study on injection of flue gas from oxygen-rich combution
system including NOx and SOy

8.Confirmation and pilot tests

(1)CO2 EOR for heavy oil

(2)CO2 injection into water reservoir

(3)Detection sytem of leakage of CO2 from underground
storage

9 CONCLUSION

As a countermeasure against global warming, CO2 EOR and
injection into water reservoir have a large potential
capacity. There are many technical and economical problems
remained to be solved.

REFERENCES

Tanaka,S. et al.(1992).Energy Convers. Mgmt
Vol.33, No.5-8,pp.587-593.

Koide,H. et al. (1992).Energy Convers. Mgmt
Vol.33, No.5-8,pp.619-626.

136




Table 1.Total System Study Base of CO2 EOR Using Flue Gas

o, CO, Sionge d ; . O
Rusd Sown (O, Recoreny Ugwe licoon Shipping €O, Trdw €O, Reahing €O, hjacton mw. C0, Recycha
Numbo of Warka 1 : 1 1 - ! 1 1 1
Cagecny o 0w w;m ., 19.008 1,646 17,648 32.000 (N 32,000 32,000 10518 10.00
Cagacury of e ";“ ) 6336 san2 s 32000 $0.000 ()0.000) %00 §.400 10510 10.300
CO, Capackty  (iomnesidey) [3) ] 5482 .402 32,000 32.000 n.m TL000 10510 10.300
€0, Purity ™ 138 "y " 1) "9 " "y 7%) 1
CO, Prusurs (o) 1.03 1.3 10 1.0 10 2.9 10 10 180
CO, Temgoreary (4~] 100 % -5 -3 -0 -9 ] ") 0
C0, Rucovery Rade [\ - ”° - - - - - - "
EOR Capedily  (BBLAWY) - - - - - - - 100,000 -
Gus Production - - - -
(MMSCFKay) - - - X0 -
Now Corside CO; Tark Southeast Asis CO1 Tk SMSCFBIL  COR X
Oherviedd 200000 x§  0diythoyge 20,0007 x § IMSCT/BL m*.’;
Atsorpdon Misse Camt Oy: Absorpion
3 dayavoyrge IMSCFAIL,  Meahed
HCCu: 2MSCFBBL
IMSCEFBBL)

(Tanaka et al.1592)

Table 2.Delivered Cost of CO2 at Fleld, CO2 EOR Case

(Unit Yenomnes COy)

Southest Asia Middie Eant
CO; Recovery 4,000 ~ 3,000 4,000 ~ 3,000 i
CO; Liquefaction 2,600 2,600
CO; Stnage 450 50
C0; Sea Trnspornsion 4,000 7.500
CO; Receiving 500 500 '
€Oy Transfarring 1o the Peld 150 350
Tol CO; Cost from Japea 11,900 = 15,500 15,400 ~ 19,400
Recyck CO; Cont 3.300 3300

o i s e, o 4 A o e g i e

Table 3.Potentia

{(Tanaka et 21.1992)

1 Capacity of CO2 Storage by CO2 EOR

A) Discovered oil in-place is estimated at 4,500 billion barrels. (R.E. Roadifer estimated 4,740 billions
in his paper of J, Feb. 24, 1986),

B) 0Oil for CO; flooding is assumed to be lighter than 25 AP1 from G, Moritis report on EOR (0G),
April 23, 1990). C.D. Masters eral. submutied worldwide and regional distributions of crude oil AP
ezvig t World Petroleum Congress (1987). They estimated that 89% of oil fell in the range.

C) Van Foolea (1980) pointed out that it is necessary to be deeper than 2,500 R 1o amin miscible
conditions. From O, Moritis report (1990). 82% of CO; flooding fell in depth range of 3,000-
11,000 . Depth distribution of oil was shown in M.T. Halbouty's AAPG Memoir 40 (1986). This
is for glant or super giant fields, but there Is 00 other data. Tt showed that 90% of fields fell In the

ran .

D) NPg-npon (1984) said tbat CO; share was 30% of EOR in the U.S. From above mentioned
screenings of B and C, it Is estimated that 34% of oil In the U.S. become 1o be candidates for COz

y's preference for CO; flooding. In the

flooding. An sdoption factor is introduced 1o reflect com
U.S., the factor Is estimated at 6% (=30/54). The factor of 36% s assumed 1o be applied
everywhere,

E) Anincreases in ofl recovery by EOR is estimated at 10% of ofl in-place,
F) Target of CO; flooding is obtained as follows:

4,500 billions x 0.89 x 0.90 X 0.56 x 0.1 = 200 billions oll
G) An average amount of CO; from outside into oil fields is estimated at 6 MSCF/STB from W.R. Brock

¢t al. (SPE 18977, 1990). .
H) The weight of IMSCF CO; Is equivalent to 52.6k
1) Poiential cumulative requirement on CO; for EOR s estimated as follows:

200 billion oil x 6 x $2.6 / 1000 = 63 billlon tonnes
{Tanaka et 21.1392)
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Table 7 Cost Estimation of COj Injectios

Table 4 Potential Capacity of
System {nto Water Reservoir

CO1 Storsge {n Water-Dissolved
Gas Pield {n Jspan
1. Capacity:
Total $,000 ton CcOz/8
Per vell 250 ton CO1/wvell/d
2. Inftial installation cost:

Unit:m3,18.6C,
Orf{ginal In-Place: 800 109
Recovery factor:0.$

atm.

Recoverable Cas:400 103 Onit:103Yen
Solubility of Gas ia Water: Itens Onit [No. of]| Total
CHq1:l 2.5 mlgas/zlvater soat Juntta cant
C02:20 migas/nlvater Bigh-pressure 7.0 1 7.0
average 15 tiaes solvable compressor
Potential Capacity of Pipeline
CO: Storage: mais line 0.1 10 xm 1.0
€00 109 1S braach line 0.081 70 xm 3.8
«6,000 109 m),15.6C,atm. Injectiocn tarminal
(=11 109 ton of CO12) water treatment 0.2 10 2.0
equipnent
Remarks: vater injection 0.15¢( 10 1.8
Iodine recovered frcm produced panp
water supplies 60 707 of world Injecton vells 0.8 20 16.0
market. Pumping vells 0.38| 30 10.5
Drain piping 0.1 J0 xm J.o
(Koide et al.1892) Renote monitoring/ 1.3 1 1.8
Grand Tatal {60

Tablie S Potentlal Capacity of CO2
Storage of Water Rsservoirs {n
Sedimentary Basins

Region Area of Potential
Sedimentary [Capacity,
Basin, CO310%ton
108 xmg
Zast Asia .58 17.7
Southeast Asia 2.7¢ 13.6
Kiddle Rast $.00 24.7
and West As{a
cIs 9.71 {8.0
Zurope 2.7¢ 13.6
Soutld America $.07 4.8
Xorth Asmerica 9.21 45.3%
Africa 15.23 75.3
Australia 7.47 3¢.9
and Oceania
¥orld Total §4.79 320.1

(Koide et 21.19892)

Table § Paramaters Assuxed to
Calculate Table S

1. Calculation method:
volumetric m»etbod
2. Availability of bdasin for
C02{njection:
1 % of arsa
3. Reservoir propertiess
Xesn depth 2,500 m»
Yormation presaurs 250 kgf/cm2
Yorzation Tenperature 50 €
Effectine Pay THickness 300 m
Porosity 20 »
4. Saturated solubiliry of CO2
ia formation waterxs
0.0412 ton/mld
$. Displacement efficlency:
008

(Koide et 21.1992)

138

3. Operation cost

Cost . Yen/ton €04

Acconnta
Equipment depreciation

1,260

Interest cost (10%v/yr) 530
Repairs 340
Salary and vages 270
£10

Total 3,010

4. Costs omitted from estination
Cost of electric pover

Cost of CO: rescovery from isdustrial
sources

S. Energy consumed by thiyg system
Per tonm CO2:73 k¥Wh/tom CO3
Corresponding energy consumption
and COg generation:

Crude o4l 0.016 ton, 0.050 ton CO%
Xatural gas 0.012 ton, 0.034 ton coz
Coal 0.026 ton, 0.058 ton CO32

Input base: k¥he2,250 kcal
73 kXWh=164,250 Xcal

(Koide et al.1592)

Table 8 Pilot Tssts of CO3
Flood by Japaness Organizations

1. Kubiki 7{eld, Japan

Depths1,100 m

Gravity of stock tank ofils
24 API (0.91)

Co2 {njection:1S tonsd

Injection 1 1 well

Observations S wvells

Start:March,1991 continue

2. Ixiztepe Prield, Turkey

Depth:11,400 n

Gravity of stock tank oil:
4 13 APX ( 0.979)

Co: injections1.0 24sCyD
28,800 »2/4(%7 ton/d)

Injection 1 1 wvell

Producer 1 { wvellg

Observation: 1 well

Buff and Puff pethod

Per1ods1992 1953 {tentative)




Table 9 Technical Tasks for CO2
Underground Storage

1.Pundamental Itenms
{1)Accurate physical properties of CO2
Density, specific heat
(near criticalpoint)
Bffect of water content
Phase behavior of CO2/water system
Solubility of triethylene glycol and
glycerol
(2)Corrosion properties of CO3/vater
nixture, and corrosion protection
(3)cO2 solubility in water under various
conditions
2.C02 Liquefaction
(1)Alternarives of R22 refrigerant
(2)Energy saved CO2 dehydration process
(3)Bigh efficiency CO2and refrigerant
compreasor
(4)Optimum process of CO2 liquefaction
by using LNG cold heat
(S)Znlargement of CO2 liquefaction plant
3.C02 Storage Tank
{(1)Large size CO2 storage tank
(velding of thick wall and stress
relief technology)
(2)Poundation of large/heavy CO2 Storage
Tank
4.C02 Tanker
(1)Large size CO2 storage tank
(2)C02/LPG Storage tank purge procsdure
(3)Design of CO2/LPG tanker
§.C02 Pipeline
(1)CcO2 pipeline simulation program
(2)Supercritical coO2 pipeline blow down
technology
(3)0ptimization of CO2 receiving,
transportation, and injection system
6.C02 rlood (EOR)
(1)Bxtension of CO2 flood into heavy oil
(2)Process of naximizing CO: retention
volume is oil resexrvolr
{3)Process of naximizing recovery of oil
by CO2 floed |
(4)Protection technology of CO2 leakage
from well, and reservoir
(S)Detection tecjnology of CO2 leakage

7.C02 Injection into Water Reservoir

(1)8imulation of behavior of injected
Co2

(2)Use of flue gas from oxygean-rich
conbusion

8.CO02 Recovery Syatem at rield

{1)Optimization Of CO2 recycle process

(2)Improvenent of CO2 saeparation
nembrane

9.Confirmation and Pilot Test Items

({1)Evaluation of impact to the -
environment by CO2 underground
storage

(2)2valuation of large scale facilitias
from point of energy saving, and cost
reduction

(3)Ptilot tests of CO2 flood under
various conditions

{4)Pilot tests of CO2 injection into
water reservoir under various
conditions

{(5)Pilot tests of injection of flue gas
from oxygen~-rich combusion {nto water
resexvolr
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Liquid CO, Tanker .

Fig.1 Total System of EOR Using CO2 from Flue Gas
(Tanaka et al.1992)

CO:H.C Catw2;:]

€0, atural Gas
€O, recycied Rrcovery
2 MSCF/B
*43&‘;’,4‘27:, ———>Crvde 011
3 MSCF/8
CO2 from outside
§ MSCF/8 e
CO2 Iajection
Pump

@2 Injectionll prodyction .
Yeil Yell €02 ajecticn ¥l

0%/C0, — o
(=

Reservier

F19.2 Assumed Parameters of the CO2 EOR System
0 Production : 100,000 8/0
Net €O, : 32,000 T/D
Recyded €O, : 10,000 T/0

(Tanaka et a2l.1992)
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Fig.4 Location Map of Water-Dissolved Gas in Japan
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US/JAPAN WORKSHOP ON GLOBAL CHANGE
LAND DISPOSAL OF CO2

By: R.T.Bailey, Alberta Oil Sands Technology and Research Authority

The general responses proposed to reduce COg emissions to the
atmosphere are conservation, improved efficiency and fuel substitution.
These are valid options but other alternatives such as COg2 capture and

disposal may be more attractive for specific areas.

There are good reasons why the capture and disposal option fits the
situation in Western Canada. The first and obvious reason is the importance
of hydrocarbon energy to the regional economy. Here the economy is based
on the production, utilization and sale of hydrocarbons such as coal, oil and
natural gas and we intend to stay in business. Besides meeting the Canadian
demand, natural gas from Alberta is used in the US as far away as Boston
and Los Angeles. Canadian heavy crude oil serves much of the American
midwest and coal from the Canadian Rocky Mountains is exported to Japan.
Although many may consider these hydrocarbon reserves and fossil fuel
production as part of the greenhouse gas problem, they may offer part of the
solution through the capture and disposal of COz2.

Capture is facilitated in Western Canada because the majority of the
emissions are from large point sources. For example, in Alberta one third of
the CO9 emissions are from coal fired power plants and one third are from
the oil and gas industry. Capture from these large sources should be easier
and less costly than from smaller dispersed sources. The capture processes
are generally the same as the processes used to purify natural gas. This
chemical absorption technology is practiced in hundreds of gas processing
plants in Western Canada.

Disposal is facilitated with the large underground reservoirs in the
western sedimentary basin. Although the potential is not obvious for the
storage of COg gas within solid rock, the same rock formations which form
the Rocky Mountains, these are the source of the hydrocarbon liquids and
gases. The porosity, permeability and stratigraphic traps which held oil and
gas over geological time can be used for storage of carbon dioxide. In fact the
potential for storage goes far beyond the oil and gas reservoirs and applies to
many sedimentary deposits. The major advantages of utilizing oil and gas
reservoirs are that the geology is better known, the storage capability has
been demonstrated over geological time and enhanced hydrocarbon recovery
benefits may be obtained. Carbon dioxide at reservoir pressures is a dense
supereritical fluid which can mix miscibly with oil. The miscible fluid can
displace virtually all the oil that it contacts in the reservoir leading to
substantially improved oil recoveries and economic benefits.
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The capture and disposal option is therefore of significant interest in
Western Canada. Here there are the sources, the sinks, the technology and a
potential economic incentive.

The option to capture COg emissions is generally recognized as an
abstract possibility, but is often dismissed in policy discussions because it is
not universally applicable and there is a lack of data on feasibility, potential,
costs and benefits. This study was undertaken to correct this deficiency, to
define the technology for COg capture, to quantify the amount of COg that
can be stored in underground reservoirs, to estimate the cost of capture,
. purification and transmission and to project the benefits from CO2 flood
enhanced oil recovery (EOR).

In 1990 Alberta Oil Sands Technology and Research Authority
(AOSTRA) accepted a proposal from industry leaders to undertake a study
with the following objective: to determine the technical and economic
feasibility of reducing the rate of growth of COs emissions by collecting COg2
from major sources and disposing of the collected gases in hydrocarbon
bearing reservoirs where hydrocarbon recovery benefits could be obtained,

The project sponsors, Esso, Shell, TransAlta Utilities and the Coal
Association were soon joined by more than twenty others representing all
aspects of the question. The participants included oil and gas companies,
power and coal companies, COg supply companies, and government groups,
both federal and provincial, representing research, energy and environment
departments. As well as sharing the project cost ($600,000) the participants
provided specific technical expertise and data through a number of working
committees. The project benefited greatly from this focused support.

The specific target was to capture 50,000 t/d for 15 years starting in
2000 and use the captured CO2 to optimum benefit in EOR.

The COg sources selected for the study included the largest; coal fired
power plants, the most abundant; natural gas fired furnaces and the richest;
COg vents from petrochemical plants. Coal fired power plants were the major
source. Capture technologies were selected based on the concentration,
pressure and purity of the COg gas streams. Conditioning to remove SO and
particulates was required for flue gas from coal combustion. Capture
processes were generally based on chemical absorption using inhibited
amines but physical solvents were used for concentrated higher pressure
streams. Purification was generally limited to dehydration because of the
high purity produced by the amine processes. But SO2 and oxygen removal
systems were required to meet EOR specifications in the case of COg recycle

(Argonne Process).
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The specific cases and results are summarized on the table below.

SOx /H2S (0074 CcO2 coz Co2 Capital  Operating
Capture Capture Conc. Available Captured Cost Cost
Case No. Locaton CO2 Source Technology Technology (%) (lonnes/day) (tonnes/day) USSMM  USSVWY
1 Boundary Dam  Coal Fired Andersen2000  Amine 14 8927 8034 502 &
Saskalchewan  power plant
2 Sundance Coal Fired Dravo Lime Amine 14 41500 37440 265 2713
Alberta power plant
3 Jofire Natural gas N/A Amine 8 3717 3345 142 41
Alberta combustion
4 Hanlan Robb Sour gas Selexol Amine 10 1023 840 54 86
Alberta processing
5 BP Upgrader Hydrogen NA Amine 47 163 1026 66 12.6
Saskalchewan  plant vent
6 Sundance Coal Fired Dravo Lime Argonne 80 41600 37440 2704 246
Aberta power plant
7 Alberta IGCC Selexo! Selexol 35 10481 8487 285 197 .
power plant

The costs of capturing COg are high due to the capital cost for the
equipment and operating cost from the energy requirements of the processes.
This energy intensity resulted in large CO2 emissions to drive the capture
processes, typically 40% of the COg captured. The net reduction of CO2
emissions was typically 60% of the gross COg captured.

The hydrocarbon reservoirs were selected to represent the major types
of reservoirs in Western Canada, reefs and sandstones. Both have the
characteristics required: porosity to provide space for fluids, permeability to
allow fluid flow and a seal impermeable over geological time periods. Many
sedimentary rock formations have these characteristics. This study looked
only at hydrocarbon bearing reservoirs to determine the benefits from EOR.

In the Devonian period approximately 350 million years ago much of
North America was covered by a warm shallow sea. Reefs formed by
stromatoporids left relatively porous structures. This porosity was increased
by dolomitization, the partial substitution of magnesium for calcium in the
carbonate deposits. In central Alberta these reefs were buried in low
permeability shales which sealed the top and sides. This formed a trap which
captured hydrocarbons generated from organic deposits and flowing through
lower more porous formations. These reefs, now buried about 1500 meters
below the surface, have been the source of much of the conventional oil
produced in Alberta. In this study the Redwater and Carson creek reservoirs
represent this type of reef. The Elswick reservoir in Saskatchewan is a

similar carbonate deposit.
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In later Jurassic and Cretaceous periods the Rocky Mountains were
formed from up thrust sedimentary rock. The erosion products from these
mountains were deposited in the foreland basin east of the mountains.
Sandstone formations from beaches and sandbars in the Cretaceous period
about 90 million years ago have formed huge oil reservoirs when the
conditions were right: e.g. porous, permeable rock sealed by an impermeable
cap but open to a source of hydrocarbons. The Pembina Cardium formation,
the most productive oil reservoir in Canada was selected for the study to
represent this type of formation. Five specific pools were selected because of
the diversity of oil reservoirs within the Pembina Cardium formation. The
sandstone of the Sparky formation in Saskatchewan was also selected as a
representative heavy oil formation using immiscible CO2 flooding for EOR.

The location of the selected reservoirs and COg sources is shown on the
map below. The cost of transporting the COg from sources to sinks thorough
the pipeline network is relatively small (2 to 10¢9/MSCF) due to the volume
moved and the relatively short distances.

SASKATCHEWAN

I PACYINCIAL
I RADER

40LR78LDY
ALSIXYOIR

Enhanced oil recovery (EOR) refers to oil production following primary
recovery which uses the natural reservoir energy and secondary processes
such as waterflood or gas injection for pressure maintenance. The target for
EOR is the residual oil saturation, the film of oil held in the pores and voids
of the rock by surface tension and capillary forces.
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Carbon dioxide is used-in EOR as both a miscible ‘and immiscible
solvent. The initial effect of CO2 is to dissolve in the oil reducing the viscosity
and causing the oil to swell. These effects can be large even when the oil and
COy are separate (immiscible) phases. Viscosity reductions by orders of
magnitude are possible due to the very low viscosity of CO2. Swelling of up to
50% is possible with sufficient dissolved COg. Both effects can increase oil

mobility and production.

At a high enough pressure, defined as the minimum miscibility
pressure (MMP), sufficient CO2 will dissolve in the oil and oil in the CO2 that
the interface between the fluids disappears. They become a single phase
fluid, like ethanol mixed with water rather than like oil mixed with water.
The interfacial tension vanishes with the disappearance of the interface. The
capillary forces holding the oil in the pores are dramatically reduced so the oil
can be mobilized and displaced to the production well.

For successful COg flooding the following reservoir conditions and oil
characteristics are important: The reservoir temperature must be above
31°C, the critical point for CO2 to exist as a supercritical fluid with no
gasfliquid interface. The reservoir pressure must be above the minimum
miscibility pressure (MMP) for the oil in order to ensure miscible mixing.
The reservoir fracture pressure must be above MMP to prevent fracturing of
the reservoir rock creating high permeability thief zones. The mobility
(relative permeability divided by viscosity) of the oil and COg should be
similar. If the mobility ratio is not close to 1, flow instabilities such as
viscous fingering can occur. The fluid densities should also be similar to
avoid gravity override. Both viscous fingering and gravity override can result
in early breakthrough and poor sweep efficiency. Both mobility ratio and
density indicate that the best candidates for COg flooding. are light, low
viscosity crude oils. COg flooding can be improved using water as the driving
fluid following the injection of a COg slug or as an alternating process, water

alternating gas (WAG).
The specific cases and results are tabulated below.

Reservoir Type OOIP PeaijOé Prod. Rates Incremental

Injection Oil 'CO2Recycle Oil Recovery Disposa

CO2

MMB__MMSCF/D BPD MMSCF/D _MMB BSCF
Carson Creek Reef 366 202 22,000- 176 49 148
Redwater Reef . 1060 140 27,500 33 - 69 660
Pembina Sandston; 1523 - 637 39,300 590 196 339
Aberfeldy ~Sandstone 594 31 32,400 25 118 66
Elswick Car1.>onate 27 5 1,800 3.8 6 10
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. .- :The reservoir simulations predicted an incremental oil recovery 438
million barrels. The net COg-injected was 2760 billion SCF (6.3 MSCF/B) of

which 1223 billion SCF remained stored in the reservoirs.

The cases studied in detail did not fulfill the target of 50,000 ¥/d for 15

fyeérs.. They represented 29.5% of the target. To estimate the potential for

further CO2 EOR, a review was done on other reservoirs in Alberta. This
concluded that similar reservoirs could store a further 55% of the target. The
balance could be disposed in. depleted gas reservoirs. These gas reservoirs

. were estimated to have 3 to 4 times the capacity required to dispose of all the

COg2 targeted for capture.

. The economic criteria used in this study is the transfer price for COg2 at
the oil field. What is the delivered cost, including capture and pipelining,
compared to the price an oil producer could afford to pay based on revenue
from incremental oil production and oilfield costs? The results have been
determined for a variety of economic models and assumptions. The general

B conclusion is that the benefits from EOR provide a substantial offsetting

benefit compared to CO; disposal but the.benefit is insufficient to totally pay
for the cost of capture. This.is summarized for Alberta for a specific set of

economic parameters in the figure below. As the quantity increases towards

Y

. the target of 50,000 t/d, the gap widens.

- -002 EOR ECONOMICS

©  ALBERTA  NBA $20/B

300 - abo .. sbo - &0 700 8bo 900
C02 VOLUME (MMSCF/D)
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If CO2 capture is not justified by the benefits from EOR, the
justification to proceed with a project must be the environmental benefits. In
this case the measure of merit is the-reduction in COg emissions through
implementation of the project, the net CO3. The economic analysis in this
study has been based on gross COg2 captured. The typical gap is US
$20/tonne CO2. However the typical net COg capture is only 2/3 of the gross
COg capture. The environmental justification would therefore be based on
92/3 of a tonne net per tonne gross. The typical gap increases by 3/2, from US
$20/tonne CO2 gross to US $30/tonne CO2 net.

These economics explain why COg flooding is not extensively practiced
in Canada. Miscible flooding using hydrocarbons like ethane now produces
over 200,000 BPD in Canada. Implementation of CO2 flooding in Canada at
a level high enough to affect the rate of growth of COg emission is feasible but
currently limited by economics, the price of oil vs the the cost of COa.

In the United States, CO3 is the fluid of choice for miscible flooding due
to the availability of low cost COg from natural reservoirs. Currently 2410
MMSCF/D of CO2 is being injected in 45 active projects. Incremental oil
production is 142,000 BPD (Hadlow 1992).

Although this improves oil recovery and provides domestic oil
production, it adds significantly to CO2 emissions to the atmosphere. As in
Canada, COg captured from industrial plants is too expensive for large scale

use in COg EOR.

CO3 is also used for EOR in Japan at a pilot project at the Kubiki field
in Niigata prefecture where over 5500 tons of COg2 have been injected and
1385 barrels of incremental oil have been produced. (Kikuchi, 1992).

I have only discussed COg disposal in hydrocarbon reservoirs where

there are offsetting benefits from EOR. The storage capacity of underground
reservoirs is much larger if depleted gas fields and the numerous dry holes
are included. The ultimate potential is several orders of magnitude greater
when aquifers and other porous permeable rock formation are considered.
The problem with COg disposal remains the cost of capture rather than the

storage reservoir.

REFERENCES:

"Update of Industry Experience With CO2 Injection” R.E. Hadlow, Exxon Co.
USA, SPE 24928, Washington, D.C. October 1992.

"A CO2 Tertiary Recovery Pilot, Kubiki Field, Japan" H. Kikuchi and S.
Urabe, IEA/PRI Workshop, Banff, Alberta, September 1992.
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ENERGY CONSERVATION FROM AN ENVIRONMENTAL VIEWPOINT

Kunio HJIKATA

Tokyo Institute of Technology
Department of Mechanical Engineering Science
2-12-1, Ohokayama, Meguroku, Tokyo 152 Japan

1. Introduction

It is not incorrect 1o state that all major environmental problems, such as the greenhouse effect,
destruction of the ozone layer from CFC's, acid rain due to air pollution by NOx and SOx, etc., are
caused by excessive industrial and residential energy consumption. Considering the finite world
energy resources and limited global space, the day might be already upon us in which the total
amount of energy consumption in the world should be reduced. To maintain a high living standard
without increasing energy consumption, waste energy recovery and energy conservation are vitally
important. In order 1o effective use of energy resources, we should really know the meaning of the
energy consumption and the characteristics of energy resources. In this paper, the technological
aspects of energy conservation are stated from the standpoint of available energy.

2. Conservable energy and consumable energy

One of the most fundamental laws in physics is the first law of thermodynamics, which states that
the total amount of energy remains constant during any energy conversions and/or transmissions.
For example, in the global energy balance, the inlet energy (the energy flow to the earth) balances
with the outlet energy at any horizontal plan. Outside of the atmosphere, the energy flow to the
earth consists only of the incoming solar radiation and is equal to the energy leaving the earth; that
is, the sum of the emitted atmospheric radiation and the solar radiation reflected from the
atmosphere and from the earth. Even at the surface of the earth, the incoming energy is exactly

balanced by the outgoing energy.

This shows that energy is always conserved and is never lost, which is inconsistent with the idea of
energy saving or effective energy use. Usually the word ‘energy’ has two meanings: conservable
energy and consumable energy. Exactly speaking, the total energy, like that considered in an
energy balance, refers to the conservable energy, but the consumable energy, also called the
available energy, is the energy that can actually be used to do useful work. For example, the
surrounding atmosphere has conservable energy but no available energy.

The available energy A refers to the maximum possible work output of a system. For an open
energy system, it is given by [1]

A =H-H -T(S-Sy) _ n

where H and S are the enthalpy and the entropy, respectively, and the subscript 0 means the
surrounding environmental condition. In other words, the available energy A is the difference
between the conservable energy, Q = (H - Hy), and the energy spent to maintain the disorder of the

system, T (S - Sy), where the entropy S is essentially a measure of the disorder of a system. From
Eq. (1), it is clear that the system available energy is zero at the environmental condition and Q also
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becomes zero at the surrounding condition, but in such a situation that energy is not lost; rather, it
increases the energy of the surrounding medium. Since the surrounding medium has infinite heat
capacity, its temperature does not change, but the total energy of the surrounding medium is still
increased. The available energy, however, is reduced due to the energy conversion and
transmission. Plainly speaking, this means that the energy offered to us is always more than we can
accept, or that we can use. Therefore, we can say that our lives are spent consuming the available

energy.

It is very important to consider the ratio of the available energy to the thermal energy, or in other
words how much of the total energy can be converted into work. For simplicity, we assume T > Ty

and P = P, where P is pressure. Under these conditions, the ratio of the available energy to the

total conservable energy, which is hereafter referred to as the available energy rate €, is given as
e=1-TyS-SHH-H,) )]

The available energy rate for air, as a function of temperature, at 101.3 kPa is shown as the solid

curve in Fig. 1. The available energy rate € is zero at the surrounding temperature and increases
with temperature. The quality of thermal energy is relatively low compared to, for example, that of
electrical energy. Here, energy quality refers to both its available energy and (o its ease of use.

The available energy rate corresponds to the maximum efficiency of energy conversion to useful
work, but it is not equal to the Camot cycle efficiency, which is generally considered to be the
maximum possible efficiency. In the Camnot cycle, the temperature of the high temperature heat
source is kept constant, but when considering the available energy rate, the system temperature
decreases due to the energy flow out of the system. Since the available energy rate decreases with
decreasing temperature, in all processes involving a temperature change, we can obtain useful work
corresponding to the available energy change. The process in which the temperature decreases, but
results in no output work, is the most ineffective process.

Available Energy Rate
1.0
?\( Electrical Energy ]

Chemical Energy Solar Energy
Gas :-Furbme

Steam Turbine

0.5}—

cemmenadoonnad

Air 1.03bar

1) 7 N N S W A O WO VN O M M A O A N A
0 1000 2000

Temperature °C
Fig. 1 Available Energy Rate against Temperature
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3. Flow of Thermal Energy

As shown in Fig. 1, the available energy rate of electric power is 100%, because all of the electrical
energy can be converted to work in an ideal situation. Electrical energy is thus the highest quality
energy available today. Fossil fuels, like natural gas, petroleum and coal, have about 95% available
energy rates. However, the effective available energy rates of fossil fuels are much lower, because
to make thermal energy from these energy resources, the maximum temperature must be kept

below 1500 °C, from engineering restrictions of the combustor wall materials and production of

pollutants like NOx and SOx. The available energy rate of air at 1500 °C is only 65%, and
therefore 30% or more available energy is lost during the combustion process. Thus, as long as a
combustion gas is used as a high temperature heat source, the conversion efficiency will never
exceed 63%, and this is why the conversion efficiency using thermal energy is so small.

It is usually said that effective use of high temperature energy sources is most important for
improving the total energy efficiency. However, Fig. 1 shows that this is not quite lrue, since the
gradient of the available energy rate with respect to temperature is very small in the high

temperature region. For example, for air the available energy rate increases 0.15%/°C below 100
°C, but it becomes about one tenth of that value at 1500 °C. A reduction in the temperature drop of

1 °C in the heat transfer process is more effective in the low temperature range compared with the
high temperature region, and this improvement is easier from a technological viewpoint. Therefore,
efforts towards improving low temperature thermal energy utilization, which is mainly used in
nonindustrial fields, help to solve our energy/environmental problems.

It is clear that a quality of the thermal energy is uniquely determined from its temperature and the
available energy rate varies in wide range according to the temperature. Another important
characteristics of the thermal energy is difficulty for storage, because of its low energy density.
Therefore, the cascading use of thermal energy is most appropriate for the effective energy usage.

4. Available Energy Loss by Mixing

For a qualitative discussion, the reduction of available ¢nergy rate by mixing is shown in Table.1.
A 0.1% diluted methane in air mixture still has 97 9% of the available energy of pure methane (for
the same amount of methane). Thus, the diluted fuel is still capable of generating high
temperatures, but only by employing a special combustor. Since these lean fuels have very small
reaction energies, combustion must occur at high wemperature. Therefore, the fuel and air mixture
must be heated before combustion by a heat exchanger. Only the generated heat is removed from
the combustor, and the remaining heat, which 1s introduced by the heat exchange process, is used as
the thermal energy source of the heat exchanger )

Available Energy| .. Av2i1abie Available Energy| . Available
CH4 (%) (kJ/mol) Energy Change § CO? (%) (J/mol) Energy Change
(%) (%)
100. 829 0.0 0.03 0. 0.
1. 817 1.4 100 20. 5.
0.1 811 2.1

Table 1. Available Energy Change by Mixing
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An available energy used for separation of gases from a mixture is very small compared with the
enthalpy. Since an available energy of a pure oxygen is not so large compared with the oxygen
included in the air, a combustion processes used pure oxygen as a oxidizer are the most attractive
in the future energy conversion processes. These combustion processes will enable us 0 establish a
NOx free and also CO2 free combustion if we will use the hydrogen as a fuel.

5. Available Energy of Chemical Compounds

From an available energy analysis, one of the most effective improvements in energy efficiency
use that could be done is by changing a process from chemical to thermal energy. The cause of
available energy reduction during this process is that the temperature obtained by the actual
combustion process of the chemical material is much lower than that expected from the available
energy rate. Normally, the available energy rate of gaseous fuel is 95%; however, even a material
whose available energy rate is 70% has an ability to produce 2000°C by combustion. Therefore, if
work can be obtained by decreasing the available energy rate from 95% to 70% before combustion
of the gaseous fuel, that work directly contributes to increasing the energy conversion efficiency.

The available energy rates of some important gaseous fuels are listed in Table 2 with the heat of
those reactions.

Reaction Equation Heat(k%t;rl;g?)c ton Free Energy (kJ/mol) ';:i’i?;gggg
H; +10;= H;0 285.83 237.18 0.83
CH, +20; = CO; + 2H;0 890.3 817.92 0.92
CHiOH+320,=C0,+2H0 | 72659 70253 0967

Table 2. Heat of reactions and available energy rates of fundamental reactic;ns

The available energy rate of methane and methanol are in the 90% range, but the available energy
rate of hydrogen is only 83%, which means that the combustion of hydrogen is much more
effective for obtaining the thermal energy from chemical energy as compared with other
combustible materials. Since the reforming of methane and methanol to obtain hydrogen is not so
difficult, the most important point is how much available energy is recovered from thermal energy
in these processes. The available energy changes in these processes are listed in Table 3.

. . Heat of Reaction Available Energy
Reaction Equation - (cJ/mol) Free Energy (kJ/mol) Rate of Reaction
CH4 +2H;0 =CO, + 4H; -253.01 -130.8 0.517
CH30H + H0=CO, + 3H, -130.9 -9.01 0.06

Table 3 Available energy rates of reforming reactions of methane and methanol

The reforming of methane and methanol are both endothermic processes, and the available energy
rates are 50% for methane during reforming and below 10% for methanol, which means that
thermal energy having an available energy rate larger than these values could, in principle, be used
for reforming these materials. Therefore, methane could be reformed by thermal energy at 800°C
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and methanol by thermal energy below 100°C. In actual processes, the reactions can occur at
slightly higher temperatures than these values.

In the reaction processes listed in Table 2, the available energy gaps between methane and
hydrogen and between methanol and hydrogen are used to convert thermal energy at 800°C and
100°C to hydrogen, which can generate temperature over 3000°C by combustion. From an energy
conservation view point, the heat of 890.3kJ/mol generated by the combustion of methane is
increased to 285.83kJ/mol *4=1143.32kJ/mol, which enhances the heat generation by 28.4%. On
the other hand, the reforming of methanol to hydrogen increases the heat generation from
726.59kJ/mol 1o 857.49kJ/mol, which is an about 18% enhancement in the heat generation by
combustion. These enhancements of combustion energy are supplied from the thermal energy used
in the reforming process, but these temperatures are much lower than the temperature obtained in
the combustion process of hydrogen. Therefore, in the reforming process, the total energy is of
course conserved, but the available energy of low temperature thermal energy, whose available
energy rate is 50% or 10%, is converted to that of hydrogen having an 82% available energy rate.

“This is a significant contribution to energy saving and available energy enhancement.

It has already been discussed that hydrogen has the advantage of cleanliness during the combustion
process; however, from an energy consumption point of view, its lowest available energy rate
among combustible materials is more important. Therefore, all of the hydrocarbons used as fuels
should be reformed before combustion for absorbing low quality thermal energy. The energy
efficiency will then be improved greatly.

The reforming of methane to hydrogen before combustion was proposed for the effective separation
of carbon dioxide[2), but it has a much greater advantage for energy saving. The advantage of
reforming to hydrogen is not restricted only to methane utilization, but for can also be applied for
organic compounds used as combustion fuels. These kind of reforming of the chemical compound
is able to reduce the available energy loss in the combustion process and a reproduction of the
hydrogen from waste thermal energy for the energy storage because the lowest available energy
rate of hydrogen means that the hydrogen is the easiest to reproduce from the thermal energy.

6. Present Electrical Energy Use

Since a reduction in available energy rate is caused by energy transfer or conversion, a suitable
combination of energy conversion facilities will increase the system efficiency. An especially
important example is when the system load changes on a day-to-day basis and also on a year-to-
year basis. In such a case, the combination of two or more smaller facilities are effective. For
commercial users, the system load is often big enough to be divided among two or three facilities.
Even in a small refrigeration system, the daily output power can be varied by using a inverter
system. By using an inverter system, an electrical power savings of 20% can be achieved. The
system operates constantly at the optimum condition for energy saving. These improvements have
only recently been realized by the development of cheaper power control circuits. This inverter
control system will be applied to many different appligations for energy conservation purposes.

Energy consumption in the residential area is about half of the total nonindustrial use, which is
about 16.7% of the total energy consumption in Japan. This is not negligible from an energy
conservation viewpoint. Natural gas, LPG, and kerosene are used for cooking, hot water supply,
and heating, where the operating temperatures are relatively low. The available energy rates are
roughly10 to 20%. If electrical energy is converted to this low-temperature thermal energy, 80 to
90% of the total required energy can be obtained from the surrounding atmosphere by utilizing a
heat pump, leaving only the remaining 10 to 20% to be supplied as electrical energy. Thus, there
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still exists a great possibility of energy saving in the residential field.

Another energy-saving idea is the so-called co-generation system of electrical power and heat, By
using this system, a reduction in air pollution is also expected, because while reduction of air
pollution is impossible in small heating furnaces in individual houses, it is possible in large
systems. Most of the heat supply systems in northern European countries were constructed for this
purpose. In Japan, these systems were mainly constructed for the effective use of waste thermal
energy. Both objectives are acceptable from the standpoint of energy conservation and
environmental concems.

Except for a district heating system, for an individual house, a heat pump using a fossil fuel as an
energy source is the ideal system, where high-temperature drain water, river water, or atmospheric
air can be used as the heat source. Since fossil fuels have a high available energy rate, the thermal
efficiency will increase drastically if a heat pump cycle operated directly on fossil fuels is
developed. An absorption heat pump, a heat pump combined with a gas engine, and a combined’
system of two Stirling cycles named the Vuilleumier cycle 3] are newly proposed systems, but
they still require further improvement.

7. Conclusions
For effective use of energy, following aspects should be considered.

1. The energy conversion and transmission efficiency should be analyzed from the processes. .
available energy aspects, which correspond to effective use of energy resources, but not 1o the
economical costs.

2. All organic fuels should be reformed to the hydrogen before combustion by using waste thermal .
energies, because the hydrogen has the lowest available energy rate among fuels. '

3. Low cost separation process of oxygen from the air should be developed for NOx free and CO2

free combustion.
4. Multi-path energy conversion processes among energies of chemical, thermal and electric

should be developed for effective use of energy.
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The Potential For Energy Conservation
In The United States

Roger S. Carlsmith, Director
Conservation and Renewable Energy Program
Oak Ridge National Laboratory*

Oak Ridge, Tennessee 37831

The period of high oil prices between 1973 and 1985 was traumatic in the United States,
as it was also in the rest of the world. It was also instructive in showing the kinds of
adaptation that could occur rapidly in a very large industrialized economy. During the
period, energy use remained essentially constant while the economy continued to grow.
The efficiency of energy use, as indicated by the ratio of energy consumption to gross
domestic product, increased by 24 percent. Since 1985 there has been little further
improvement in energy efficiency.

Can this kind of improvement in efficiency be repeated, and if so, what can make it
happen? A number of energy analysts have recently made projections for the next 20
years.123:45 The projections all indicate steady increases of about 1 percent per year in
the level of energy use. Since these projections assumed that gross domestic product will
increase by about 2.3 percent per year, the implication is that energy efficiency is
expected to increase slowly during the next two decades.

In contrast, studies of the technical potential for energy efficiency agree in concluding
that energy use could be substantially reduced by more widespread use of available
technologies. For example, a study by five of the Department of Energy national
laboratoriesS estimated that the technical efficiency of energy use can be increased by 25
percent by the year 2010 through gradual adoption of cost-effective technologies. With
this improvement in efficiency, total U.S. energy use in 2010 would be only 10 percent

higher than it is today.

It is often argued that substantially higher energy prices are warranted by the national
security and environmental impacts of energy use. In combination with regulatory
actions such as higher mileage requirements for automobiles and tighter energy standards
for buildings and equipment, there would be significant reductions in energy use. A
recent analysis® examined three levels of incentives. At the most aggressive level,
including a $25 per ton tax on CO2 emissions, the projected energy use decreases by 27
percent between 1990 and 2030. In this scenario it was also postulated that subsidies for
renewable energy would bring about a shift away from the use of fossil fuels. The
combination of decreased energy use and fuel shifts was estimated to reduce CO2
emissions from 5.3 x 109 tons in 1990 to 1.5 x 109 tons in 2030. The analysis provides a
plausible description of an energy system which could meet the needs of a U.S. economy
while providing solutions to current environmental problems. The assumptions of the
scenario may be overly optimistic regarding practical difficulties, but the results illustrate
the power of a concerted effort. Recent legislation, known as the Energy Policy Act of
1992, is an initial step in the same direction. If fully implemented, the Act would bring
about a 30 percent reduction in the anticipated growth in carbon emissions by the year

2000.7

* Managed by Martin Marietta Energy Systems, Inc., under contract DE-ACO5-840R21400 with the U.S.
Department of Energy.
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In the long run the potential for energy efficiency depends primarily on new processes
and products developed through research. The importance of R&D is receiving
increasing recognition. Thus, the Department of Energy budget for Conservation and
Renewable Energy has increased 37 percent in the past two years. The largest increase
(67 percent) was for the transportation sector, in recognition of the role of transportation
in o1l usage. Major objectives in transportation are development of alternative fuels,
increased fuel economy, fuels from biomass, and electric vehicles. Increased funding has
also been authorized for research in the industrial sector, the buildings sector, and the
utility sector.
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" 1, INTRODUCTION

The most important greenhouse gas is CO, from coal utilization. Ways of mitigating CO,emissions
include the use of alternative fuels, using réenewable resources and increasing the efficiency of power
generation and end use. Adding to such greenhouse gas mitigation technologies, post combustion

. control by removing CO, from power station flue gases and then storing or disposing it will be available.

Although the post combustion control have to be evaluated in a systematic manner relating them to
whether they are presently available technology, to be available in the near future or long term prospects

requiring considerable development, it is
considered to be a less promising option
owingto the highcostandenergy penalty. By
contrast, abatement technologies aimed at-

* improving conversionefficiency orreducing

energy consumption will reduce emissions
while having their own commercial
justification.

Emission of CO, arise from fossil fuel
consumption and deforestation (Table 1.
Energy consumption has increased by about
20% over the last decade. The industrial
countries of the Organization for Economic
Cooperation and Development (OECD)
account forabout 50% of the world's primary
energy consumption. Coals supply about28%

- of commercially traded world energy supply.

Approximately half the coal is used in power
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Table 1 Contribution to the greenhous effect.

CO, emissions, 1988

Greenhouse effect, %

GiCly %. - overly overl00y

Coal 2.4 37-28 20-16  23-17
Oil 24 37-28 20-16 23-17
Gas 09 14-11 8-6 8-7
Fossil fuel 57 88-68 48-37 5341
Cement manufacture 0.2 3.1-23 1.7-13 1.9-14
Deforestation

and land use 0.6-26 9-31 5-17 6-19
Total CO: 65-85 100 " s 61
Other greenhouse gases:
CHy 15 15
N,O 6 4
CFC 24 12
others - 8
Total 100 100
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generation worldwide whereas 73% is used in this sector in OECD countries. The energy intensity in
non-OECD countries is higher due to less efficient use of energy than in OECD countries. There is a
great deal of scope for improving the efficiency in the former by transferring technologies used in
OECD countries?, '

2. FORECAST OF ENERGY SUPPLY AND CO, CONCENTRATION

The world energy consumption in 1988 was
about 11,200 Mtce. The OECD countries

"% | hard coal ;\\\‘ hydro

account for about 50% of this value, East [ brown coar ] nuctear
European countries, USSR, and China .

i I
together account for about 32% of the world [ B navragoe
energy demand, and the less developed — ~ 1;
countries (LDC) about 17%. Figure 1 shows 12
that coal has provided 27-28% of the energy R

demand, oil has decreased slightly from 45%
in 1980t038%in 1989, gas has increased from
19% t022% over the same period, and nuclear
capacity has doubled from2.5%in 1980t0 5%
in 1989 Y.

Energy consumption, Gice

In 1988, CO, emission from coal use amounted
102.4GtC/y outofatotal of 6.5-8.5 GtC/y. The
increased concentration of CO, in the
atmosphere resulting from coal use accounts
for 16-21% of the enhanced greenhouse effect,
that is the part of the global greenhouse effect
whichis due to human activities. The issue of
potential climaticchange due to emissions of greenhouse gases was placed firmlyin the political arena
by the Toronto Conference on the Changing Atmosphere in June 1988. The conference advocated a
reduction in CO, emissions by approximately 20% of 1988 values by the year 2005 as an initial global
goal. In Japan the coal demand recorded in FY 1989 was 113.6 Mt. A long-term energy and demand
forecast in 1990 estimates that it will become 142 Mt in FY 2000, the share of coal demand of total
primary energy in Japan will be 17.5% in FY 2000 and 15.7%in FY 2010, from 17.2% recordedin FY
19892, ' C

O -4 N W b O O~ ©® ©
P T Y S S SR Ny Wy

42,

986 1987 1988 1989

Year

" Fig. 1 World primary energy consumption”

Annual world production of oil passes its peak in 2010-2020. Life cycle of natural gas follows 0il 20
years later. Therefore, annual production of total fossil fuels have a peak in the'year of 2020-2040,
though annual production of coal will be gradually increasing then in Figure 2. Figure 3 shows that
atmospheric CO, concentration will reflect and then increase slowly in the shape of S in early decades
of twenty first century, and level off around 800 ppmv in the following several cénturies?.

For environmental reasons, built-up of gas fired power generation is to be accelerated and coal fired
power generation is to be restrained. Then, CO, annual emission from fossil fuels will come down to
the same level of 1990in the middle of the next century. However, this isnotnot by the environmental
pressure but by the limit of fossil fuels supply. Therefore, this scenario of additional use of natural gas
is fruitless effort in long-sighted environmental view. Preferable use of valuable natural is for town
gas and higher efficient small scale co-generation, and for chemicals and transportation fuels?,
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Fig. 2 Lifecycle of primary fossil fuels, total.
Fig. 3 Prediction of atmosphenc Co, concentratlon from foss:l fuels.

3. COAL UTILIZATION TECHNOLOGY

3.1 CO, from Fossil Fuels” -

The CO emission factors for fossil fuels are calculated by dividing their carbon content in weight %
asa fractlon by the calorific, heating value or specific énergy. The CO, emission factor (HHV) for
bituminous coals is widely accepted to be 24.1 gC/MIJ for power generat1on from the principal coal

"exporting countries. Anthracites are less variable than steam coals and have a higher CO emission

factor of 26.0 gC/MJ. Brown coals and peat have similar emissions factors but are more vanable due
to wide differences in moisture and ash content. The CO, emission factors are compared with those
for oil and natural gas. The average CO, emission factor (HHV) was 25.2 gC/MJ for the brown coals.
All the coals show significantly higher emission factors (HHV) than crude oil (19.9gCMJ) and natural
gas (13.8 gC/M1J). The ratio of the CO, emission factors (LHV and HHV) is : bituminous coal : oil :
natural gas=1:0.8: 0.6. .

Based on the CO, emission factors, natural gas fired power generation appears to be much more available
than coal fired power generation to reduce CO, emission. However, itis fruitless effortin long-sighted
environmental view as described above. In this regard, coal utilization have an important role.
Concerning the CO, emission factors for the products from coal, it may be lower than those of the raw
coal but thereis always some energy and greenhouse gas emissions penalty in the production process.
Forinstance, upgrading coals to coke, bnquettes and othersolid fuelsinvolves some energy overheads
resulting in higher effective emission factors by 5-12 gC/MJ compared with the coals. The total of the
165
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indirect CO, emissions for the 1 COED, liquids only
production of synthetic fuels from coals 3 oy
increases, a general trend of higher : "*g::;mt%tggkproducts
conversion efficiency results in lower ©) 6 !Ligrggals.w V.vxir:hbby'md”f's
CO, emission factors as shown in Figure 451 8 Hecoal, liquids only -
49, The values for the Exxon donor 3 ® 10 fﬁz?lmﬂ?fgigs
solvent and Sasol Processes using US 5 @

Eastern coal are respectively 39and42 & ]

gC/MI. Coal conversion into liquid or < ©® 0

gaseous fuels brings in an additional 3 ’

consideration. If the subsequent use of & ] '

the product fuel mightbe moreefficient & ®

than the burning of coal, it would be 30 ' . . : _
compensate in part for the indirect 40 50 60 70 80 90
emissions involved in the production Thermai efficiency, %

process.

Fig. 4 CO, emission factor (HHV) for synthetic fuel
conversion processes
3.2 Coal Combustion Technology

1) Conventional power generation technologies

Coal demand and power stations are inextricably linked. In 1988 almost 2490 Mt was burnt in power
plant, and the share of total coal use was 54%. Coal provided 39% of the world's electricity in 1988,
which was almost twice the share of any other fuel; Oil 12%, Gas 13%, Hydro 20% and Nuclear 17%9.

Coal combustion may be-carried out in one of three different which fall in the following broad fluid-
particle contacting and temperature regimes in Figure 5. Most currently operating coal-fired power
stations are fueled with pulverized coal. Emission of sulfur oxides can be controlled by treating the
flue gases in a flue gas desulfurization system which can be retrofitted to an existing power station,
while emission of oxides of nitrogen can be most readlly control]ed by modlfymg the burners. These
techniques are widely practiced in Japan, the United States, and Germany. Modern plantincorporating
these technologies can operate with an overall efficiency of the order of 37%. .

B P TS .
Inrecentyears,anumberof Fixed Beds Fluidized Beds‘ _ =‘ Pulverized Coal
sm.all po.werplants hgs bggn ‘ Bubbling Circulating |-
built which are based on the Air Gas - -
. Solid
use of a novel combustion Particles —
. technology such as

atmospheric bubbling and
circulating fluidized bed
combustors (AFBC). In this
method of combustion, a
mixtire of course coal and |/ Gas Velocity
limestone or dolomite is (Q%"f\{e;f:}t;')l( 1 ~2m/s

reacted in a dense or dilute l

recirculating phase with ’ Mean Gas Veloclly & Gas Velocnly .

heat recovery usually via a
.y . i 4
subcritical steam cycle. The ms'oixd Velocity

major benefits of this

BE

Gas Velocity
N - (10~15m/s)

S W |

Gas Velocity I
( 4~8m/s

Increasing Solid
Density

z
!

. : Lump Coal ; Coarse Coal Fi ]
method of coal combustion e s —Fine Coa
are the insitu removal of R .
sulfur oxides and the low = Fig. 5 Three different types of coal combustion reactors.
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emission of nitrogen oxides arising from the lower fuel combustion temperature. With removal of
SOx and NOx by techniques inherent to the combustion process, net plant efficiencies are roughly 2
% point higher than the reference pulverized coal-fired plant. A further benefitisthe ability of AFBC
to burn cheap low-grade fuel, resulting in offering the possibility of generating power at a price
competitive with large pulverized coal stations. However, there is aslightly higher emission CO, from
the use of sorbents for desulfurization and N,O from the fuel nitrogen. From-an environmental point

—_—

of view, increasing the generating efficiency leads to a reduced emission of CO, with less fuel cost for
a given power output. :

2) Advanced power generation technologies
(1) Integrated coal gasification combined cycles (IGCC)

InIGCCpowerstation, a fuel gas produced from coal gasificationisused to poweragas turbine. Exhaust
heat from gas turbine and the partial recovery: of sensible heat from fuel gas in the coal gasification
and gas cleaning traindrives abottoming steam turbine cycle. Gas cleaning processes for the removal
of particulate, alkali vapor and gaseous sulfur contaminants'increase the overall energy losses in the
system. Entrained flow reactors which operate at higher gasification temperatures and with a fine
pulverized coal feed have excellent fuel conversion efficiencies. With low temperature gas cleaning,
however, asignificant fraction of the sensible heatinthe flue gas leaving the gasifier must be removed
from the system, by-passing the turbine cycle, but increasing the power outputof the steam cycle from
partial recovery of the sensible heat. Therefore the IGCC technology is dependent on the development
to-minimize the efficiency loss through the use of high tempgrature-gas cleaning.- :

(2) Pressurized fluidized bed combustion (PFBC)>

In PFBC, a bubbling or circulating bed operating at temperature 0f850-950°C and pressuresofupto -

1.2MPa is used for coal combustion and to power a gas/steam turbine combined cycle. This method
of coal combustion generates loweremissions of sulfurand nitrogen oxides with reduced penalties on
the overall power station efficiency. While AFBC achieve heat release rate of 1.5 MWt/m? for bubbling
type and 5-7 MWt/m?for circulating type respectively, PFBC increases combustor heat load by a factor

of ten resulting reducing the size of the combustor. Early. problems encountered:in the development
of PFBC technology include high rates of
erosion of the in-bed and freeboard steam
heat transfer tubes and the developmentof ,
-high temperature particulate and alkali - 4gd-  PFBC without secondary
vapor gas cleaning devices to minimize . fuel gas burning
_corrosion and erosion of the turbine®”. - -

50 .
) ' Steam pressure, 25 MPa

18 MPa

with a secondary fuel
- gas combustion
chamber

(3) Topping cycle PFBC
Inanapproachtoincrease the overallcycle
efficiency of PFBC plant configuration,
hybrid schemes which rely on the partial - o
gasification of coal inatopping cyclehave 21 - = [®]
been proposed. The flue gas from coal . ,
gasification is burnt in the gas stream - 4| ‘
produced from the separate combustion
of the coal char produced from the partial - - N
gasifier. Figure &€ shows a plot of the 38 o0 ~o%0 oo - 1100 o
increase in the net powerstationefficiency - - . Gas turbine inlet temperature. C
thatcould be obtdined from the increasing °
inlet temperature to.the gas turbine and
with further improvements in the cycle

44

2532

prnsy

Net efficiency (LHV), %

gas turbine cycle

.. Fig.6. Effect of fuel gaé burning on the efficiency ofa
PFBC/topping combined cycle? ‘
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efficiency obtained from additional use of a supercritical steam bottoming cycle®?.

(4) Pulverized coal/natural gas combined cycle

(5) Pressurized pulverized coal combustion

6) Magnetohydrodynamxcs (MHD)

(7) Fuel cells

(8) Others
1. Fuel blending and other abatement measures
2. Combustion ina CO,/O, gas
3. Hydrogen from Coal

Table 2 presents a summary of the various CO, abatement measures®. In terms of existing or

" conventional technology, the use of supercritical steam conditions, and natural gas combined cycle

and co-generation schemes based on pulverized coal (PC) combustion meet or exceed the Tront
guideline with a 20-58% overall reduction in CO, emissions relative to the reference PC power station

with FGD.

For the near term power generation technologies such as PFBC and gasification combined cycles, the
use of high temperature gas cleaning techniques and supercritical steam conditions are expected to
play a crucial role in determining the ability to exceed the goal of a 20% reduction in emissions. The
demonstration of the PFBC/gasification hybrid cycle with a 23.9-25.4% reduction in CO, emissions
offers the greatest promise among these near term commercial options.

Onthe basis of the current development status, technologies such as PFBCor direct coal-fired turbines,
MHD and fuel cell based systems may be classed as more futuristic, second generation abatement
options. :

4. RESEARCH AND DEVELOPMENT IN MITI, JAPAN

4.1 Action program for the twenty-first century

Various efforts are in progress to solve global warming by green house gases and other env1ronmental
problemsinall the world. Japan has internationally proposed aplancalled "The New Earth 21 (Action
Program for the Twenty-First Century)," which involves comprehensive and long-termactions taken
under the cooperation of the all nations (Figure 3). This plan comprises five elements:

1) Global promotion of energy efficiency

2) Massive introduction of clean energy sources

3) Development of innovative environment-friendly technolog1es

4) Enhancement of CO, sinks

5) Development of energy -related technologies

42 The New-Sunshine Program ‘

The Sunshine Project.for alternative energy technology R&D, The Moonhght PrOJect for energy
conservation technology R&D, and The Global Environmental Technology Program forenvironmental
technology have been promoted as Japan's national projects by the Agency-of Industrial Science and

- Technology (AIST) in the Ministry of International Trade and Industry (MITI). It lead a way to

sustainable economic growth by oveicoming energy-and environmental constraints simultaneously.
The New Sunshine Program are established in 1993 by integrating these three programs to provide a
new conceptforanenvrronmentally friendly technology system. It comprises the following three R&D
programs in the field of eneigy and énvironmental technologies; ‘
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Table 2 Summary of CO2 abatement measures for power generation

CO:

Technology Stepm conditions Net power station CO: Comments
efficiency (LHV), emissions, reduction,
D . gC/kWhe %
Conventional .
PC + FGD subcritical 35 262.1 0 Reference plant for CO; emissions.
AFBC : subcritical 37 257 1.95 In-bed desulphurisation, deNO,.
PC + FGD _supercritical (25 MPa) 45.3 208.1 20 540-560°C, 0.002 MPa condenser
PC + FGD supercritical (30 MPa) 47.5 198.7 319 500°C, 0.002 MPa condenser
PC-natural gas co-firing subcritical 36-37.5 233.3-242.1  74-11 15% natural gas input
PC design - coal oil mixture subcritical 35 251.2 42 40% fuel oil input '
PC-CO; flue recycle subcritical 27.6-28.6 - (100) Energy use for air separation
187-220 kWhe/t CO,, additional energy
use for CO: gas disposal. )
PC design, H: combustion  subcritical 84 - (100) Energy use for H; separation 76% of coal
heating value, additional energy use for
¢arbon disposal.
Combined cycles . . ) .
IGCC - subcritical 43 212.7 18.9 Low temperature gas cleaning.
IGCC subcritical 29.9-38.7 - (90) CO shift with low temperature gas
J cleaning. CO: reduction for gas disposal.
PFBC subcritical 42 226.7 135 High.temperature gas cleaning. N
PFBC-gasification cycle supercritical (25 MPa) 48—49 195.6-199.5 . 23.9-25.4 High temperature gas cleaning.
Pressurised pulverised coal  subecritical 48 194.2 26 Additional energy use for gas cleaning.
. - ) - increased CO: emission from
desulphurisation._ .
PC-natural gas + FGD, .
deNO, ' subcritical 40 202.1 22.1 33% natural gas input
PC-natural gas + FGD, ' .
deNO, supercritical (30 MPa) 49 166.1 36.6 33% natural gas input
MHD subcritical 40-45* 192.5-216.5  17-27 Additional CO; emissions from
‘ ‘ desulphurisation.
Fuel cells subcritical 45-58* 147.1-1925 2644 Additional CO; emissions from
desulphurisation.
Co-generation ’
Combined heat and power : - -
(CHP) : subcritical 77-84 .108.9-118.5  54-59 Range for PC + FGD, PFBC and PFBC-

gasification cycle. COz reduction figure
for the direct replacement of PC plant
without low grade heat recovery. COz
reduction of 34-39% when replacing
existing and separate coal-fired power and
district heating plants.

* HHV
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1) Innovative R&D Program,
e.g. Broad Area Energy Utilization
Network System

2) International Collaboration
Program for Large R&D Projects,

“* e.g. International Clean ,

Energy Network Using Hydrogen
Conversion ) .

3) Cooperative R&D Program on .
Appropriate Technologies,
e.g. Hybrid Energy Supply System
Using Potovoltaic and Solar
Thermal Energy

4.3 Coal Utilization Technology
Activity in Japan?

The main organization responsible for
the technical development of coal in
Japan include the Center for Coal
Utilization, Japan (CCUJ) and the New
Energy and Industrial Technology
Development Organization (NEDO)
responsible for utilization technologies
ang the Coal Mining Research Center
(CMRC) responsible for production

Gonc_e?tu"al Framework of “The New Earth 21"

Globa! Climate Change

Rising global mean temparature
about 3°C above the current level)
ising global mean sea feve!
{about 65cm above the current level)

World Energy Conservation Program
CFCs Phaseuodt s 108 R

GHG emissions *

.~ Accalerated Introduction” ! o’
 of Clean Energy Sources_:

“Developmeént of the Future’,
Energy Technologies . _ ;'S

Technology Transler

19580 2050 2100 Year

*1. Accelerated energy conservation, CFCs phase-out, etc.

*2. Saler nuclear power plants, New & renewable energy sources, ete,

“3. CO;, fixation & re-utilization technology, Environment-friendly
production processes, third-generation CFC substitute, etc.

“4. Reforestation, Stopping desertification through bio-technology
{develop salt-drought rasi plants), Enhancing ic sinks, etc,

*5. Nuclear fusion, Space solar power generation, etc.

and safety technologies. These
organizations are subsided by the : ,
government, Agency of Natural Fig.7 Conceptual framework of the "The New Earth 21.
Resources and Energy (ANRE) and ] .
Agency of Industrial Science and Technology (AIST)in MITL As Japan needs to establish a system
which can promote clean coal technology, a Clean Coal Technology Center is established in NEDO
in 1992. - S
1) Short-term tasks
(1) Coal combustion technology
la. Pressurized fluidized bed boiler technology: 70MW DP
1b. Highly pollutionless internal circulating fluidized bed combustion
technology: 10t/h DP :
Ic. Pressurized internal circulating fluidized bed boiler technology: Basic survey
1d. Pressurized circulating fluidized bed boiler technology: Basic survey
2. Industrial furnace technology (Cement manufacture)
3. Metal fusion system technology directly using coal-oxygen combustion
(2) Coal slurry technology
" 1. High-performance coal water paste (CWP) combustion technology
2. CWM manufacturing technology by modifying low quality coal
3. Demonstration of CWM distribution and relaying systems
(3) Coal handling technology
1. Demonstration of CCS technology
2. Low-grade coal utilization technology
(4) Coal ash utilization technology
1. Utilization technology of unusec% _ri%source in coal ash




2. General industrial coal ash utilization technology
3. Study on hardened matter
4, Black ash utilization technology
5. Fluidized bed boiler combustion ash utilization techriology
(5) Coal partial combustor technology
(6) Direct iron ore smelting reduction technology
2) Long-term tasks )
(1) Bituminous coal liquefaction technolog
(2) Brown coal liquefaction technology
(3) Integrated coal gasification combined cycle (IGCC) power generation technology
(4) Coal-based hydrogen production technology
(5) Others
1. Topping cycle PFBC
2.. Oxygen injected coal combustion
3. Coal flash pyrolysis
4. Advanced coal cleaning

5. FUTURE PLAN FOR COLLABORATIVE RESEARCH

Mutual collaboration between U.S. and Japan on coal combustion technology and/oradvanced power
generation can broadly beregarded as fallinginto three levels. The firstlevel includes system evaluation
based on Full fuel Cycle. For advanced power generation technologies such as PFBC, topping cycle
PFBC and IGCC, it must be important to evaluate by using a consistent set of criteria to examine their
potential in Full Fuel Cycle schemes aimed at the reduction of greenhouse gas emissions. This channel
of the U.S./Japan workshop is expected to give and take much more available information on the
measure to evaluate the Full Fuel Cycle scheme, although the IEA green house gas R&D programme

has been carrying out the sort of the evaluation.

The second level to be considered in this channel is to exchange information on state of technology
development, the general information of whichis available to evaluate the cycle scheme. For instance,
the state of the art of the system for PFBC, topping cycle PFBCand IGCC involved coal handling and

high temperature gas cleaning.

The third level is on basicresearch such as effects of pressure on coal combustionrate, coal gasification
rate, dnd projection of acid gases of NOx, SOx, H,S, CS,, COS, HCN and NH, and abatement technic
of N,O. The emission has a global warming potential of 270 relative to CO,. On this basis 100 ppm
N,Oisequivalentt02.7 % CO,. Although the emissions from soils dominate the N,O budget and those
from stationary sources due to fossil fuel combustion are very small, the levels measured for fluidized
bed coal combustor are quoted as ranging from 50-200 ppmv on a 6% oxygen in flue gas basis'?.
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Research and Development of Ceramic Gas Turbine

Kazuo SUZUKI

National Aerospace Laboratory
7-44-1 Jindaijihigashi-pachi, Chofu-shi, Tokyo, JAPAN

1.Background

The €02 caused by the consuaption of hydrocarbon fuel is one of the main
gases which affect the global climate. In order to reduce the formation of C02,
it is necessary to conserve energy as effectively as possible. Therefore the
heat energy provided by the fuel should be utilized in multi-cascades. The
energy at the high teeperature shoud be used for the generation of electric
power and the enérgy at low temperature could be used for making the steam and
the hot water.

The gas turbine is preferable for this purpose. The heat energy of exhaust
gas can be reused more easily. The two systeas are proposed by using the gas
turbine as the high teaperature stage. One is the cogeneration systea and the
other is the coabined cycle.  The foraer generates electric power by the gas
turbine and make steam or hot water in the exhaust gas. The latter eaploys the
gas turbine as the high teaperature cycle and the steam turbine as the low
temperature cycle.

In order to obtain the higher total efficiency in these systems, the
tesperature of the starting cycle should be rised as high as possible. The
conventional gas turbine has rised the teaperature of the cycle and increased
the efficiency by introducing the air-cooled setal turbines. But the excessive
use of this cooling air decreases inversely the total efficlency. And the
turbine blades in the seall gas turbine are too small for the sophisticated
air-cooled structure. If the turbine inlet teaperature can be nade higher
without cooling the turbine by air, the effiency can rise much wore.

The cerasics can give the excellent properties even in the high teaperature
condition. The great progress is observed in the field of industrial ceramics,
such as rolding, machining and surface treatuent. Froa this viewpoint the
_ceranic materials are very hopeful to innovate the gas turbine technology.

The ceranic gas turbine is one of the energy conservation technologies.
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2. Outline of the project "Ceramic Gas Turbine”

The research and developeaent entitled " Ceramic Gas Turbine ™ is carried:
out as the national energy conservation project. This program was begun at}
1988 and is to be continued up to 1996. The objects are shown in the table 1.

The three types of ceramic gas turbines are being developped. These are
shown in Fig. 1.

The agency of industrial science and techenology of MITI manages the whole’
progras.  The private wanufacturers, the national laboratories and the NEDO
take part of this project.  Generally the private manufacturers develop the
application technology and the national laboratories make the bsic researches.

This R&D is composed of

1. fabrication of the ceraamic parts of the gas turbine,

2. improvement of the performance of the gas turbine coaponents, :
3. design and asseably technology of the regenerative ceramic gas turbine, j
4. combustion technology of low poluttant eeission (NOx,CO,HC),

5. optimization in using this ceramic gas turbine as cogeneration.

3. Ongoing researches and Future Plan

The three types of engines are being asseabled. Each type has the features
and the particular problems. But the common difficulty is the durability of
the ceranic turbine rotor. 1In 1993 these engines are tested and evaluated at
the condition of TIT=1200 C. In 1996 they are to opperate at TIT=1350 C and
to get the efficiency of 42 {.

The method of making the ceramic parts accurately is studied. The profile
of the turbine blade should be designed under the limitation of ceramic
raterials. We must consider both the structural demand and the aerodynamic
perforrance to gain the high efficiency. The estimation of the life of the
ceramic parts In the gas turbine is very difficult and is approached. At this
stage the turbine blade, the cosbustor, the shroud and the heat exchange which
are pade from ceramics, are required to function at the condition cf TIT=1200C.
At the final stage they eust work at TIT=1350 C. The improvement of the
saterials and the manufacturing technology is studied to meet this demand.

The clearance between the rotor and the shroud affects intensely the
perforaance of the coapressor and the turbine in the small gas turbine. The
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reduction of this clearance is researched. MNany experisentals are conducted
in order to rise the performance of the gas turbine coaponents. The numerical
sisulation assists the design of the cosponents. The nueerical sethod can

predict the perforeance without the experimentals.
The combustion researches are performed to reduce the pollutant from the
gas turbine. The regulation of NOx is severe in Japan. The low-NOx combustion

is emphasized.
All the researches of the cerasics and of the gas turbine compoents are

cotinued to obtain the final goal imposed on the engines.

4.Future Yiew for Collaboration with U.S.

The ceragic technology is the most difficult, such as manufacturing,
predicting reliability and evaluating in application to the actual parts. The
collaboration in this field will be fruitful.

The exchange program has been already proposed. The American researchers
has been invited to the manufacturere or the national laboratories in japan to
exchange the experiences and the knowledge in this field.

The ceramic test pieces are exchanged asong the laboratories to build up

the comson data base.
We are ready to extend this collaboration in the field of the basic gas

turbine technology which is conducted in the national laboratory. For exasple
the low-NOx combustion technology is researched actively in NAL.
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Table 1

GOALS OF 300kW CERAMIC GAS TURBINE

| THERMAL
EFFCIENCY

TURBIN LNLET
TEMPERATURE

AXIAL
OouTPUT

_EXHAUST
EMISSIONS

) 42%
(LHV)

1350°C

300kW

CLEAR
REGULATIONS

COMPRESSOR (NG R
™ '. -

SECTIONAL VIEW OF CGT a2

CGT 303 CROSS-SECTION

Fig.1 Three types of ceramic gas turbines
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EXTENDED ABSTRACT

COMBUSTION EFFICIENCY: GREENHOUSE GAS EMISSION REDUCTIONS
FROM THE POWER GENERATION SECTOR

R. Kane
Office of Fossil Energy
U.S. Depariment of Energy

D.W. South and A.L. Fish
Technology and Environmental Policy Section
Argonne National Laboratory

2nd U.S./Japan Workshop on Global Climate: Environmental Response Technologies
U.S. Interagency Committee on Earth and Environmental Sciences (CEES)

Honolulu, Hawaii
February 1-3, 1993

Introduction

Concern for the possibility of an enhanced greenhouse effect and global climate change
(GCC) has often been associated with energy use in general, and fossil fuel combustion
in particular, because of associated emissions of CO, and other greenhouse gases
(GHG). Therefore, energy policies play a significant role in determining greenhouse gas

emissions.

‘The generation of electricity and power from more efficient fossil energy technologies
provides an opportunity to significantly lower GHG emissions, together with other
pollutants. The U.S. government oversees a broad-based program to facilitate the
development, demonstration, and deployment of these technologies.

Advanced fossil technologies offer other benefits as well, in that they permit continued
use of widely available fuels such as coal. An international perspective is critical for
assessing the role of these fuels, since countries differ in terms of their ability to maximize
these benefits. Often, new technologies are considered the domain of industrialized
countries. Yet more efficient technologies may have their greatest potential — to
concurrently permit the utilization of indigenous fuels and to lower global GHG emissions
— in developing countries, especially those in the Asia-Pacific region.
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Existing and Future Energy-Related Greenhouse Gases

The relationship among GHG emissions with potential climate change and with their
sources and sinks remains an area of evolving knowledge. Among these emissions, Co,
is the most abundant. CO, levels also respond to changes in land cover/use, hence the
concern with tropical deforestation.

Methane (CH,) and nitrous oxide (N,O) are by weight more potent GHGs than CO,,
although not as abundant. Emissions of these two gases are associated partially with the
production, transportation and combustion of fossil fuels and with a variety of agricultural,
industrial, and waste-related activities. Chlorofluorocarbons (CFCs) are also very potent
greenhouse gases not emitted from fossil fuel combustion. .

Another GHG is ozone. While not directly emitted by any source, one of its precursors
(NO,) is a byproduct of fossil fuel combustion. NO, emissions are reduced via the
application of several advanced fossil energy technologies.

Characterizing the net contribution of various GHG emissions to an enhanced greenhouse
effect is complicated by the uncertainties surrounding indirect effects. The formation and
effect of tropospheric ozone on atmospheric warming is still inadequately modeled, and
the overall atmospheric role of CFCs, is undefined.

In summary, advanced fossil technologies significantly decrease the energy needed to
produce a given amount of electricity, and therefore, they reduce GHG emissions. Fuel
substitution provides another option to affect GHGs, because emissions from combustion
vary among fuels. Natural gas emits 40% less CO, than coal; petroleum 17% less.

Over time, the international origin of GHG emissions should be considered. By 2025
developing countries are expected to generate more energy-related CO, than the
industrialized nations of the Organization for Economic Cooperation and Development
(OECD). The share of CO, emissions from the former Soviet Union and the European
Economies in Transition (EETs—Central/Eastern Europe), are projected to steadily
decline between now and 2100, by which time developing countries should be responsible
for the vast majority of global CO,.! The fortunate aspect of these emission projections
is that much of them will come from new coal and fossil fuel power plants. This provides
the opportunity for emission reductions through increased penetration of high-efficiency
power generation technologies.

'Based on 1992 reference case estimates of UN Intergovernmental Panel on Climate Change (IPCC),
which probably allow for conservative rates of improvement in energy efficiency. The relative geographical
shares and the large overall growth in CO, emissions predicted under this reference case Is subject to
unexpected changes in energy prices and policies.
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Fossil Energy Resource Distribution and Future Energy Demand

Fossil fuels supply the vast majority of the world’s current energy consumption, much of
it liquid petroleum for transportation. Hydro and nuclear power are currently the only
significant non-fossil commercial sources of energy.? While reserves of oil and gas may
be adequate for several decades, coal reserves at current production rates are available

for hundreds of years.

Petroleum and natural gas are less evenly distributed around the world than coal. The
Middle East and the former Soviet republics contain most known oil and gas reserves.
Despite propitious developments in recent years, both these regions remain politically and
economically unstable. Unlike petroleum and coal, gas frequently faces constraints for

distribution and transportation.

Energy consumption and electricity demand are linked with economic growth and
development, and many developing countries are growing rapidly especially in the
Asia-Pacific region. The current average per capita electricity consumption in developing
countries is about one-eighth that of the OECD. Thus, if energy/electricity intensity in
many of these countries approaches levels commensurate with industrialized countries,
demands on fossil fuels and power generation would be enormous. Long-run global
energy models, such as the Edmonds-Reilly modsl predict that demand for fossil fuels
will triple from 2000 to 2100, with the share represented by coal rising to 96%. In terms
of coal demand, developing countries will drastically outstrip industrialized countries by
2100, having surpassed them as early as 2025.

Technologles to Improve Conversion Efficiencies

The typical base-load fossil-fuel power plant burns pulverized coal (PC) in a boiler to
produce steam for a turbine. With the addition of post-combustion controls to reduce air
pollutants (eg, flue-gas desulfurization—FGD) efficiency rates (heat/electricity) are at
about 30-35%. A variety of advanced fossil combustion technologies and clean-coal

technologies have higher efficiency ratings:

« PC/FGD plants employing supercritical steam, advanced scrubbers, and other
improvements have efficiency rates of about 37-42%, which would lower CO,

emissions by 2-14%.

« Fluidized bed combustion (FBC) burns coal in a bubbling inert medium under either
normal (atmospheric—A) or pressurized (P) conditions to generate steam and hot

2Commercial sources do not include traditional biomass in developing countries (eg, fuelwood and
charcoal). If the biomass is allowed to grow back, then overtime such energy sources will generate little
or no net CO, emissions - i.e., if the biomass is sustainably consumed and managed. Biomass burning
may lead to significant net emissions of other GHGs, however.
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exhaust gas for a gas turbine. Combined-cycle-like designs are also integrated with
PFBC units. Efficiency rate estimates range from 37% for AFBC units to 48-49% for
advanced PFBC units, which compared to conventional PC/FGD units would lower
CO, emissions by 2-25%.

* Combined-cycle technology combusts natural gas (NGCC) or gasified coal
(integrated gasification combined cycle, IGCC) in a gas turbine and uses exhaust
heat to produce steam for a second turbine. NGCC units experience efficiency rates
of 43-50+%. Conventional IGCC units have been rated at 38% to 43% efficiency,
and more advanced designs are anticipated to reach 43-47%, which compared to
conventional PC/FGD units would lower CO, emissions by 19-23%.

* Fuel cells use either molten carbonate or solid oxide from coal, or hydrogen-rich gas
from coal, natural gas or other substances to produce electricity directly from
chemical reactions. Efficiency rates are estimated at 45-58%.

* Magnetohydrodynamics (MHD) heats coal or some other fuel to a plasma, from
which a magnetic-electric current is derived. 40-53% efficiency rates for coal are
anticipated.

* Compared to conventional PC/FGD units, MHD and fuel cells for coal could reduce
CO, emissions by 20-45%, and advanced technologies using natural gas — i.e.,
NGCC, fuel cells — could reduce emissions by 58-65%.

The accompanying figure compares some of these technologies against conventional
PC/FGD, by graphically depicting relative efficiency improvements and reductions in the
annual quantity of CO, emissions at a reference 500-megawatt power plant.

NGCC and some FBC designs are increasingly favored in commercial applications.
IGCC, advanced PC/FGD and PFBC demonstration units are currently in operation, and
wider usage of IGCC awaits refinements in coal gasification technology. Despite
promising breakthroughs, MHD and fuel cells are longer-run options on the order of 15
or more years before they may be commercially available.

Cogeneration or combined heat and power (CHP) uses excess heat or steam from a
power plant for industrial processes or space heating. Similarly, unused industrial power
can be diverted to produce electricity. In either case, efficiency improvements and GHG
emission reductions can be tremendous compared to separate, conventional applications.
CHP with advanced coal technologies could offer efficiency rates of over 80% and reduce
CO, emissions by around 60%. CHP is especially suitable for densely populated areas
and for FBC technologies because of their generally smaller-scale operation. CHP is
increasingly favored in Europe as an energy conservation strategy.
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Co-firing of natural gas and coal is also an option to cost-effectively lower CO, emissions
and provide flexibility in the input of quantities of gas and coal. Similarly, coal gasification
has added attractions, because it could be interchanged with natural gas or other
gasification applications, depending on technological, operating and supply conditions.

U.S. Research, Development and Demonstration (RD&D) Programs

For several years, the U.S. Department of Energy's Office of Fossil Energy has
sponsored a Clean Coal Technology (CCT) program and other RD&D efforts to speed-up
the introduction of promising advanced fossil energy technologies. Since 1986, the CCT
program has undertaken four phases and is entering a fifth phase of solicitations. 41
cooperative agreements have been signed to demonstrate and further commercialize a
vast array of technologies. Cost and technical responsibilities are shared with private
sector partners. Between 1986 and 1994, $2.7 billion of federal funds will have been
spent on the CCT program. Originally, the CCT program emphasized pre- and
post-combustion technologies and especially advances in combustion (in-situ) systems
to control pollutants such as NO, and sulfur dioxide (SO,). The two most recent rounds
(four and five) have targeted energy efficiency (and hence GHG emission reductions) as

an important criterion for evaluation.
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R&D on Fuel Cells in Japan and Possible Contributions of Fuel Cell to
the Global Reduction of CO. Emissions

Hiroyasu TAKENAKA
Covernment Industrial Research Institute,Osaka(GIRIO)
Agency of Industrial Science and Technology (AIST)
Kinistry of International Trade and Industry(HITI)
1-8-31, Nidorigaoka, Ikeda, 0Osaka563, Japan

1. Background .
Fuel cells can generate electricity equivalent to 40-60% of the energy

contained in the fuel consumed, and an overall efficiency as high as 80% is
not impossible to achieve through utilization of the exhaust heat. In
addition, emissions of pollutants such as NOx and SOx from fuel cells are low.
Since various reformed gases derived from natural gas, methanol and coal can
be used as fuel for fuel cells, the wide range of applications for fuel cells
is expected to contribute to the reduction of petroleum dependence in Japan.

9. R&D activities in Japan
An R&D project for Fuel Cell Power Generation Technology is .in progress as

part of large-scale energy conservation project, the so-called Noonlight
Project, founded and sponsored by AIST of NITI. The fuel cell R&D project is
being promoted by NEDO(New Energy and Industrial Technology Development
Organization) and national institutes of AIST. Over ten companies are taking

part in the R&D program under contract with NEDO.

Fuel cells are usually classified according to the kind of electrolytes used.

The main types are : qlkaline fuel cells(AFC), phosphoric .acid fuel cells
(PAFC), molten carbonate fuel cells (NCFC), solid oxide fuel cells(SOFC), and

polymer _electrolyte fuel cells(PEFC).
Recen@?;ctivities in the Moonlight Project are as follows:

a. AFC ~ 7 ]
The R&D program for AFC has already been completed, culminating in the

development of 1kW class cell stack in FY 1984.

b. PAFC
Tvo types of 1MW pilot plants for experiments on dispersed pover generation,

and two types of 200kW systems,one for cogeneration_using city gas installed
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in an urban bullding and the other for on-site power generation at a isolated
island using methanol, were successfully developed in FY1988 and FY1990. 80.2%

overall efficlency for the 200k¥ cogeneration system and 39.7X% pover
generation efficiency for the remote on-site system were obtained, and the

accumulative pover generation times were 13,000hr for the cogeneration system

and 8,44%hr for the remote on-site system. After these trial operations-of the

200k systems, the R&D program for PAFC in the Moonlight Project was completed
in FY1991. "In order to promote the commercialization of PAFC, NEDO started a
new program to develop SN class and 1MW class systems, starting from FY1991,
vith financial support from the Agency of Natural Resources and Energy(ANRE)
of MITI. '
c. NCFC
In FY1992, 100kW class cell stacks were fabricated. In order to develop a 1MW
class pilot plant by end of FY1997, two types of cell stacks and the ancillary
components, such as fuel reformers and waste heat recovery systems, are being
developed. The possibility of an internal reforming-type cell 1is also being
investigated.
d. SOFC
Fundamental research on the manufacture of SOFC was completed in FY1991 and
followed by a new program to fabricate a 20-30kW SOFC module.
e. PEFC
A nev R&D program for PEFC has just started in FY1992. The goal is to
develop PEFC with high power generation efficiency and high power density.

In addition, most of the Japanese electric power and gas companies are
independently also carrying out vigorous R& on fuel cells. Table 1 shows
their “trial operations of PARC plants, including those from the Noonlight
Project.

3. Current international cooperative activity

AIST and NEDO have cooperated with IEA through the Isplementing Agreement
for a Program of Research, Development and Demonstration on Advanced Fuel
Cells.AIST has also coopérated -with the U.S. through the Fuel Cells R&D
Coordinating Subcommittee wunder U.S.DOE/Japan AIST-ANRE Implementing
Arrangesent in Coal Energy Research and Development, in R&D's on MCFC, SOFC and

" PEFC. Therefore, the collaborative research vith the . U.S. on fuel cell
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technology should be continued under such the existing framevork.
As for PAEC, which are expected to be commercialized on a large-scale in the
very near future, cooperative activities between private companies in Japan
and the U.S. are in progress (see the manufacturers in Table 1.

Table 1 PAFC trials in Japan

Yain Organization

Size of cell and Manufacturer

Tokyo Electric Power Co.

Kansai E.P.Co.

Kansal E.P./0Osaka Gas Co.

Chubu E.P.Co.
Okinawa E.P. Co.
Hokaido E.P. Co.
Tohoku E. P. Co.
Hokuriku E.P. Co.
Shikoku E.P. Co.
Tokyo Gas Co.

0saka Gas Co.
Toho Gas Co.

The above 3 Gas Co.’s
Other companies

4. 5NW(U.T.C.), 50k¥ (Toshiba),200kW (IFC) , 220k¥ (Sanyo) ,
200kW(I.F.C.),11¥W(Toshiba/I.F.C.)

30kW (Fuji), 14K (Fuji/¥itsubishi) *, 50kWX16 (Fuji),
200k¥ (Mitsubishi)

200k¥ (Mitsubishi)®,

1MW (Hitachi/Toshiba) °,

200kW(Fiji)*

100kW (¥itubishi)

50kW (Fuj 1)

4k¥W (Fuji)

4kW (Fuji)

12. 5k¥¥2(U. T.C.), 40k¥ (U.T. C.), 40k¥ (U. T.C.),
SOkW(Fuji),IOOkW(Hitachi),ZOORWXIO(I.F.C.)

12. 5k¥X2(U. T.C.), 40kW(U. T.C.), 40kW (U.T. C.),
200kW (1. F.C.), 200kwX10(I.F.C.)

200kW(I.F.C.)

50kW, 100k¥ (Fuji)
50kW (Fuji), 100k¥ (Fuji), 100kW (Sanyo), 200k¥(I.F.C.)

- % projects in the ¥oonlight Project

4. Future viex of collaborative research with U.S. in this workshop
In order to explore the possibility of new collaborative activity with the

U.S at this workshop,

an alternative view on the impact of fuel cell

introduction on the global environmental would be required. For example, the
following subjects for collaborative research could be pointed out:
(1) Analysis of effect of fuel cell introduction on global environment
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The contribution of fuel cells to the reduction of €O, emissions is also now
coming to be widely appreciated fronrthe viewpoint of gains of efficiency (38%
—40-60%), as compared with thermal power generation. In addition, the
applicability of fuels with lower C0. emissions than petroleum and coal, such
as natural gas and methanol, also will eventually contribute to the reduction
of C0. emissions. It is politically important that the effect on our society
of C0; reduction through the introduction of fuel cells can be estimated vith
higher reliability.

(2) Concentration and separation of €0, utilizing MCFC

Electrode reactions in NCFC are as follows; .

[Cathode] C0; + 1/20; + 2¢~ — (0,

(Anode] H, + C03™~ — H,0 + CO, + 2¢” ,€0 + COs™~ — 2C0, + 2e-

These reactions show that C0. in the cathode compartment is transported to the
anode compartment. The MCFC is used not only for power generation, but also
for concentration or separation of C0., as shown in Fig.1. Although the
advantages of utilization of MCFC with both functions have been pointed out in
a Japanese report, further feasibility studies are required to define the
technical’ and economic problems involved in the application of such NCFC
systems to large-scale power generation or cogeneration systems.

[dilute CO,] [low-level €O, eaission]
Fossil Fuel Alr = (Cathode) grrsssss. "
H2/CO . | MCFC Power Generation e ¢ electricity :
T (Anode) — {and heat
H./C0/C0;, ; [conc. C0,1/H./CO
C0; Separation
pure C0; |< — System ot e

Fig.1 Concentration and separation of C0; utilizing MCFC
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ENERGY CONVERSION OF BIOMASS IN COPING WITH GLOBAL WARMING

Shin-ya Yokoyama, Tomoko Ogi, and Tomoaki Minowa
Biomass Laboratories, .
National Institute for -Resources and Environmen
16-3, Onogawa, Tsukuba, Ibaraki 305, Japan

1. BACKGROUND
The main purpose of the present paper is to propose energy

conversion technologies of biomass in coping with global warming.
Among thermochemical conversion, liquid fuel production by high
pressure process is mainly introduced.

Biomass is a term used to describe materials of biological
origin, either purpose-grown or arising as by-products, residues
or wastes from forestry, agriculture and food processing. Such
biomass is a renewable energy sources dependent on solar energy.
Through photosynthesis, plants converts carbon dioxide into or-
ganic materials used in their growth. Energy can be recovered
from the plant materials by several processes, the simplest way
is burning in air, As far as biomass is used in this way, there
is no atmospheric accumulation of carbon dioxide making no effect
on the Greenhouse Effect, provided that the cycle of regrowth and
burning is sustained.

Of recent an idea that biomass utilization instead of fossil
fuel can contribute to carbon dioxide sequestration or reduction
in the atmosphere by advanced biomass conversion technology. Ac-
cording to the projections of response strategies working group
(RSWG) of the 1PCC{1l], global carbon dioxide emissions could be
reduced to half the 1985 level by 2050 by supplementing the res-
ponse measures of the RSWG "Scenario B" with biomass energy pro-
duction sufficient to displace by 2050 5.4Gt per year of carbon
from fossil fuels combustion. D.O. Hall reported that this might
be achieved by displacing coal with biomass; about one-thirds of
which might come from various agricultural and industrial bio-
mass residues and two-thirds from biomass plantations [2]. Such
residues are prime candidates for the bioenergy systems.

Toward sustainable biomass production for energy,some 400~-600
million hectares will be required by the second quarter of 21st
century [1][3]. BHowever, questions are raised by the scenario of
afforestation on global size; energy balance sufficiently favora-
ble to justify the effort, sustainability of high biomass yields
over wide areas and long periods, and environmental acceptability
of plantations. Taking these into account, at this time, utili-
zation of biomass residues and wastes for energy by modern tech-
nology such as thermochemical liquefaction is more practical and
substantial in terms of technical, economical, and environmental

reasons.

2. BIOMASS RESIDUES AND WASTES
Biomass residues from agricultural .and forest product indus-

tries might be used as fuel for energy. The significance of these
markets is suggested by the data[4) which shows that global
residue production in selected industries in 1988 was some 56
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exajoules. This amount of residues, had it been used to produce
power only in IG/ISTIG units, would have been able to produce
some 6,600 terawatt-hours (TWh), about as much electricity as was
produced by all fossil fuel-fired power plants in the world in
1988 [4]). It can be probably said that this amount is roughly
equivalent to 17% of total consumption energy of the world{S). In
other word, it is about one-half of the energy from coal. In ad-
dition to these agricultural and forest residues, a great deal of
industrial and municipal wastes are generated. The amount of the
organic industrial wastes is 300 million tons and municipal
wastes is 420 million tons in OECD countries in 1990(6]. It is
therefore reasonable to conclude that energy arising from coal
can be displaced by biomass residues as pointed out by Hall. Of
course, not all these residues could be recovered and used for
power generation or other form of energy, but this suggests that
residue utilization is worth exploring.
3. ENERGY CONVERSION TECHNOLOGY

Processes for conversion of biomass to heat or to fuels may
be divided into three basic categories:direct combustion, thermo-
chemical coversion, and biochemical conversion. Many different
technological approaches exist for carrying out the basic
conversion process involved. The following will briefly describe
the process and some of the technology. Figure 1 shows the energy
conversion of biomass. .

——Direct Combustion Power GCeneration ~— Electricity
[ Casification == Fuel Cas
Thermochemical .
BIOMASS Conversion ~ Pyrolysis ~—— 0ils, Char
.- Liquefaction e Olls
—~—= Fermentation ~—— Ethanol, Compost
Biochemical .
Conversion T Apaerqblc Methane
Digestion

Fig. 1. Energy Conversion of Biomass

3.1 Direct Combustion

Direct combustion is both the oldest and most prevalent contempo-
rary use of biomass. Technology covers a wide range of uses from
generation of electricity to industrial production of mechanical
energy and furnishing of heat for space heating. Wood is the most
common fuel used; however, crop residues, manure, and municipal
solid waste are also commonly used. In large systems, cyclone and
suspension systems increase efficiency by keeping the fuel sus-
pended. Fluidized bed systems advanced this concept, using a hot
fluidized bed of sand, Limestone or other material to incite
combustion and provide quick reduction times.

3.2 Pyrolysis

- 'Pyrolysis, or the thermal decomposition of an organic mate-
rial in the absence of oxygen, traditionally has been to produce
charcoal and also may be referred to as retorting, destructive
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distillation, or carbonization. The slow heating produces roughly
equal proportion of gas, liquid and charcoal, but actual output
can be varied depending on the feed composition, heating rate,
temperature and residence time in the reactor. Higher tempera-
tures and longer residence times promote gas production; while
lower temperatures and shorter times produce more 1liquids and
char. A modern process named fast pyrolysis minimizes char
production to 10% to 20% and can be tailored to produce high

yields of either gas or liquid.

3.3 Gasification
Gasification refers to the partial combustion of solid

carbonaceus fuels to produce a gaseous fuel composed principally
of carbon monoxide and hydrogen. Biomass feedstocks perform bet-
ter than coal because they volatize to 70% to 80% gases compared
to 20% to 40% for coal. Furthermore, the biomass char is much
more reactive with steam and carbon dioxide in its final
conversion to an end product.

Gasification with air produces a low energy gas due to the
dilution- of the product by the nitrogen present in air. If a
higher energy-content gas is desired, such as a carbon monoxide
and hydrogen rich synthesis gas, pure oxygen can be substituted
for air. Another approach transfers heat into the gasifier
through its walls, with heat exchangers or hot sand (also called
steam gasification or pyrolysis gasification) so that nitrogen is
excluded from the final product. To create a pipeline-quality
synthetic natural gas, a two or three stage process is required:
gasification - shift conversion - synthesis. The shift conversion
uses a catalyst to increase the hydrogen content of the gasifica-
tion product so that methane can be formed. Appropriate process-
ing and catalysts can be used to crcate ammonia, methanol or

hydrogen.

3.4 Liquefaction

A simplified explanation is given by comparing liquefaction
with pyrolysis. Both are thermochemical processes in which or-
ganic substances are converted to oily material through the
action of such factors as temperature, pressure, and catalyst.
Among the organic components comprising biomass and waste are
crude protein, crude fiber, crude fat, and carbohydrate. In the
case of liquefaction, these various giant molecules are decom-~
posed into fractions that are rich in reactive light molecules in
the presence of alkali catalyst. At the same time, they can be
polymerized into o0ily material having an appropriate molecular
weights while undergoing deoxygenation. With pyrolysis, on the
other hand, & catalyst is usually unnecessary, and the 1light
decomposed fractions are converted to an oily material rich in
aliphatic compounds through homogeneous reaction in the gas

phase. )
The differences in operating conditions ligquefaction and py-

rolysis are presented in Table 1. Temperature is slightly lower
for liquefaction and the working pressure is extremely high as
compared with that of pyrolysis. Whereas the saturated vapor
pressure of the temperature is 50 to 150kg/cm2 for liquefaction,
the pressure is in the normal range for pyrolysis. Considering
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Table 1 Comparison of Liquefaction with Pyrolysis

Temperature Pyrolysis Drying
Liquefaction 250 - 350°C 50 -150 kg/cm2 no need
Pyrolysis , 400 - 600°C 1 kglcm2 need

the design for reaction unit, pyrolysis is most advantageous, but
in the case of feed materials with high moisture contents, such
as sewage sludge, a drying process is essential, s0 pyrolysis
becomes disadvantageous in terms of total energy required. Conse-
quently,for sewage sluged normally containing 70 to 80% moisture,
liquefaction is considered to be more suitable. In what follows,
the results will be introduced using an autoclave and continuous
plant developed on the basis of the basic results together with
the balance of energy input and output, etc. {7,8]

Figure 2 shows a flow diagram of a development plant of sew-
age sludge liquefaction (S5 wet ton/day). From the estimation of
energy balance in case that oil is used as a heat sources of its
own process, it was found that this process is a net energy pro-
ducer, indicating an excess oil can be obtained from this pro-
cess. The oil obtained by this process is resembling with petro-
leum o0il in terms of heating value and viscosity. According to
the economical evaluation, the disposal cost by this process is
competitive with the current disposal cost by other processes
such as 1landfilling near urban areas, anaerobic digestion and
incineration. This process is basically applied to not only to
organic wastes but to biomass.

REACTOR
SEPARATOR

BOILER
CONDENSER

FLASH TANK

INJECTION INJECTOR
PUMP

COOLING
WATER

DEODORIZER

SOL!ID AQUEOUS
RESIDUE PHASE

GAS
SEifRAT°R RESERVOIR

Oy &
_HOPPER JFEL

)

SCREW PUMP

Fig. 2 PDU(5 ton/d) for Sewage Sludge Liquefaction
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4. COOPERATIVE ACTIVITY

4.1 Evaluation of Biomass Energy to Global Environment

Regarding biomass energy utilization, two kind of coopera-
tion is basically possible. The first category of cooperation is
the theoretical research of biomass for energy. Some studies
have shown that the use of biomass could make it the largest
single source of fuel in the next century. However it is clear
that biomass energy systems including biomass plantation, though
it is potentially carbon neutral, are not necessarily totally en-
vironmentally neutral. To make these clear, cooperation with in-
stitutes and universities is strongly needed. Technological and
economical evaluation of biomass plantation must be done includ-
ing afforestation, irrigation, water supply, prevention of salt
damages, etc. Further it is hoped that a new biomass energy sys-
tem is proposed to supply fuel and chemicals from biomass in
coping with global warming.

4,2 Biomass Energy Conversion

In practice the efficiencies of making useful energy will
not be the same for biomass and fossil fuels. It is customary to
assign much lower efficiencies to biomass., Most biomass used for
energy in the world is in the form of fuelwood, crop residues, or
cooking char-coal in rural areas in developing countries.

To improve this efficiency, many kinds of modern technolo-
gies, for example, power generation by IGCC, fast or rapid
pyrolysis, high pressure liquefaction, and gaisfication,have been
proposed. High pressure liquefaction of biomass and wastes in
making 1liquid fuel resembling petroleum have been studied for
many years in our institute. A demonstration plant for sewage
sludge liquefaction has been constructed and at the present time
the plant is operating. Cooperation with organizations in which
the similar kind conversion technology is being done is expected
to exchange information and researchers for collaborative re-

search.

S. OTHER REMARKS
Recently microalgae such as Botryococcus have been attracting

attention because it can fix carbon dioxide in the atmosphere and
produce hydrocarbon in its body. However separation or extrac-
tion of hydrocarbon must be done solvent extraction, 1leading to
economical disadvantages. When the present 1liquefaction was
applied to the green algae, oil was obtained in higher yield than
that of original hydrocarbon contained in the algae(9].

Some algae are cultivated on a large scale, the objective of
the usage of the algae is still unclear. This method can be a
prime candidate for the purpose of o0il production.
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The Role of Renewable Bioenergy in Carbon Dioxide Sequestration

C.M. Kinoshita, Hawaii Natural Energy Institute

Introduction

The use of renewable resources represents a sound approach to producing clean energy and
reducing the dependence on diminishing reserves of fossil fuels. Unfortunately, the widespread
interest in renewable energy in the 1970s, spurred by escalating fossil fuel prices, subsided with
the collapse of energy prices in the mid 1980s. Today, it is largely to reverse alarming
environmental rends, particularly the buildup of atmospheric carbon dioxide, rather than to reduce
the cost of energy, that renewable energy resources are being pursued.

This discussion focuses on a specific class of renewable energy resources — biomass.
Unlike most other classes of renewable energy touted for controlling atmospheric carbon dioxide
concentrations , €.g., hydro, direct solar, wind, geothermal, and ocean thermal, which produce
usable forms of energy while generating little or no carbon dioxide emissions, bioenergy almost
always involves combustion and therefore generates carbon dioxide; however, if used on a
sustained basis, bioenergy would not contribute to the build-up of atmospheric carbon dioxide
because the amount released in combustion would be balanced by that taken up via photosynthesis.
It is in-that context, i.e., sustained production of biomass as a modem energy carrier, rather than
reforestation for carbon sequestration, that biomass is being discussed here, since biomass can
play a much greater role in controlling global warming by displacing fossil fuels than by being
used strictly for carbon sequestration (partly because energy crop production can reduce fossil
carbon dioxide emissions indefinitely, whereas under the reforestation strategy, carbon dioxide

abatement ceases at forest maturity).

Present and Potential Use of Biomass for Energy

In terms of energy resources, biomass ranks fourth in the world, providing up to 14% of
the world’s energy needs, and is the most important source of energy in developing nations
(providing ~35% of their energy), mostly in rural areas where biomass is often the-only accessible
and affordable source of energy, and where three-quarters of the world’s population now lives and
90% of the world will reside by the middle of the twenty first century (McGowan, 1991; Hall, et

. al., 1992). Bioenergy plays a smaller, but significant, role in developed nations; e.g., in the U.S.
and Sweden, about 4% and 13%, respectively, of the energy requirements are met with biomass
(Hall, et al., 1992). In these more developed countries, bioenergy, usually in the form of
agricultural residues, targets mainly low-grade heating applications in agricultural processing; yet,
even in this often lucrative application, the use of biomass-for-energy in developed nations is low
in comparison to its potential. o

Considering that the annual photosynthetic productivity of biomass is an order of
magnitude greater than the world’s total energy consumption, that bioenergy can be produced and
used in an environmentally sustainable manner, and that promising technological improvements in
biomass production and conversion loom ahead, there is little doubt that biomass will have a
continuing, and probably increasing, role in the world’s future energy mix. However, the extent
and rate of increase of its use within the developed world will depend on the perception of biomass
as a legitimate energy resource. Presently, biomass is often perceived as a low-quality source of
.energy that has little place in modern society. Instead, biomass should be viewed as a superior,
versatile, renewable replacement for fossil fuels. Indeed; aided by technological advances that are

. now emerging, biomass can be converted in an environmentally sound manner into alternative

transportation fuels such as methanol or ethanol, or into electricity via advanced gas turbines or
fuel cells, while producing numerous.valuable co-products. . .
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There is a wide array of potential sources for bioenergy: municipal and industrial wastes,
forest and crop residues, animal wastes, and energy crops. In the near term, wastes and residues,
especially those with tipping fees that often exceed their market value as energy, have the greatest
potential for supplying biomass energy. Utilization of such wastes provides the added benefit of
eliminating materials that might otherwise generate methane, a potent greenhouse gas, through
decay. In the longer term, crops grown specifically for energy will have to be introduced if
biomass is to play a more significant role in the world’s future energy mix.

Estimates of the extent to which biomass can be tapped to supply useful energy and, in
turn, help to stabilize atmospheric carbon dioxide vary, depending on the assumed acreage that can
be dedicated to energy crop production, crop yield, conversion efficiency, and the form of energy
displaced; however, most investigators agree that biomass could play very significant roles in
energy security and environmental protection. Most studies suggest that renewable biomass can
sequester as much atmospheric carbon dioxide as deep-ocean containment strategies, and at a cost
that is competitive with those projected for deep-ocean containment (Golomb, et al., 1989; Mon, et
al., 1992). Under one scenario, Hall, et al. (1991) have projected that by the middle of the next
century, carbon dioxide emissions could be reduced to one-half of their current levels by utilizing
bioenergy to displace a large portion of the fossil fuels burned, practicing energy efficiency, and
reversing deforestation. The bioenergy component could be produced on 600 million hectares (15-
40% of the amount of land presently in forests and croplands, respectively), having an average
productivity of 12 tonnes (dry-basis) per hectare per year. While such massive conversions of
forests and/or croplands into biomass-for-energy production would require major redirections of
land and other resources, yield increases comparable to those experienced over the last 50 years in
sugarcane and other crops (Kinoshita, 1991) should permit gradual conversions of such
magnitudes to occur without causing undue conflict over food versus fuel.

The Path to Greater Bioenergy Utilization

Biomass-for-energy is often considered problematic because it involves so many different
issues, such as land use and zoning; forestry and agriculture; animal production and management;
energy, environmental, economic, and social issues; as well as competition for resources within
many of those areas. There is little question that, managed properly, biomass would have
-significant positive impacts on the environment, especially in controlling atmospheric carbon
dioxide and other more directly harmful fossil fuel emissions while producing less troublesome
effluents during feedstock production and conversion than other feedstocks such as coal.
However, biomass production and conversion can yield negative impacts as well. Perceived
environmental problems associated with large-scale biomass-for-energy production include the use
of greater amounts of fertilizers and crop-control chemicals; soil erosion; shift from
biodiversification to monocultural cropping; and visual impact. However, most of these problems
already are routinely encountered in agribusiness. Through careful planning and sound
management, such environmental problems can be addressed satisfactorily and, ultimately, various
benefits can accrue to the environment, including the recovery of declining or abandoned
agricultural lands, better soil maintenance, water-shed protection, nutrient cycling, and improved
hydrological cycling (Rosillo-Calle, et al., 1992). ‘

The future productivity and efficiency of bioenergy will depend on the extent and rate of
technological advancements in feedstock productivity and in bioenergy conversion. The systems
employed to produce and convert biomass must not be viewed as stagnant with low productivities
and efficiencies. There are many opportunities for developing more efficient and sustainable
bioenergy systems. Unfortunately, much less public sector funding for energy research and
development, critical for achieving key technological advancements, is appropriated for renewable
energy than for nuclear energy or fossil fuels. Presently, renewables receive less than 10% of the
total R&D budget for energy worldwide (McGowan, 1991); this reflects an overwhelming bias by
governments and industry in favor of non-renewable energy resources.

194




Oné key area requiring technological improvement to permit biomass to become cost
effective as an energy source is the development of more efficient biomass production, harvesting,
and feedstock transporting systems. The biomass production and supply system must be
environmentally benign and sustainable with respect to the input of resources and the repeated use
of the same land or sea area. A sustainable biomass system should include provisions for
recycling of nutrients and waste products generated by the biomass conversion facility to enhance
biomass production. The economics of dedicated biomass-for-energy production are beginning to
look more encouraging; e.g., cost estimates for short-rotation intensive culture energy crops
produced in the U.S. are projected to become as low as $2.00 per gigajoule (Bull, 1991), which

compares favorably with coal prices projected for the next decade.

The other area that needs considerable research and development, and scale-up, is biomass
conversion. The most promising near-term option for increasing the penetration of biomass into
the energy mix involves the use of advanced power generation systems (€.g., combined-cycle gas
turbines, steam-injected gas turbines, or fuel cells) for generating electricity. Considerable effort is
being directed at biomass gasification and pyrolysis for the production of electricity or fuels.
Additional research on gas cleanup processes and improved system optimization are needed,
particularly on handling feedstocks and wastestreams from such thermochemical conversion
processes. Biological conversion processes, €.g., high- and low-solids anaerobic digestion for
supplying electricity or fuels, and acid or enzymatic hydrolysis of lignocellulosic materials to
produce ethanol for transportation fuels, show much promise. Some investigators have projected
that biomass could be converted into methanol thermochemically or ethanol biochemically at costs
competitive with gasoline prior to the year 2000 (Bull, 1991).

The strongest argument leveled against bioenergy and most other renewable energy
resources is that they are too costly to compete with fossil energy, and therefore would have to be
subsidized to survive. Unfortunately, as long as renewables are perceived to be too costly to
compete with fossil energy, there will be little incentive to direct funding toward their development.
Lack of sufficient R&D funding, in turn, will stall those technological advancements needed for
renewables to compete with fossil energy, thus creating a familiar cycle that almost always favors
the status quo. Advantages inherent to conventional energy sources in the form of hidden
subsidies, coupled with energy pricing policies that often artificially depress the price of electricity
and transportation fuels, serve to discourage investment in clean renewables in favor of more
environmentally harmful conventional energy sources such as high-sulfur fuel oil and coal.

Externalities must be internalized to more accurately reflect the true economics of energy
production and utilization for bioenergy to be able to complete with fossil energy in the foreseeable
future. For example, more than 50% of the fossil-based carbon dioxide generated in the U.S. can
be sequestered by growing trees at an estimated cost of $27-$48 per tonne carbon, or about $20
billion annually (Rosillo-Calle, et al., 1992). This cost could be internalized by imposing a carbon
tax on fossil fuels of $15 per tonne carbon. Considering that the U.S. alone provides subsidies on
the order of $100-300 billion annually for energy, mostly from conventional sources (Hubbard,
1991), there clearly is substantial opportunity for bioenergy to become competitive with fossil
energy under a more level economic field.

Conclusions

Growing biomass in a sustainable manner to replace fossil fuels can play a much greater
role in addressing global warming than growing trees solely for carbon sequestration — under the
sustained production/utilization strategy, the contribution of biomass would not be limited to the
time scale for forest maturity, and the potential for using biomass as a clean substitute for fossil
fuel appears to be much greater, economically, than reforestation just to capture carbon. With an
increasing proportion of the world’s population residing in developing countries that are striving to
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improve their living standards, but which usually lack fossil fuels and the means to import such
fuels, it is essential that greater effort be placed on producing and converting biomass-for-energy
efficiently since biomass represents an indigenous, flexible, and clean substitute for fossil fuels. If
biomass resources and conversion processes are managed properly, they could represent an energy
strategy that is much more sustainable and environmentally sound than the fossil fuels they replace.
However, the advancement, acceptance, and growth of bioenergy faces many barriers — social,
economic, and technical. While the future productivity and efficiency of bioenergy clearly will
depend on technological improvements in biomass production and conversion, the growth and
survival of biomass-for-energy probably will depend more on socioeconomic than on technical
factors. The degree to which externalities can be internalized 1o reflect the true costs of biomass-
versus fossil-energy production and utilization will significandy impact the future role of biomass
in the world's energy mix.
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RENEWABLE ENERGY, TODAY AND TOMORROW--AN OVERVIEW
Thomas D. Bath

Natdonal Renewable Energy Laboratory
1617 Cole Boulevard, Golden, CO 80401

The contribution of renewable energy to U.S. energy needs over the next four decades will be
driven by the economic and societal attractiveness of technologies to convert renewable resources
to useful energy forms and by our success in reducing institutional barriers to the adoption of
attractive but novel technology systems. This paper addresses the key factors appropriate to
determining the relative atractiveness of these systems--resource characteristics and intensity,
conversion-technology performance and reliability, environmental/societal values, and
compatibility with demand--and their significance regarding future energy contributions from
renewable resources. The institutional factors that bear on broad acceptance of these systems are
reviewed and incorporated with system and market factors to provide a basis for assessing future
contributions by these technologies to U.S. energy needs. The results of this assessment suggest
that as much as 40% of U.S. energy needs can be provided by these resources in 2030. A key
factor in attaining this result is progress in technology performance that is expected to occur in

the coming decade.

Renewable energy will make increasing contributions to U.S. energy supply over the coming
decades. However, it will be necessary to continue progress on the research, development, and
deployment (R,D&D) front to assure that these technologies achieve their potential as soon as
possible. Greater reliance on RETs can provide a secure domestic supply of energy that can be
used with minimal environmental impact. Continued reductions in cost can ensure that the rapid

introduction of RETs is accomplished without economic penalty.

The contribution of renewable energy to U.S. energy supply has been growing since 1970 and
will continue to grow. In 1970, essentially all renewable energy came from hydroelectric power,
used to generate electricity, and wood, used for space heating, industrial processes, and power
generation, and represented approximately 6% of the energy supply. In 1990, renewable energy
supplied 6.8 quadrillion (10'%) Btus (quads) or approximately 8% of the nation’s energy needs
(see Fig. 1). In contrast to the situation in 1970, in 1990 there were substantial contributions
from geothermal power plants, municipal-waste energy plants, wind plants, PV systems, solar
thermal devices, and alcohol fuels.

Part of the move to use renewable energy is due to the fact that these technologies are generally
considered environmentally benign. Most of the technologies use sunlight, rainwater, or wind
as the energy resources and, therefore, do not produce emissions or waste materials (including
CO, or greenhouse gases) that would have a negative impact on the environment.

For each demand sector--electric power, process and building energy, and transportation fuels--

there are several RETs being developed. Thus, if any one RET fails to met the technological and
economic goals needed for its demand sector, at least one other RET will be available for that
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sector. Some of the technologies are already well-established--others require more R,D&D effort
before they will become proven commercial commodities.

Wind energy has expanded its role in electricity generation in the past two decades, particularly
in California. In the early 1980s, wind equipment capital costs were $2,200/kW, compared to
less than $1,000/kW today. O&M costs have dropped from $0.04/kWh to $0.01/kWh over the
same period. Wind-turbine availability is now greater than 95% for the roughly 1500 MW
installed in the U.S. vs. 50%-60% availability factors in 1980. The cost of wind-generated
electricity is $0.07-30.09 today compared with $0.30/kWh in 1980. The federal government
investment of more than $240 million has been matched with more than a $3 billion investment
by private industry. Researchers have identified improvements in blade airfoil design which will
improve efficiency, allowing greater output of power from better wind sites and also making
lower-intensity wind resources economical to develop. In addition, improvements in gear and
bearing mechanisms, blade materials, and support structures are expected to reduce costs and
increase reliability. As a consequence, the cost of wind-generated electricity is expected to drop
from today’s level to about $0.03/kWh in 2030, assuming an acceleration of R,D&D efforts.

PV systems are becoming a more significant source of power. Smaller-scale systems are being
widely used for powering remote facilities, such as communications and lighting, and for
providing power in developing countries. The costs have dropped to the point that utilities (or
their customers) can better afford to install PV systems with battery back-up where the alternative
would be a long extension (one mile or more) from an existing distribution line. Meanwhile,
costs of utility-scale systems have also dropped from $1/kWh in 1980 to $0.25-$0.30/kWh today
and are expected to reach the $0.04-$0.05 kWh range by 2030.

Biomass and Biofuels represent perhaps the largest potential commercial energy source among
the RETs. Biomass is used in four major ways--direct combustion, electric power generation,
conversion to gas for use as a fuel or chemical feedstock, and conversion to liquid fuels.
Biomass resources include waste and by-product materials, such as municipal solid waste (MSW)
and forest product industry wastes, and materials produced purposely for energy use, such as
trees. If costs of producing biomass dedicated to energy use can be reduced to $2/million Btu
by 2010 as targeted, dedicated power plants using wood are expected to become more
commonplace. Although coal-fired power plants may be more economic in most circumstances
(absent major constraints on use of fossil fuels) in the case of smaller, easier to site plants, wood
could become an attractive choice.

Liquefaction of biomass for use as transportation fuels is expected to be the largest single
potential use of renewable energy. Significant progress is being realized in research in several
areas. Today the production of liquid fuels from biomass is primarily via fermentation of corn
constituents to produce ethanol, entailing the use of high cost raw materials. The advanced
technologies will utilize lower-cost materials--wood or other cellulosic materials--as feedstocks.
Ethanol is projected to be available at a cost of $0.60/gal (or $7/million Btu) shortly after 2000
(the timing largely dependent on whether R,D&D is accelerated), using an enzymatic hydrolysis
process and an improved fermentation system. Increased yields, reduced residence times, and
higher viable concentrations of ethanol in the fermentation reactors are among the key R,D&D
targets.
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The potential contribution of renewable energy systems is very large, as noted earlier. However,
the dispersed nature of the basic solar resources results in competition with other activities for
the use of land where the resource is available. Hence the pressures for efficient conversion of
solar energy into a usable form are intensified. Land suitable for growing biofuels crops is
usually also valuable for food or forest-product production. The scenic areas where wind,
hydroelectric, and geothermal resources are abundant calls for difficult choices. The capture of
sunlight for power or heat production takes space; many such installations have been mounted
on rooftops, allowing multiple use of land. Integrated roofing and power recovery systems are
likely to be developed. Efficiency of conversion is therefore an environmental issue as well an
economic one.

A recent ‘study, The Potential of Renewable Energy--An Interlaboratory White Paper (SERI,
1990), provides an evaluation of the present and projected performance status of RETSs and their
potential contributions to the nation’s energy requirements over the next four decades.

In collaborating to produce the study, the participants saw themselves as representatives of a
larger community of scientists and engineers who have worked to improve RETs for more than
a decade. Thus, although the study focused on the impacts of federal policy, it did so in the
context of a sustained federal/industry partnership. Ultimate success in this area depends on use
of RETs in the private sector. The best way to ensure that the developed technology is used is
to involve users in its development.

The market penetration potential of RETs was assessed by reviewing expected system
performance against demand and market-competition scenarios, which are described in the study.
This effort, which considered regionalized energy demand and price projections and took into
account competition among the renewable options, was designed to produce mid-range
penetration estimates. For simplicity, RET performance and penetration projections were
approached from a mid-range point of view over three scenarios of RET deployment. The
projections based on those three scenarios are presented in Fig. 2.

The study projects that the contribution of renewable energy to total energy requirements in
competition with other energy supply systems should grow over the next four decades, assuming
that research and development expenditures continue at present levels, which reflect major
reductions from those at the peak of the "oil crisis." In the Business-as Usual (BAU) Scenario,
it is projected that by 2030, renewable energy will provide a U.S. domestic contribution of 22.3
quads, or 15% of projected total energy needs. If federal R,D&D expenditures are expanded by
a factor of 2 to 3, or to some $3 billion over the next two decades, the projected contribution of
renewable energy is nearly double that in the BAU Scenario: 41.1 quads by 2030.

For purposes of comparison, the results of the study under-discussion (the Whire Paper) can be
contrasted with the results of two recent reports--The National Energy Strategy, Powerful ldeas
for America (DOE, 1991), and America’s Energy Choices, Investing in a Strong Economy and
a Clean Environment (Union of Concerned Scientists, 1991)--henceforward identified as NES and
Choices, respectively. Because of different assumptions about energy demand and economic
growth, this comparison is best drawn by plotting the U.S. renewable contribution (in percent)
over the 40-year planning horizon common to all three studies. The results of this comparison
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are shown in Fig. 3; Estimates from the two Whire Paper policy scenarios are banded by those
of the NES and Choices studies. The estimates of renewables in the reference cases from all
three studies are in agreement within the limits of uncenainty for such estimates.

The key to realizing the potential contributions of renewable energy in the near term is 1o
intensify R,D&D activities. If market factors--higher prices or special markets--appear carlier
than projected, the industry will respond in force only after the prerequisite R,D&D has been
carried out.

Could deployment of these technologies play a significant role in the reduction of greenhouse
gases? The answer is clearly yes. According to OTA (199), aggressive CO, reduction policies
could reduce projected emissions by 50%, only 10% of which would be due to increased
renewables. NREL studies (1992) suggest that by 2030 similar reduction could be maintained
with a smaller fraction due to demand reduction efforts by employing more aggressive supply-
side measures. The key to renewable energy contribution is accelerated technology development
followed by policies to remove market barriers.
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Figure 3: A comparison of projections of the future U.S. renewable energy
contribution.
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HYDROGEN BASED GLOBAL RENEWABLE ENERGY NETWORK

Makoto AKAI

Energy Engineering Department, Mechanical Engineering Laboratory, AIST, MITI
1-2, Namiki, Tsukuba 305 Japan

1. INTRODUCTION

In the last quarter of this century, global environmental problem has emerged as a major
scientific, political and social issue. Specific problems include: depletion of ozone layer by
chlorofluorocarbons(CFCs), acid rain, destruction of tropical forests and desertification, pollution
of the sea and global warming due to the greenhouse effect by carbon dioxide and others. Among
these problems, particular attention of the world has been focused on the global warming because it
has direct linkage to energy consumption which our economic development depends on so far.

On the other hand, the future program of The Sunshine Project for alternative energy
technology R&D, The Moonlight Project for energy conservation technology R&D, and The
Global Environmental Technology Program for environmental problem mitigating technology
R&D which are Japan’s national projects being promoted by the Agency of Industrial Science and
Technology (AIST) in the Ministry of International Trade and Industry (MITI) have been
reexamined in view of recent changes in the situations surrounding new energy technology. In this
regard, The New Sunshine Program will be established by integrating these three activitics to

aceelerate R&D in the field of energy and environmental technologies.
In the reexamination, additional stress has been laid on the contribution to solving global

environmental problem through development of clean renewable energies which constitute a major
part of the “New Earth 217, a compre ensive, long-term and international cooperative program
proposed by MITL Furthermore, the need for systematic approach for the effective utilization of
renewable energies has been also emphasized and a new project pamed as “International Clean
Energy Network Using Hydrogen Conversion(WE-NET)." has been proposed as a core project of

The New Sunshine Program.
The present paper discusses the results of feasibility study on hydrogen energy system

leading to the concept of WE-NET following a brief summary on R&D status on solar and wind
energy in Japan

2. BACKGROUND

Most of renewable energies have its origin in solar radiation onto the earth. This solar
radiation can be utilized directly with solar-energy technologies such as photovoltaic or solar-
thermal power plant, active solar equipment for water heating and passive solar devices, and
indirectly through energy conversion technologies for biomass, wind, hydro and ocean enthalpy
difference, and so on. Solar-origin renewable energies have inherent advantages such that
resources are supplied form the sun and can be considered as virtually inexhaustible as well as that
no carbon dioxide release will occur through energy conversion process, and therefore are
expected to be capable of contributing significantly to global warming problem. Moreover there
are no Middle East countries for renewable energies and almost every area on the earth enjoy the
benefits of either intense sunlight, strong wind, rapid growth of plant, heavy rainfall, geothermal
‘heat and oceanic energies. ‘

Under The Sunshine Project whose primary objective has been to establish an energy
supply structure with diversified and stable energy sources, research programs on solar energy
technologies have been given higher budgetary priorities over wind, ocean, or biomass energy
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technology, mainly because of consideration on available amount of domestic resources. Brief
summary of R&D activities on solar and wind energy is described below:

Research and development of solar cells have aimed at the manufacturing of highly
effective solar cells at a low cost, which produces a large amount of electricity with a high
conversion efficiency. The program has the objective of reducing the cost of solar cells to ¥230- -
390/Wp around 1995 and to ¥100-200/Wp at the beginning of the 2000s. According to these
concrete targets, the manufacturing technologies for crystalline and amorphous solar cells have |
been developed to achieve the results shown in Fig.1.” Additionally, a mid-to-long term R&D
program to develop ultra-high efficiency solar cells has been initiated to achieve further
improvement of the energy supply capacity of solar photovoltaic power generation, For the wide
spread of photovoltaic generation system, utilization technologies related to cost reduction of -
peripheral devices, system technologies including solar-wind hybrid system or water desalination
system, etc., and evaluation of grid connection system have been develo

Solar thermal systems applicable to industrial processes involving a large amount of heat
consumption, sophisticated heat management, and various kinds of heat process ranging from low
to high temperature, have been developed based on component technologies R&D related to heat
collector, heat storage device, heat transfer device, thermal insulation, etc. An example of the solar
thermal systems currently under development is a refrigerating system to obtain temperature level
less than -20°C using chemical reaction of metal hydride with hydrogen gas. In addition, basic
research on passive solar system using innovative passive devices such as transparent thermal
insulating material, electrochromic or thermochromic window and so on has started.

Another typical technology using solar energy is wind energy conversion system. In The
Sunshine Project, the development of 500 kW class wind turbine has been Jaunched aiming at
economic improvement and effective land use. In addition, a comprehensive and systematic
measurement of wind characteristics all over Japan has been performed in order to evaluating the
potential amount of wind energy in detail as well as to provide information on sites suitable for
wind turbine installation.

Tapt vt

As mentioned above, renewable energy  » ¥
technologies are expected to be capable of
contributing to global warming problem. In
general, however, renewable energy sources for Ry
electricity generation have major deficiencies such
as power interruptions caused by hourly, daily, or wl
seasonal weather changes as well as low energy
density for a country with large energy demand.
These deficiencies inevitably raise the energy cost
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decision making process based on conventional &
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technologies such as fossil or nuclear power.
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Nevertheless, the intermittent nature of the renewable energy systems might deteriorate
quality of electricity when connected to a grid. This problem does not matter while renewable
energies contribute only a small proportion of the overall generating capacity on the grid. There is
an opinion that when rencwable energy becomes a major power source, the various sources can be
balanced to supply stable power. Certainly, wind is generally available in night or in rough
weather without sunlight, and solar-wind hybrid systems have been constructed and operated.
But, how can we realize the balance of two or more renewable energy sources? Are there enough
capacity for individual renewables to compensate each other? Can we really manage and rely upon
such kind of energy supply system? If possible, this energy supply system apparently requires
generating capacity more than twice as large as average capacity we need.

Even more sound way to extract maximum benefit from renewable energy sources is to
establish well-organized network throughout the world. One can imagine a worldwide computer
network already in function. The network consists of numerous wide and local area networks.
Each of the local area networks has a number of nodes, i.e., computers and alike. Wide variety of
computers — from PC’s to workstations, and further supercomputers — are connected to the
network as a server or a client, the role being changed depends on circumstances. These nodes of
the network should have functions such as conversion (computing) and storage of information and
also perform as a transmitter and receiver of the information. The unit of the information is,
actually, a binary number or code which is common in the world.

There is an apparent analogy between the information network and the energy network
system — one can substitute energy conversion or storage systems to computers, transport ships to
network cable, and energy to information. The similar network has already been established in
energy area, that is petroleum network. The present proposal aimed at constructing more
integrated and organized network which incorporates not only conventional fossil or nuclear
energy sources but also new and clean renewable energy sources. The technological progress and
cost reduction due to mass production should follow while renewable energies serve as growing
constituents of this network. Meanwhile, the ime might come when renewable energies dominate
the functioning of the network.

The nodes of the global renewable energy network should have functions such as energy
extraction, storage, enrichment or refinement, conversion and end use. Among these functions,

the key function should be the energy storage. The establishment of the effective energy storage
technology could mitigate major deficiencies of renewable energies, i.., intermittent character. In
this regard, because of its inherent energy storage characteristic, hydropower will be the most
promising near term rencwable energy source. For this reason, there are some studies to evaluate
technical and economical feasibility of long distance transportation of hydropower using hydrogen
as an energy medium.

3. GLOBAL RENEWABLE ENERGY NETWORK
-~ Ongoing Research -

The following discussion on hydrogen based energy transportation system is based on
feasibility study conducted under The Sunshine Project Promotion Headquarters and the most of

the contents of 3.1 and 3.2 quote Ogimotol).

3.1 Transportation of Hydroelectric Power

Major undeveloped hydro potentials are located in low and high latitude areas in Asia,
Africa, North and South America, and Siberia. On the contrary, most of the bulk energy
consuming countries are located far from these energy sources, in middle latitude areas. The
situation is applicable to other renewable sources such as solar energy or ocean thermal energy.
Accordingly, the electric power from the hydro resources is required to be transported over long
distance, sometimes over the sea.
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In order to transport electric energy, it is quite usual to utilize a transmission line. As ar
economy of a country grows, a power transmission network is being established. Moreover, there
are some trans-country transmission networks which include many intemational interconnections
as seen in Europe and North America. Some trans-country transmission networks are alsc
growing in developing countries' areas. However, a transmission system has limitations, i.e.,
when transmission distance increases, its economy and reliability are degraded because of
increased construction cost, transmission loss and route trouble such as natural disasters and
terrorism. Accordingly, a transmission system is hard to be applied to the transmission by an
overhead line, for example, over 1000 km or a submarine cable over several hundred kilometers.

When wired transmission system is not applicable, the electric power generated by
hydropower is expected to be transported to bulk energy consuming areas by vessels as in the
cases of petroleum or liquefied natural gas. In order to realize such a system, it is necessary to
establish the following technologies and processes: 1

~ Conversion of electric power into transportable medium
- Handling (transportation, storage, etc.) of the medium
~ Utilization of energy from the media

3.2 Economic Analysis

One of the most efficient conversion process from electric energy to chemical energy is to'
produce hydrogen through water electrolysis process. Hydrogen is applicable to various kinds of
chemical reactions and is capable of producing many derivatives applicable as an energy carrier.
Therefore, we decided to search for a renewable energy transportation technology or "clean energy
transportation” which begins with water electrolysis. Candidate energy transportation system
selected for economic analysis are shown in Table 1.

Table 1. Candidate Energy Transportation Cycle

1. LH, a H = LH) (Liquefaction)

b. LH2 =» H2 (Evaporation)
2. CH30HCO2 2. 3Hp + CO = CH30H + H0

b. CH30OH + H0 = 3H + CO

CO2 recovery and liquefaction
3. CH30HAO a 2C + O =% 2C0 (Coal Gasification)
2C0 + 4l = 2CH30H

b. CH30H + H0 K}>7) + COn
4. CH30H/HCOOCH3 a 2Hz + HCOOCH3 = 2CH20H

b. 2CH20H = 2 + HCOOCH3
5. Ammonia & 3H + N2 = 2NHj3

b. 2NHj3 = N2 + 3H2
6. Cyclohexane 2. 3Hz + CgHg = CgHi2

b. CgHi2 = 3H + CgHg

a Process at supply side
b: Process at demand side
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These media and cycle have been selected based on the following criteria:

to be liquid under the temperature and pressure conditions of transportation and storage
to have high hydrogen content ratio (for example, more than § weight-%)

if organic, to achieve chemical equilibrium with a low reaction heat and high
conversion rate under practical temperature and pressure conditions

CO3 generation throughout the whole cycle should be minimum, or less than the
existing energy system ‘

10 have high adaptability to the existing energy systcm;

In the economic analysis, the six candidates shown in Table 1 were compared based on the
assumptions presented in Table 2.

Table 2. Assumptions for Economic Analysis

1. Plant capacity Supply side electric power input:
1000 and 4000 MWe

2, Supply side powes rate 2-5 YenkWh
(Approx. 15 - 35 miVkWh)

3. Transportation mileage 5000 km and 10000 km

4, Electrolysis efficiency 0%

5. Fixed charge rate 25 % for plant facilities
21 % for a vessel

Table 6 compares the technical and cost features of the clean energy transportation cycles
for the cases of the power generation of 4000 MW at supply side and the distance of 5000 km.

Table 3. Technical features of energy transportation cycles

S.S.=D.S. IHp CH30H CH30H CH3OH NH3 CgHi2
D.S.=S.S. [897) HCOOCH3 CeHg
Hj production (1000Nm3h) 800 913 885 - 932 856 984

Mediom production(Vday) 1,714 10438 15178 31945 10,540 29,534
Trangporied Energy(Gealt) 2370 2350 3990 2380 2360 2270

Efficicncy - 070 0.68 066 069 0.68 0.60
Energy cost(¢/Mcal) » -
E=1.5: 9.1. 238 49 82 54 7.1
E=3.8: 12.8 13.0 7.2 12.0 9.4 112
Note  Supply side electric power input: 4,000MWe; Transport milage: 5,000km

E: Powes rate from renewable energy source at supply side (¢/kWh)

Transported energy: Energy of H2 or CH30H at demand side

Efficiency:  Onput energy / Tutput encrgy; MeOH reformation energy of CH30HACO2 and
CH30H/CO cycles, dehydrogenation encrgy of NH3, CgH)2 and CH30H/HCOOCH3
cycles are subtracted from output energy.
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The results shown in Table 3 are based on relatively rough assumptions and should b
considered as preliminary evaluation. This is because that some of the technologies involved in thy
system, especially the dehydrogenation processes at the demand side in NH3 and CgHj3 cycle
and the hydrogenation process at the supply side in CH30H/CO, and CH30H/HCOOCHj cycles
are not established industrially and the efficiencies for those chemical processes could not by
estimated correctly.

3.3 Net Energy Analysis .

Net energy analysis is one of the methodologies to evaluate the effectiveness of an energy
system in which the values of all commodities are expressed in terms of their energy content. In
order to analyze the energy content of a system, energy required for processing raw materials,
equipment manufacture, transportation, on site construction, operation and maintenance, etc.,
should be analyzed based on some database. Based on this analysis, nef energy ratio R can
be calculated as follows: i

€
= Z0uL
R e

where “e;m is total energy produced by the system over its entire life time, e;, is total energy.

required for construction, operation and maintenance of the system. The net energy approach can
be used for assessment of the effectiveness of a technology to reduce CO; emissions,

Evaluated net energy ratios and CO; emissions for some transportation cycles based on data’
in Table 3 are shown in Figures 2 and 3. The calculated values are compared to the estimation for
conventional fossil fuel system by Uchiyama & Yamamoto?, In general, the initial ener input.
which is used for system construction have relatively small portion of the total energy input in
these transportation cycles. Therefore the operational energy input such as transportation fuel or
energy losses during media conversion process dominate the efficiency of the total system.
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Although these hydrogen based energy. systems are considerably complex one compared to
the existing fossil fuel systems, the results shown in these figures has revealed the effectiveness of
this system as a future technical option to acquire maximum gain from the renewable energy
sources as well as to contributing to reduction of carbon dioxide release to the global environment.

4. FUTURE PLAN FOR COLLABORATIVE RESEARCH

The pre-feasibility study has shown that the clean energy transportation cycle is well within
the reach in terms of technology. From the viewpoint of economy, the energy cost is expected to
fall within an acceptable range in the age when various kinds of values change including the energy
and environmental issues.

The significance of the clean energy transportation scheme is, firstly, one of the energy
technology responses to global environmental challenges through the redistribution of energy
resources, secondly, the diversification of energy sources at the energy demand side, and, thirdly,
the redistribution of income and establishment of infrastructure through energy development and
transactions. The scheme is considered to be worth being continuously challen ed from various
view points aiming at its realization. Accordingly, the concept has been putting into shape as one
of the core project of AIST's The New Sunshine Program, which is called "International
Clean Energy Network Using Hydrogen Conversion(WE-NET)." The carbon dioxide reduction
potential of the project is expected to be 10% at 2030 and 20% at 2050.

The long term R&D program for the project is now being claborated through discussions in

technical commitiee and internationally open forum. The project will consist of three to four
phases from basic research to demonstration. The R&D area includes: (1) high efficiency water
electrolysis; (2) media conversion technologies such as hydrogen liquefaction or hydrogenation
and dehydrogenation of chemicals, metal hydrides, etc., for effective storage and transportation of
hydrogen energy; (3) innovative hydrogen utilization technologies such as high temperature turbine
generating system, etc.; (4) safe and reliable hydrogen handling technologies; and (5) optimization
of global energy network.

From the social viewpoint, the new energy medium such as Hj or CH3O0H will largely
affect the energy demand-supply structure and social system itself. In the selection of the
transportation cycle, various kinds of its influences to society and ecosystem should be studied,
including transitional stages' energy supply system.

From the viewpoint of international consensus, the policy of redistribution of energy
resources should be discussed, assuming the new energy transportation technology. The
discussion should also include the demand-supply balances of each country to identify the
reasonable energy surplus of each country.

Of course, the concept would never be realized by one country only, and the international
cooperation from the detailed feasibility study phase to the pilot or demonstration phase and

beyond should be essential.
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_ABSTRACT .

ENERGY CONSERVATION TECHNOLOGIES

Henry A. Courtright, P. E.
Customer Systems Division
Electric Power Research Institute
Palo Alto, California

The conservation of energy through the efficiency improvement of existing end-uses and the
development of new technologies to replace less efficient systems is an important component of the
overall effort to reduce greenhouse gases which may contribute to global climate change. Even though
uncertainties exist on the degree and causes of global warming, efficiency improvements in end-use
applications remain in the best interest of utilities, their customers and society because efficiency
improvements not only reduce environmental exposures but also contribute to industrial productivity,

business cost reductions and consumer savings in energy costs.

THE ELECTRIC POWER RESEARCH INSTITUTE

¢ the Electric Power Research Institute (EPRI) is to discover, develop, and deliver
advances in science and technology for the benefit of member utilities, their customers, and society.
Funded through annual membership dues from some 700 member utilities, EPRI’s work covers a wide
range of technologies related to the generation, delivery, and use of electricity, with special attention
paid to cost-effectiveness and environmental concerns. More than EPRI 350 scientists and engineers
manage over 1600 ongoing projects. EPRI's Customer Systems Division (CSD), manages research and
development to help utilities address the “wants and needs” of their customers through electric

technologies and services.

The mission o

Research conducted by EPRI on end-use impacts to global warming is focused in three areas:

1) Effidency improvements to existing electric applications to reduce kilowatt-hour use.
2) New electrotechnologies with high end-use efficiencies to reduce primary energy use compared to
existing electric uses and fossil-fuel applications.

3) Alternative technologies to chlorofluorocarbon (CFQ) refrigerants.

EQUIPMENT EFFICIENCY IMPROVEMENTS

Alr Source Heat Pumps - EPRI's work to significantly improve heat pump efficiencies resulted in the
development of the EPRI-Carrier Hydrotech 2000 heat pump which provided the technology platform

for the development of advanced heat pumps by Carrier and other companies. The development of

electronically commutated permanent magnet compressors and blower drives has resulted in significant

improvement of heating season performance factors (HSPF) and seasonal energy efficiency ratios
(SEER), with HSPFs exceeding 9 and SEERs of 14. In addition, the integration of water heating into the
heat pump design effectively increases HSPF to 11 and SEER to 20, far exceeding government efficiency
objectives. EPRI's present work with Nordyne Corporation has produced a product line designed for
residential new construction in homes of moderate price ranges.

- utilizing the ground as a natural heat source increases heat pump efficiency

in both the meeting and cooling modes. Ground source makes heat pump applications attractive in
northern locations, thus providing a highly efficiency heating source which uses considerably less
primary energy than the most-efficient gas-fired pulse combustion furnace. Integrated water heating
would also significantly increase overall energy efficiencies.
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- EPRI's research has developed a HPWH prototvpe which :s
250% more efficient than resistance water heating and also compares favorably to gas water heating in

total primary energy use.

Laundry Use - Advanced versions of the two equipment components of laundries, washers and drvers,
are being developed with manufacturers. A high efficiency washer project with Maytag is targeted for
a8 50% reduction in overall energy use, a 60% reduction water use and a 20% reduction in dryer need
through better moisture extraction. A microwave dryer prototype has demonstrated efficiencies in the
76 - 80% range vs. 68% for standard electric dryers while reducing fabric drying time up to 20%.

- As an associate member of this 25 member utility
consortium, EPRI is participating in the development of a residential refrigerator which is 25 - 50%
more efficient than 1993 models, is non-CFC, and preempts DOE's 1998 standards. EPRI will be
participating in prototype evaluation and conducting field performance evaluations.

- EPRI research has resulted in the recent introduction of
advanced water loop heat pumps which have cooling energy efficient rating (EER) levels of greater
than 15 under the Air-Conditioning and Refrigeration Institutes' 320 standard and heating coefficient
4.5. This compares to EERs of 11.5 and COPs of 3.7 for standard WLHP designs. The efficiency
improvements are achieved by using thermostatic expansion valves for optimum superheat control,
micro-electronic controls integrated to a building energy management system, and advanced
compressors, fans, motors and evaporators.

Motors - EPRT's research program is focusing on two key approaches to energy savings in motors. First,
efficiencies in motor component design is likely to result in efficiency improvements of 8-12% over the
next decade. Second, research into effectively matching motors to the load through adjustable speed
drive (ASDs). ASD's offer the best technology for reducing electrical use by motors. The potential for
reducing the power requirement of constant speed motor-driven systems range from 20% to 50% thus
reducing kilowatt-hour use and emissions. The application of ASD-controlled motors to replace non-
electric process drives, such as industrial steam turbines and internal combustion engine drive, could
reduce primary energy use and CO2 emissions through more efficient power generation and overall
improved process control.

ELECTROTECHNOLOGY DEVELOPMENT

Electricity's efficiency advantage, due to its high controllability and unique abilities at the point of
use, has resulted in the development of new technologies which reduce primary energy use compared to
existing fossil-fuel applications.

To assure the best use of resources and the most responsible environmental policy, the entire energy-use
cycle and its environmental consequences must be considered, from extraction through conversion,
delivery, and use. When seen in this comprehensive view, it becomes obvious that many electricity uses
are both uniquely valuable to society and the most efficient choices in resource use and environmental
protection. The following are examples of primary energy and emission reductions through
electrification. '

Ereeze Concentration - This process is used to separate and remove a liquid - water, for example — from
a fluid mixture. The technology is already being used worldwide for the concentration of fruit juices and
is also being applied in processing beer, wine, vinegar, and coffee. One of the most promising
applications for the technology is in the concentration of dairy products. In the process, water is frozen
out of milk and the ice crystals are skimmed off, leaving a concentrated milk product that can be
packaged directly or used in ice cream production. As shown in Figure 1, freezing requires a total of 144
Btu/1b of water, or 114 Btu/Ib with heat recovery, while evaporating or boiling off water requires
considerably more energy — in.this case, a net of 700 Btu/Ib with heat recovery. As a result, the electric
end-use is so energy-efficient that it needs only half as much primary energy, even including the power
plant’s energy conversion losses.” And most important, consumer tests of reconstituted skim milk have
indicated consumers prefer the reconstituted product to regular skim milk. This is because the freeze
concentration process results in a creamier product, more like whole milk.
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FIGURE1

Electric Freeze Concentration Is Twice
as Efficient
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- This technology is an alternative to conventional gas convection ovens for
setting finishes on a wide variety of products such as painted car bodies and home appliances, printed
paper, coated steel and aluminum coils, and painted or varnished hardboard, particleboard, and
chipboard. IR drying uses only half the total energy resources of the conventional gas-fired convection
heating process. IR processing has many other advantages, including faster heating and space savings
low maintenance, and adaptability to virtually any heat-treatable coating. IR radiation passes
through the coating's surface and dries it from the inside, automatically avoiding the premature
surface drying which often can only be eliminated in convection processes by slowing the drying process.
IR also lowers CO, CO2 and VOC's emissions at the factory, although total NOX and SOX may be
slightly higher at the power plant.

FIGURE2
INFRARED DRYING & CURING
{R Oven
ALLLILLS
‘ 0.63
3} MMBtu/10 cars
Q Lower CO, CO,
& VOCs
Q Controfiabllity
Q Fastet process
Q Higher NOx, SO«
(at source)
Gas
} Convectlon ———9 13
Oven MMBtu/10 cars

Transportation - the development of electric vehicles (EV) has been accelerated by the need to reduce
tailpipe emissions to solve regional air quality problems, however, EVs can also provide in substantial
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reductions in primary energy consumption and CO; emissions. Present day internal combustion engines
vehicles (ICEV) emit 60% to over 100% more CO2/Km than their EV counterparts. The primary
advantage of the EV is gained through drive power systems efficiencies of 90% as compared to ICEV
drive train of 13.7% to 158%! . Figure 3 shows that EVs are more than 60% more energy efficient than
an ICEV and the resulting emissions (Table 1) details the emissions reduction from EVs. The benefit of
EVs may increase to 2.0 - 2.6 times in favor of EVs as battery capabilities are improved. The
development of advanced batteries by the United State Advanced Battery Consortium (USABQ), of
which EPRI is a member, is a critical component in the success of commercially viable EVs having the
performance and range needed by consumers.

FIGURE3

Electric Vehicles Are 60% More Energy
Efficient Than Gasoline Vans

1100 Miles
per Barrel
X 032 X 082 x 080 X 090
1.0
9000 Btu/mie
I . 670 Mies
per Barrel

x 087 X 0.95 X 0.16

Table 1 compares gasoline-powered van emissions based on 1989 U. S. emissions standards with EV
emissions under a post 1995 U. S. generation mix scenario. The EV emissions take into account all
emissions directly or indirectly associated with electric power production.

Gasoline Powered
Yan. Electric Van
VOCs 1.0 . 0.01
NOx 18 03
co 10.0 0.05
CO2 690 320

1. The Impact of Electric Vehicles on CQ? Emissions, Idaho National Engineering Laboratory, Arthur
D. Little, May 1992.
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CFC REPLACEMENTS

EPRI is conducting research with several organization to identify non-CFC refrigerants with acceptable
properties for electric heat pump and chillers. A critical component in the evaluation of CFC phase-out
is the trade-off of indirect global warming potential (GWP) from changes in equipment efficiencies
compared to direct GWP from CFCs. It is important that efficiency is not significantly reduced in
equipment redesign to handle non-CFC refrigerants. Efficiency improvement with new refrigerants is
anticipated as well as reduction of refrigerant losses, through improved gaskets and refrigerant
recovery techniques. It is expected that electric vapor-compression chillers will continue to provide
lower GWP than direct-fired absorption machines when efficiencies are accommodated for impact

calculations.

TOTAL BENEFITS

When the estimated benefits of electrification are added to those due to efficiency improvements in
existing uses, the results are dramatic. The potential savings in energy and CO2 emissions are almost as
large for new electricity uses as those due to improved existing uses — so that combining both strategies

would almost double the savings.

FIGURE ¢
IMPACT OF NEW & EXISTING ELECTROTECHNOLOGIES -2010.
e $ A
ELECTRICITY USE ENERGY USE CO, EMISSIONS
Effciency Sectrificaion Efciency Bectiicxion Eficiency Eectificaton
460 8 3841 MESons of Tons:
BiWh Quads  Ouads a0 190-220
550 ' '
BikWh
90 BKWh ‘ 2487 Quad £ > 520-550 MTons
INCREASE DECREASE DECREASE

In addition, development of additional new electrotechnologies during the next twenty years could
result in significant reductions in primary energy use as well as enhance the quality of life.
Electrification is a crucial part of our nation’s energy solutions.
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Evaluation of technological measures to cope with climate change
Hiroshi Shimizu and Yulchi Moriguchi

National Institute for Environmental Studies, Environmental Agency

16-2 Onogawa Tsukuba 305 Japan

1. Purpose and background
Because the global warming (climate change) is recognized as a highly

probable phenomenon in the next century, the countermeasures to cope with
this Issue is really Iimportant. International discussion Is progressing
towards the conclusion of the treaty to stabilize global warming.

Therefore, now Is the time to take concrete action to reduce the emission to

the greenhouse gases (GHG).
To find the way to reduce the emission of the GHG, the procedure as next

should be taken.
1) Systematic estimation of GHG emission (GHG analysis),
2) Identification of conventional and Innovative technologies,
3) Assessment of individual sectoral technologies,

' 4) Comprehensive evaluation of countermeasures as a whole.

Both In the U.S.A. and Japan, this kind of research have been made
independently.

Among these processes, the standard methodologies should be established
on the GHG analysls, the assessment of Individual technologies and the
comprehensive evaluation. )

From such a background, it is important to discuss the way to evaluate
technologlical measures to cope with climate change between the specialist

from the U.S.A. and Japan. And still required to search the possibility to

establish a joint project between both countries.
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2. Ongoing Research and Future Plan
The content of the research process of evaluation Is as follows.

1) The methodology of the GHG analysis.

2) Identified conventional and Innovative technologles.

@ Energy conversion technology

@ Manufacturing technology

@ Urban technology

@ Transportation technology

® Technology applied In Residential and Commercial sectors.
3) The methodology of the assessment of individual technology.

. 4) The methodology of the assessment on the comprehensive evaluation of
countermeasures.

3. Future View for Collaborative Research with U.S.
1) Internatlonal research activity on the methodology to evaluate the
technological measures to cope with climate change.

2) International assembling of the resuit of the evaluation of the

technological measures to cope with climate change.
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Research on Countermeasures to Global Environsent
Change in the Pleld of Urban Planning

Takashi Kavanaka
Head, Urban Planning Division, Urban Planning Departaent
Building Research Institute, Ministry of Construction

1 Tatehara, Tsukuba-shi, Ibaraki 30§ Japan

1. Purpose and Back Ground / Overview

There are a lot of research themes in the field of urban planning and
related fields as mitigation of global environment change. Main thene is
reduction method of C02 gas emission as 2 countermeasure agalnst global
varaing.

Some groups research on estimation of €02 enission caused by
construction activities both in building engineering and clvil
engineering and also on evaluation of countermeasures. They Investigate
reduction of €02 erission by fossil fuel conbustion and by building
materials (cement, steel and so on) production process. But we cannot use
data fitted to a spatial scale of urban planning. Many researches are
focused on nation vide analysis. Ve, BRI, make a study of “Research on
€02 Enission in Urban Development and the Control Technologies® as vill
be seen later at 2.(2).

There are tvo vays of research to reduce C02 enission caused by daily
sctivities im urdan planning field. One is research on positive utilizing
of natural environment in urban areas vithout depending to energy
consuming artificial facilities. There is a research on aitigation of
heat island phenomenon for instance. The other vays are research on
{aprovenent of energy consuaption effect and on reusing of vasted energy
in energy consuming type urban space for instance. There Is a research on
pronoting District Beating and Cooling (DEC) and cogeneration. '

¥e think that urban planning is a kind of social planning technology
about contents and location of each land use. In this point of viev,
environaental countermeasures by urban planning is very iaportant. Yhen
ve think about a sisplified city vith business function and residential
function, location of residential area and business area and condition of

transportation facilities relate to energy consunption (CO2 emission) by
connuting. There are some discussions about desirable city; someone says
that a compact high dense city is desirable and the other says
decentralized low dense city (cities) fis (are) desirable. Ye should
continue basie discussions on urban structure. By the way, ve need to
study not only hardvare but also softvare. Some people propose-sharing 2
car for commuting to reduce petroledl energy consuaption for Instance.
¥e, urban planners and researchers of urban planning, thought
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“environment™ as spatial scale from local urban space until cities or
metropolis, traditionally. In the field of urban planning today, the main
proposed countermeasures against -global environment change are methods at
local scale with effectiveness to improve urban local environment. In
other vords, ve are apt to discuss global environment countermeasures by
accumulation of immediate environamental methods. But this approach is not
sufficient to build a bridge between global and local spatial scales. We
need to continue hierarchical discussions in consideration of different
spatjal scales. Some people say that it is uncertain to fulfill €02
emission control without damage to urban activities tied to sustainable
econosic grovth.

In case of quantitative estimation of effect in a field of pethods
for saving energy or CO2 emission reduction, a result mRay vary according
to accuracy of estimation of dependent components vith relation to input
countermeasures. [f existing data are very limited, estimation Ray not
excel scenario simulation.

¥e, on the contrary, need to research a long-tera strategic vay to
convert structure of resource and energy consusmption in cities. Ye need
not to be particular about accurate estination. In one research group
that the author set up, some members discuss it. One of our plan tor
collaborative research titled "Research on Adaptation of Energy Conscious
Technologies in Mixed Land Use Development in Urban Areas”, as vill be
seen later at 3. (1), relates to this idea.

2. Ongoing Research and Puture Plan

In this chapter, firstly, we show you ongoing 2 research programns by
the Building Research Institute (BRI).

(1) Research and Development of New Technologies in Building and Planning
Field for Sustainable Society (by budget of Ministry of Construction)
FY1891-95

Objectives:

1) Development of assessing methods of environmental [mpacts caused
by built environment (buildings and planning)

2) Systematization and integration of environment-oriented
technologies {n the field of building and urban planning

3) Development of a framevork of planning "Ecological Building” and
“Ecological City"

Part 1.
Development of assessing xethods of environmental impacts® caused by
built environment (both of buildings and urban scale)
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* Environmental impact may be analyzed from tvo points of view:
1) consuaption of resource and energy
2) environmental deterijoration

1-1 Environmental ilpac!s‘in construction process
1) Survey of resource and energy consumption in construction
process
2) Developaent of assessing method of resource and energy
consumption in construction process
3) Development of assessing method of environmental deterioration
caused by manufacturing of building materials and site

construction.

1-2 Environmental impacts in building-operation process
1) Survey of resource and energy consunption In various scale of
built environment.
2) Development of assessing method of energy consunption in
processes of operating or managing built environment.
3) Developaent of assessing method of environmental deterioration
in processes of operating or managing of built environment.

1-3 Developsent of total assessing framevork (ex. life cycle cost
analysis) method for built environment (building and ¢ity)

Part 2.
R & D of elesental technologies for environment~oriented design and

planning

2-1 Building construction systeas
1) R & D of environment-oriented building systea

2-2 Building materials
1) R 8 D of environnent-oriented building materials
2) R & D of recycling systea of building naterials

2-3 Built environment control system
1) Bioclimatic design in building scale and In urban scale
2) Energy conscious building service systea
3) Energy conscious urban infrastructure

2-4 Resource and energy conscious urban planning

1) Land use planning
2) Heat energy facilities

Part 8.
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B & D of design and planning strategy
3-1 Establishaent of framevwork of planning theory for Ecological City

3-2 Application system of integrated energy and resource conscious
technologies according to the scale of developaent

3-3 Case study

This research program is divided into various parts as mentioned
above, mainly from a vievpoint of architecture. It will conclude at
FY199S.

(2) Research on C02 Emission in Urban Development and the Control
Technologies (by budget of Environment Agency)
FY1890-92

This research aims to estimate the CO2 gas emission amount and to
investigate the control technologies to cope vith greenhouse effect gas
discharged by urban development activities.

¥e exasined estimation method of incentive CO2 emission amount using
input-output table(1985) and outlines of results are as follows; 1)
conquering methodological problems, 2) accurate estimation stood upon the
basic table, 3) estimating the emission amount according to fuel products
using material amount table, 3) estimating the esission amount according
to fuel products using material amount table, 4) estimating incentive
emission amount using inverse matrix, §) estimating specialized on
construction department using input-output table, and 6) estimating
details of the emission concerned ¥ith urban developaent in construction
departaent.

Ye have a plan to evaluate effects of countermeasures against C02 gas
emission. This program will conclude at FY1992,

¥e, secondarily, shovw you the contents from research reports of an
acadenic society and industrial associations. We think there are the
other reports and proceedings of such bodies and sysposis.

The Architectural Institute of Japan (AlJ) issued 2 reports.
"Ecological City and Environmental Design®(1991) discussed elementarily
under 8 titles: urbanization, water areas, greening, atmosphere, energy,
heat island, environmental standards and urban facilities. “Impact on
Global Environment by building”(1992) developed basic study on 8 titles:
life styls, utilization of resources, energy, ecological city, passive
designed building, rural planing, urban planning and environmental change.

Civil Engineering Industry Association of Japan and Electric Power
Construction Association of Japan issued a report “Relationship between
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Global Environment Probles and Construction Industry.” It surveyed
counterneasures against global environment change inplemented by the
ministries of Japanese government and estimated environmental load caused
by civil engineering vorks.

(3)0thers

There are a lot of research items of the other research programs in
the field of urban infrastructures in Japan. Sone of them are as follows.

(3-1) Energy consumption
‘~ Control of energy consumption on building materials production

Control of energy consumption on operation of air conditioner and of
the other buflding equipments

Utilization of non-used heat energy and vaste heat energy
Utilization of heat energy from a garbage incinerator

feat pump etec.
(3-2) Recycling of materials
- Utilization of building scrap (concrete, vood, and so on)

- Utilization of ashes and sludge as building materijals etc.
(3-3) Vater

- Reeycling of vater

- Utilization of rain vater

- Permeable pavesent ete.
(3-4) Green

- Greening of roofs and valls (Energy control of building use)

- €02 fixation by plants

- Improvesent of local climate

- Mitigation of heat island phenomenon etc.

3. Puture View for Collaborative Research vith U.S. -

(1) Research on Adaptation of Energy Conscious Technologies in Mixed Land
Use Developaent in Urban Areas

Ye think that Introducing cogeneration systes to mixed land use in
energy consuming type central urban districts encourages saving energy -by
leveling energy consumption peak time. A mixture of office uss,
commercial use, hotel use and residential use may stabilize management of
District Heating and Cooling (DHC) by cogeneration. And 3 housing complex
may reuse vaste heat energy from neighboring factories and energy plants.
Ye vould like to research such kind of energy conscious urban
(re)developaent method. This research plan also aims to convert soms
parts of urban infrastructure into energy conscious one.

Urban planners in Japan have paid attention to Mixed Use Development
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(MXD) in U.S.A. as an effective restoration method for central urban
areas for some time. We think MXD may be effective vay to realize energy
conscious city too, nov.

This theme is related to “2. (1)2-4 Resource and energy conscious
urban planning” above-mentioned.

(2) Research on Planning Method and Formation Technique of Green Spaces
in and around the Urban Areas vwhich Contribute to the Preservation of
Global Environaent )

This research proposal includes some rav ideas as follows.

The investigation of a method to form urban forests vhich contribute
to CO2 fixation by the utilization of private land through land use
control, incentive in taxation systea, ete.

The investigation of a method to form “vind passagevay” in urban
areas through the planning of green spaces location vhich contribute to
the mitigation of heat island phenomenon and contribute to the reduction
of electricity consunption for air conditioning in urban areas in suamer.

The investigation of the effective timber production technique in
such green spaces and a method to cultivate a market for products.

Research for development of a method to select the most desirable
species and for development of green spaces, considering the
effectiveness of CO2 fixation, the feasibility of recreational use, the
efficiency of tiaber production, the danger degree of making forest fire,
ete.

Development of the technique for positive utilization of branches and
leaves as energy resources wvhich come out through the maintenance of such
green spaces.

(3) Research and Development of Nev Technologies in Building and
Planning Pleld for Sustainable Society

Please refer to "2. (1) Research and Developaent of Kew Technologies
in Building and Planning Field for Sustainable Society” above-mentioned.
BRI can negotiate collaborative research in some parts of 2.(1) with U.S.
side.

4. Other Remarks

Ye don’t discuss urban transportation problem that relates to urban
planning., because an author is not a specialist of traffic matters. But
people understand that the condition of urban transportation relates to
energy consumption and load to global environment. That the energy
consuasption unit(per person-distance) by a passenger car is greater than
by mass transit in case of human trips is well known. There are different
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opinions on more accurate estimation of energy consusption that covers
construction of facilities and maintenance, nevertheless. Some people
discuss modal aix or modal shift that mass transit and {ndividual
transportation means share ‘roles to consume energy sore efficiently. Many
people say ve need to think better of material transportation by cars. No
one knows basic solutions of iaprovement of transportation energy
consumption in a big city as Tokyo, because every existing channel bears
maxiaus load at peak time simultaneously. Some people expect that
transportation energy consumption will be controlled vell in small local
cities rather than big cities, through passengers shift from owvned cars
to mass transit. In order to mitigate impact on global environment caused
by automobile, both urban transportation approach and mechanical
technology approach are {mportant.

Some people often introduce policies of former Vest Germany at
discussions of countermeasures to environsent problem in the field of
urban planning in Japan. They are, for instance, respect to local
climate, respect to biotope, ecological housing conplex, a policy of
traffic change betveen automobile and electric train (park and ride
system), utilization of bicycles, and so on. Those policies may be based
on a2 concept to accumulate as many as immediate countermeasures instead
of sticking to accurate quantitative estimation of effect.

The Ministry of Construction i{splements some institutions in order to

conserve global environment as showa in Appendix. In the field of urban
planning, “Ecological City Promoting Project” will start at FY1993 as
sodel projects with subsidy institution. But the details are not fixed

nov.
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Appendix

Dealing with the Environmental Probles on a Global Scale

Excerpt from “Striving for a Better Environment - A proposal for
providing housing and social infrastructure (social overhead capital)
that will create an environment, preserve it, and regenerate it."
April 1992, Ministry of Construction

(1) Dealing with the prevention of global varming
(1-1) Building cities with little carbon dioxide eaission

- Ye are encouraging action such as building of energy-saving houses and
other buildings which use heat insulating construction and energy
saving and air-conditioning systeas(with the assistance and support of
the Government Housing Loan Corporation).

- Ye are planning the introduction of environmentally harmonious publie
housing vhich makes full use of recycling, burns less fossil fuel and
uses solar energy (supporting the Regional Public Bodies vithin the
framevork of the HOPE [HOusing with Proper Environament] Plan for the
construction of housing based on regional characteristics).

- Ye vill use untapped energy resources such as rivers and severs to
generate district heating and cooling systess and control publie
facilities. In addition ve will use the heat from treated vaste vater
to melt the snovs In areas where there is a large accumulation of
snov.

- Ye will use urban redevelopaent plans to put in place integrated
regional systess for heating and cooling, re-use of treated waste vater
and disposal.

- Tith the promotion of greener cities, ve vill alleviate the developsent
of heat Islands by using the tesmperature cooling effect of plants, and
increase the source of carbon dioxide.

- In road planning, we ¥ill make full use of the space under the surface
for heating and cooling, severage systems, and other public needs and
vill develop a system so that the heat accumulated in the summer can be
used to melt the snov in vinter (a test project is currently under vay
on the Akita Expressvay).

(1-2) Building a traffic system with little carbon dioxide eaission

Since traffic congestion causes cars to consume more gas than usuval,
speedy and smooth traffic flov will lead to reduced carbon dioxide
enission.

- Ye are steadily vorking tovards the improvement of roads by buflding
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bypasses, ring roads, separation roadvays, the improveasent of junctions

and parking lots and building up a car traffic netvork that vwill flovw
smoothly and save energy.

- Ye are encouraging greater use of public transport systess by building
urban amonorails and nev transport systeas, setting up guidevay bus
systems, improving station squares, and promoting the park and ride
systes,

- We are continuing to provide walkvays and cycle routes to encourage
pedestrians and cyclists.

- Ve are vorking tovards the development of nev distribution systeas and
the setting up of distribution centers in order to bring about an
efficient distribution set-up.

(2) Preventing further depletion of the ozone layer

- Ye took the decision (in 1989) to stop using fluorocarbons in the
installation of air conditioning in government bujldings.

- ¥We have prepared a guidance booklet called “Manual for dealing with
specific fluorocarbons in cooling equipment® for the building industry
(in 1990).

- Ye have established financing measures for those buildings vishing to
change their cooling systems from fluorocarbon-based to non
fluorocarbon-based (1990 - Japan Development Bank et al).

(3) Dealing vith Deforestation

Ye have developed the technology and carrying out a pilot study for a

vay to rationalize the use of plyvood frames vhich incorporate tropical

voods. -
- ¥e will shift to using prefabricated concrete parts vhich make frasmes

unnecessary.
- We will shift avay from tropical plyvood and look at recyclable voods
and non-vood materials such as plyvood made from evergreens and steel
deck plates :
- By standardizing vooden material sizes, vwe vill sinplify the plyvood
cutting process and extend the useful 1ife of each frane.

(4) Contributing to solving environmental issues 1n developing countries

Ye are iaplementing the following technical cooperation plans to help

solve environmental problems in developing countries.

- By putting together plans, developing technologies, and providing
specialized personnel, ve transfer technology of severage systeas,
cleaning of rivers and lakes, road planning, traffie control, and
development and improvement of the housing environsent.
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- In keeping with our strategy to preserve the environsent over vide
areas, ve are accunulating all types fo data and have developed an
information system to analyze it so that ve can develop the
technologies that are needed.

- We are researching technologies for the improveaent of desert
environaents.

- Establishing vaste water treataent facilities for developing countries
suited to each region.

(§) Studying global environmental probleas in-depth and developing the
technologies needed

- Ye are measuring sea levels at 23 sites around the country as part of a
study of rising sea levels related to global warming.

- Ye are using a VLBI(Very Long Baseline Interferometer) to measure
changes in the earth’s crust, and analyzing them in tandem with sea
levels to develop a system that will measure accuracy the rise in sea
levels which {s caused by global warasing.

- Using satellite-based remote sensing technology (technology which
distinguishes betveen the types and condition of bodies on the earth’s
surface as measured by electromdgnetic vaves), ve are developing a vay
to predict the effects of the rising sea level and the condition and
changes in tropical forests.

- By studying the topography of lake bottoms, the material accumulated on
lake bottoms and lake dvelling plants, ve are putting together a basic
blueprint for the prevention of the pollution of lake vaters and the
_improvement in vater quality.

- Ve are studying ways to measure effect of changes in seavater levels
and precipitation patterns as a result of global varaning and the hara
done to plants by acid rain and 3lso studying a strategy for flood
control and vater utilization.

- Ye are studying the establishment of a sewage system that will reduce
our impact on the environment by making good use of resources such as
vaste water, solid waste and heat in severage systeas.

- Yhile clarifying the current state of resource and energy consuaption
business, we are studying land development technologlies such as
recycling technology for the efficient use of resource and energy rate.

- Ye are developing technologies for artiffcial planting technology in
difficult places such as roofs, valls and underground areas.
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CO2 FROM MOTOR VEHICLES
- Issue and State of RD in Japan -

Kazuo Kontani

Mechanical Engineering Laboratory
AIST, Ministry of International Trade and Industry
1-2 Namiki, Tsukuba, 305 Japan

1. Overview

The transportation sector, particularly road transport, is a major cause of growing oil consump-
tion and is, therefore, a dominant source of increasing worldwide atmospheric CO2. It is also a
larger source of conventional atmospheric pollutants than any other single human activity. Thus,
transportation is obviously given primary concern in global environmental issues. Although the
impact of motor vehicles on the environment is often mentioned, it will be helpful to review
several basic considerations before starting discussion.

Basic Facts

0il consumption by transportation sector
The bulk of increasing oil demand in industrialized countries is attributed to the transportation

sector. Fig. 1 compares transport oil consumption of regional and overall OECD transportation
sector, over the past 15 years, as shares of total final oil consumption. In North America the
percentage is almost 80%, with the figure for overall OECD at around 70%. In terms of quanti-
ty, the transportation sector and road transport within this sector have both increased their
consumption by 2% annually over the past decade. Fig. 2 shows the composition of the transpor-
tation sector, through the shares of air, roads, rail and other modes in 1989 OECD. It is seen that
roads account for 82% of total transport oil consumption, ie., motor vehicles are by far the major

consumer of this resource.

Motor vehicle impacts on the environment
As shown in Fig. 3, all the emissions from motor vehicles are at any rate atmospheric pollutants

and have local, regional and global environmental impacts. Locally, they injure health and
welfare and regionally cause acidification and tropospheric ozone. Globally, these emissions are
directly or indirectly responsible for the greenhouse effect and the depletion of the stratospheric
ozone layer. In terms of local pollution, a typical problem in the USA is tropospheric ozone
from HC, and in Japan the main challenge is NOx levels in urban areas. Regarding atmospheric
pollutants other than CO2, the contribution of motor vehicles is shown in Fig. 4 as a share of

overall emissions. Motor vehicles are the greatest single source of conventional pollutant emis--

sions.

CO2 from motor vehicles )

As to global environmental impacts, motor vehicles are responsible for emissions of direct and
indirect greenhouse effect gases (GHG). Because, as mentioned before, OECD motor vehicle
oil consumption accounts for more than 50% of the total oil demand, motor vehicles are also a
major source of CO2, second only to power generation.

The well known contributions of gases and their emission sources to global warming is illustrat-
ed in Fig: 5. CO2 accounts for 55% of total GHG, and motor vehicles are responsible for around
10% of global warming, 4.7% through CO2 and 5% through CFCs. However, because actions to
abandon the use of CFCs have already been started and indirect GHG emissions from motor
vehicles are relatively smaller than CO2 and also because discussion about the influence of indi-
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rect GHGs is now suspended at IPCC, at the present stage it would be acceptable to limit the
vehicular GHGs to CO2.

Fig. 6 illustrates coniributions of countries, sectors in Japan, and modes of transport to CO2
emission. CO2 emissions from motor vehicles in Japan account for 17% of the domestic total,
and 0.8% of the world total. In the United States, automotive CO2 emissions is 24% of the U.S.
total, and 6% of the world total. Incidentally, those figures are halved when we consider their
contribution to global warming, as CO2 is responsible for S5% of global warming.

Ever rising motor vehicle ownership

Industrialized regions like OECD countries are characterized by massive motor vehicle oil
consumption. Future development in the less developed countries will naturally bring about a
considerable rise in motor vehicle ownership. Fig. 7 shows past trends in motor vehicle num-
bers. In the last two decades, world motor vehicle numbers have shown a linear expansion with
2.3% average annual growth. In the past decade, the total has risen around 50%. So what about
the future? Fig. 8 projects the future number of world motor vehicles together with population
growth. A simple linear extrapolation suggests that the number of vehicles will have jumped
another 80% by the year 2020, and another projection, based on the growth of units per capita,
rockets the number up to 140%. Thus, motor vehicles will be even more responsible for energy
and environmental problems.

Responses to Motor Vehicle CO2

As in other epergy-consuming sectors, the first and best response for CO2 from motor vehicles
is improved fuel economy. The reduction of CO2 would also lower the emission of conventional
pollutants, so the reduction of CO2 issues hold primary importance in the environmental problem
of motor vehicles. The responses can be classified as follows.

Improving fuel economy of conventional vehicles

As shown in Fig. 9, there are four approaches to improve fuel economy in conventional motor
vehicles. They are reduction of vehicle weight, reduction of drag, improvement of engine per-
formance and others. But with current technologies there is little scope for further enhancements
~ perhaps another 20% at most. To achieve further drastic change, we would need to alter the
concepts of motor vehicles and, perhaps, of their usage. Incidentally, last month the Japanese
government resurrected its fuel consumption standards for motor vehicles as an inclusion in the
energy conservation law, which aims for an average fleet improvement of 8.5% by the year

The development of alternative fuel vehicles

Altering motor fuels to alcohol, natural gas, and other alternative fuels with relatively low C/H
ratios, and to electricity is one approach. In this case, it is essential to consider the total energy
consumption and emission, covering not only vehicle performance on the roads but also produc-
tion and distribution of fuels, their feed stocks, vehicles and materials. Fig. 10 features an esti-
mation of GHG emissions from alternatively fueled vehicles, scaling 100 for gasoline-powered
vehicles. It is seen that CNG is promising as a short term selection. While diesel is not an alter-
native vehicle, if only the exhaust problem were overcome, it would be the most advantageous
among existing vehicle motors.

Improving driving conditions

No matter how great the enhancements to motor vehicles and their engines, actual driving condi-
tions will greatly affect the final results. Fig. 11 shows actual fuel consumption, ie. mileage,
relative to average vehicle speed. If the average speed rises from 20 to 40km/h, fuel
economy doubles. We should keep in mind, by the way, that the average speed in metropolitan
Tokyo is only around 10km/h. There are several ways to improve driving conditions, such as
improving road environments, urban restructuring, and developing traffic information and guid-
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ance systems.

Social and governmental steps

We can conceive of some other approaches which would be more effective, such as legislation

and policy instruments to encourage shifts to alternative modes of transport, vehicle downsizing,
and restrictions on use and ownership. But we will not touch on such measures here, because

they involve social and economic implications and are predominantly policy matters.

2. Research and Development in Japan

Recent trends in automotive technology
We will have a look at recent trends in the automotive industry, concentrating on engine technol-

ogies responding to the call for improved fuel economy in gasoline engines and cleaner emis-
sions in diesel engines.

- Gasoline Engines
Among steady efforts to improve the fuel efficiency of gasoline engines, the following are the

prominent trends in the latest engine technologies adopted in vehicles on the market.

~ Lean burn engines: They have been put on the market by several makers. They have potential
to improve fuel economy by 10%.

- Multi-valve system (4 or 5 valves): The multi-valve system is used in nearly all the latest
passenger cars to provide higher power, low fuel consumption and low emissions. The
system can be designed with a compact combustion chamber and a center plug to achieve
rapid combustion, better intake and exhaust gas exchange, reduced pumping loss and, there-
fore, high compression ratio and stable combustion. T

- Direct ignition: The direct ignition system, having an ignition coil for each cylinder, improves
ignition timing accuracy.
- Electronic fuel injection: This has become practically universal. Carburetor systems can

hardly be found any more. The use of multi-point injection has spread together with fine
control of A/F ratio, and two-hole injectors combined with four-valve engines have begun to

be used.

- Reduced friction: Friction is reduced by roller rocker arms and low-friction piston rings: a
combination of top ring and second ring into one, and reduced ring tension.

~ Variable systems: Variable systems are also typical trends for valve mechanisms, as well as
intake and exhaust systems. The systems aim to optimize the torque curve over a wide speed

range.

Although still at the concept car stage or under research and development, we are expecting two-
stroke engines, variable compression ratio engines and variable cylinder engines.

> Diesel Engines
While diesel engines have high fuel efficiency and superior endurance, they have the disadvan-

tages of particulate and NOX emissions which are not seen with gasoline engines. Generally
there is a trade—off relationship between particulate and NOx emissions (and fuel consumption),
and that relationship constitutes the main difficulties in diesel engine technology.

In Japan, as well as in the USA, NOx controls have been stringent, and conventional measures
based mainly on engine modifications have already been pursued close to the limit. A brief
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explanation and the present status of other measures to be eventually adopted are given below.

- EGR: This has been used in passenger cars with their rather short life but has not yet been
applied to medium and heavy duty vehicles, where longer life and durability are demanded.,
The problem with EGR is the increased particulate emissions, increased engine wear under
heavy load, and the need for suitable fuel (with low sulfur content) and lubricating oil.

- Filter traps (DPF): These have been tackled vigorously in Europe and America, where exten~
sive field tests have been made with city buses. There are plans for these in Japan also, but
nothing has yet appeared on the market.

~ Ogxidation catalyst (Flow-through type catalytic converters): The purpose is to reduce the.
soluble organic fraction (SOF), and they are not effective against soot. The keys to develop-.
ment are engine compatibility and development of the catalysts. From the aspects of general
engine features and cost, they appear to be suitable for small, direct injection engines. Field
testing has been extensive in Europe and America, but it has not yet been taken up in Japan.

- Fuel improvement: Sulfur reduction and improved cetane ratings are being looked for. In
Japan, the sulfur content for diesel fuel has been set at 0.2% by 1993, and at 0.05% at a later
date. There are no moves to increase the cetane rating, since it is already at a high level in
Japan.

— High Pressure Injection: Improved combustion through increased fuel injection pressure is the
latest focus of attention. Much research involves injection pressures of approximately 100
MPa, but there is a promising attempt to use an ultra high pressure injection, which is being
investigated with equipment capable of injecting fuel at pressures up to 300 MPa. It has becn
observed that the trade—-off relationship between NOx and particulate emissions is greatly .

improved.

— NOx reduction catalysts: It would be ideal if catalysts could be used for diesel NOx in the
same way as the three-way catalysts for gasoline engines. Apart from the basic difficulty that
diesel exhaust is oxidizing (oxygen rich), problems include the presence of soot and sulfur
oxides, and the difficulty in maintaining the catalyst at the desired temperature level, etc.
Although success is still a long way off, there is a great deal of recent research, and some
possibilities have emerged.

— Hybrid propulsion: The main aim of hybridization based on diesel engines is to lessen the
engine burden under high load, which is where the disadvantages of diesel engines are con-
centrated. A successful example is the HIMR system by Hino Motors which comprises a
Diesel-Motor/Generator system.

Research and development on alternative vehicles :

Table 3 summarizes R&D activities on alternative fuel vehicles. Currently, no more than 1,300
vehicles on roads in Japan are powered by electricity, methanol, natural gas, and diesel/electric
hybrid systems. R&D activities and plans relative fo alternative vehicles, however, are being
accelerated in recent years. Plans by MITI and the Ministry of Transport project 10,000 metha-
nol vehicles, 200,000 electric vehicles, and a total of 2 million alternative vehicles by the year
2000. In line with this goal, the Eco-Station 2000 plan has been formulated to build 2,000 fill-
ing stations nationwide by the year 2000 for those power sources together with conventional
fuels.

Work at research laboratories within MITI

Within the Ministry of International Trade and Industry, Including the Mechanical Engineering
Laboratory, where the author is employed, several areas are currently under investigation (or
have been covered earlier). These areas include control of NOx emission from diesel engines,
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diesel filter traps, catalysts for NOX, electric vehicles, hydrogen vehicles and hydrogen-oxygen
combustion, butane combustion in diesel engines, and methanol and CNG combustion in Otto

engines.

Research on hydrogen-powered vehicles was conducted earlier. The main features of the re-
search, as shown in Fig. 12, were the use of metal-hydrides for hydrogen storage and direct
injection of low pressure hydrogen gas into cylinders. This approach could solve the twin prob-
lems of low suction efficiency with gaseous fuels and the preignition typical to hydrogen fuel.
Although the research is now finished, current work focuses on hydrogen-oxygen combustion in
gasturbines.

In butane fueling research, we are testing so called dual-fuel combustion, -whereby butane gas is
supplied premixed in the intake air and ignited by pilot-injected diesel oil. This method suffers
the drawbacks of large NOx emissions under high loads and high HC levels under low load
conditions, but we are finding a way by the use of de-NOx catalyzers to suppress these tenden-
cies. An experimental result is shown in Fig. 13. We are planning to achieve more diesel-like
combustion by directly injecting butane fuel into the cylinder.

3. Proposals for Future Collaboration

Automakers today dominate applied technologies at the product level, leaving little room for
external contribution. Accordingly, potential collaborative areas would be as follows.

National projects
RD&D programs on alternative vehicles and advanced engines is a potential area for collabora-

tion. The exchange of related technologies and information and mutual participation, particularly
at demonstration stage, would be effective. It is the usual case, however, that those projects are
conducted by designated associations under funding and control of national administration, and
we research laboratories are not involved in such activities. Therefore we do not have the ability
to further discuss collaboration in this area.

Research
Methods similar to those of IEA research cooperation could be implemented to focus on future

technologies not currently explored by the manufacturers. The following areas are promising in

this respect.

- Diesel engines:
NOx controls, filter trapping, de-NOx catalysts

- Alternative fuels:
Hydrogen (for reciprocating engines or turbines), Butane, CNG, batteries (fuel cells)

Survey and analysis

Such efforts can encompass surveys, analysis, and projections of the implications of energy,
environment, economy, and policy.  Many organizations like UN, [EA and OECD already cover
such issues through conferences and investigative activities. It would be effective for us also to
hold symposiums and operate workshops and to deepen understanding of the issues with wider
participation from universities and private research institutes.

4. Concluding Remarks

Motor vehicles are major causes of energy and environmental problems. As motor vehicle
ownership is almost proportional to GNP trends, the number of vehicles will probably continue
to grow. This is a challenging issue inseparably connected with world economic development.
Obviously, technological responses alone are insufficient and strong governmental intervention
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is crucial.

The work of governmental research laboratories, as far as motor vehicle technology is concerned
is limited to basic research into future technologies and "soft” areas related to motor vehicle use.
Accordingly, this paper has concentrated mainly on an overview of the environmental issue of
motor vehicles and potential responses. While this paper does not present detailed description of
Em)trh spgalgc research work, we hope that it has helped to understand the issue and present efforts
1n e nela.
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Fig.6 Share of CO, Emission
World / Japan / Transport / Automobile
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Tab.3 R&D Activities on Alternative Vehicles

Conducting body
(supporting- body)

Stage of RD or Planning

Metha\nol

(MITI),(MOT)

Fleet test 200 u.

Natural Gas
CNG
LNG

J. Gas Association
JARI

Monitoring and own use 50 u.
Research

Musashi Inst. of Tech.

Hydrogen Mech.Eng. Lab. Research

Mazda
i Onroad 1,000 u.
Electric Elec. V. Assoc. Off road 20,000 u;
i ll)=_ricg£lec Hino h'ﬂ t : O d 100 u.(1
- ino Motors nroa u.
DE-Hydro Mitsubishi Motors RD (1993)

_ Isuzu Motors RD

Eco-Station Construct 2000 fueling stations

5600 (MITi) for Alternafiv Vieh, by 2000
: Methanol: 10,000 u.

Plan in2000 | (MITI),(MOT) Electric; 200,000 u.

Total Alternative: 2,000,000 wu.
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Fig.12 Hydrogen Fueled Vehicle

Hydrogen-Fueled Car with a Low-Pollutant Level Exhaust
(Double Over Head Camshafts, 4 cylinder, 16 Valves,

60 HP, Maximum Speed of Over 100km/h and Running
Distance of Over 200km) )
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Fig.13 Butane Fueled Diesel With de-NOx Catalyzer
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Atmospheric Carbon Exchange Associated with
Vegetation and Soils in Urban and Suburban
Land Uses

Dr. Rowan A. Rowntree
Northeastern Forest iment Station
USDA Forest Sexvice
PO Box 245, Berkeley, CA 94701
510-559-6491

A discussion vgapa' prepared for the Second US/Japan
on Global Change
Environmental Response ’I'eclmolo?u (Mitigation and Adaption)

East—West Centez, Honolulu, Hawaii
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Urban Land Uses and Vegetation

In studies of the global C cycle é)ﬁor to the 1980s, urban ecosystems were largely
ignored, in part because there were inadequate measures of phytomass and soil carbon for
the various land uses associated with cities (Bramryd, 1980). In the last decade, progress
has been made in gathering urban vegetation data and recently, estimates of urban land
use carbon storage and fluxes have been attempted (Rowntree and Nowak, 1992; Adger,
et al., 1992; Nowak, 1993). Demographic trends in many countries suggest that urban
areas are growing. Thus it is important to discover the appropriate concepts and methods
for understanding greenhouse gas fluxes from urban-related vegetation and soils.

Measuring Urban Phytomass

Because urban vegetation ecology and measurement is a relatively unknown field,
I will remark first about the status of work on estimating the amounts of vegetation in an
urban area. It is useful to divide the metropolitan region into three domains: (1) That
built up area having more than about 1000 people per square mile we will call the "urban
area,” (2) The outskirts of the city with Iowzﬁopulation densities called the "suburban
area,” and (3) That area into which the city will expand, but which is not yet developed,
called the "exurban area.” To understand vegetation-based carbon fluxes from a
metropolitan region, we need to know both the current attributes of trees, shrubs, and
herbs in the land use classes of these three domains and the changes these domains are
undergoing that might release or sequester more or less carbon. Thus, the purpose of
urban vegetation measurement is to generalize about classes of vegetation as they are
linked to classes of land uses. Then, if we can understand land use change, we can infer
vegetation, phytomass and carbon change as Adger, ¢t al., have tried to do in their study
of "Carbon Dynamics of Land Use in Great Britzin” (1992).

Geography of Urban Land Uses and Vegetation

At first glance, the diversity of species and forms making up the urban vegetation
complex gives the impression of heterogeneity. However, there may be more regularity to
urban vegetation patterns than first meets the eye, due to the way land uses are laid out
and to the fact that human preferences for urban vegetation do not seem to vary
extensively from city to city. We can generalize about the gross geography from studies
such as Rowntree, 1984:

1. From above (viewing an air photo) one typically sees about 1/3 tree
cover, 1/3rd herbaceous cover (including grass and lawns), and 1/3
artificial surfaces,

2. Residential is the most exteasive land use class in most urban aress.

3. Commezcial land use loci are often surrounded by residential and/oe
park land uses.

4, With growth, urban geography is transformed from the traditional form
with a “central business district” surrounded by residential land to a
“multi-nucleated” city with & more dispersed and fragmented pattern of
land use having many important business centers.

How do these four points bear on our discussion of carbon flux? First, with larger
cities, precise methods of remote sensing are needed to describe the fragmented
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geography of land uses and vegetation. Second, the urban climate - which is important to
energy consumption and carbon flux -- can be understand only by knowing about the
migration of air parcels from more to less vegetated zones, and vice verss, within the
fragmented geography of the modem city. '

A more precise picture of the amounts of vegetation would reveal that most of the
phytomass is in the residential land use class. Thus, if we understand how vegetation is,
or could be, managed in this class to reduce carbon dioxide and other greenhouse gases,
we would grasp the principal part of the problem. In a subsequeat section, we'll see that
actions by residential landowners are increasingly taking into consideration how
vegetation on their property affects their use of energy, which in tum dictates the
emissions of greenhouse gases from power plants.

Tt is not the purpose of this paper to describe urban vegetation measurement
techniques, but it is noteworthy that good estimates of phytomass can be got by remote
sensing, especially air photography at scales of 1:5000 to 1:10,000. Airborne videography
is being tested, and we have evaluated most satellite-based sensors and found them
wanting for adequate detail.

Estimates of Carbon in Urban Vegetation and Soils

Improving on 2 model described in Rowntree and Nowak (1991), Nowak (1993;
most of the estimates to follow are from this citation) estimates urban tree carbon storage
in the U.S at between 350-750 million metric tons (MT), depending on assumptions about
the distribution of tree sizes across the U.S. To refine this estimate requires more tree size
data from urban tree inveatories, For com&alnx;son, Birdsey (1990) estimates that non-
urban forests in the U.S. contain about 53 billion MT of carbon, but this includes soils

and non-tree vegetation.

In these non-urban forests, in fact, the soils contain the majority of the carbon;
Birdsey estimates 60%. We do not have estimates of carbon for urban soils. If we
included carbon stored in urban soils and the non-tree vegetation, estimates of urban
carbon would probably be in the vicinity of 1 billion MT.

Comparisons with U.S. Emissions

In the U.S., there is tly a movement to plant numerous urban trees, mostly
in the residential land use for the purpose, in part, of sequestering and storing
carbon as well as for avoidiNn?rcarbon emissions by reducing energy generation. A mid-
range value of 400 million stored in U.S. urban trees is equi t to about 4 months
of U.S. carbon dioxids emissions. The annual net addition (about § million MT of
sequestering) to the U.S. urban tree carbon store is equivalent to about two days of U.S.
cmissions. A moderate size city in the U.S. stores about 150,000 MT of carbon in its
trees, equivalent to the amount of carbon emitted by residents' automobiles in 8 months.

According to Nowak (1993), flantm& 100 million trees in the U.S. can store and

avoid (power plant emissions) up to 363 n MT of carbon over the next SO years. He
estimates this would be less than 1 percent of the amount of carbon estimated to be

emitted by the U.S. over the 50 year period.
Carbon Releases from Urban Vegetation Fires

“When we consider the role of vegetation in urban, suburban and exurban areas,
we must considet episodic carbon exchanges, particularly-due to fire. In the western U.S.
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forest fires are frequent. In this region of the nation there is a significant migration of
people to exurban areas where they settle in a diggsed attern amongst native forests.
This increases the frequency of human-induced which are difficult to bring under
control because (1) fire fighters must first protect residences, (2) phytomass (fuel) has
increased over the decades of fire prevention and suppression, and (3) periods of drought

increase flamability. "Urban-wildland” fires constitute a large source of vegetation-
related carbon release,

In contrast to urban-wildland fires where the settlement pattern is dispersed, the
discrete edge of the urban or suburban areas of many cities join with wildland vegetation
that,ifigrﬁwd.willstanaﬁrethatwﬂlcaxryimothembanmThishappcnedinthe
city of Oakland, California, in 1991. Ten percent of the city’s phytomass existed in the
fire area, but the amount of that released as carbon has not been estimated, because many
trees were only partially consumed in the fire, If they had been co letely burnt, the
release of carbon from urban vegetation would have been on the order of 15,000 MT.

Urban Vegetation to Reduce Energy Consumption and
Avoid Power Plant Emissions

There are four areas where research has indicated potential ener, savings and
reduction of power plant emissions of greenhouse gases: (1) Summer s ading of
residences with trees that allow winter solar access for heating, (2) trees used for winter
windbreaks, (3) air cooling by evapotranspiration (ET) of urban vegetation, and (4) the
lightening of exterior building surfaces to increase radiation reflection and decrease the
need for air conditioning,

Reducing Air Conditioning by Shading Buildings

McPherson and Dougherty (1989) employ a simulation model (from McPherson,
et al. 1988) to estimate how much energy savings will occur using different types of trees
at various locations arcund 2 building depending on climate patterns. This model has
been tested in residential buildings, Huang, et al. (1987) have used & different simulation
model being tested in residences (Akbari, et al. 1992). It is now believed that the use of
zgg’:opﬁatc trees for summer shading can reduce residential air conditioning costs by 10-

-

Trees for Winter Windbreaks

Heisler (1991) uses computer simulation to report that windbreaks around homes
in relatively exposed locations in the north central region of the U.S. will save up to 25%
of annual heating and cooling costs. The combined of trees in residential
neighborhoods, _ﬁ;u;ted for ing and air cooling, can have strong windbreak eff;
(Heisler 1990). This may reduce winter-heating requirements, but may impair
summer breezes that remove heat from buildings, thus eroding the positive effects of
shading and ET air cooling.

Trees for Air Cooling

Recent research has focused on testing the h esis that increasing urban tree
cover reduces air tem and the "urban heat-i effect.” McPherson, et al.
(1989) and Simpson él991) report on experiments and simulations to determine the most
energy- and water-efficient landscaping for urban buildings. Taha, et al, (1991) report on

fanexpeﬁmcntinanmhndthatshowscvenamanmaofmm%lsox307m)
- reduces air temperatures by about 2 degrees C. The extent to which a ing trees to cities
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can cool the urban air mass continues to be of interest to planners and energy analysts,
but there have been inadequate field tests to construct a reliable equation. nt work
by Simpson and McPherson (1993) in Los Angeles, in cooperation with the Southern
California Edison Co., is one of the first scientific field tests in urban landscapes that will
measure differences in air temperature among neighborhoods of different tree cover.

Increasing Building Reflectivity

Akbari, et al. (1990) reports from field experiments that there is a significant
decrease in building air conditioning demand when the roof and exterior wall colors are
lightened. They found that the combined effects of shading, air cooling, and lightening of
surfaces (increasing building albedo from 30 to 70%) pmc?c;ocd annual air conditioning
savings of up to 50%. It is not clear what the effects on vegetation and le will be if
the reflectivity of urban buildings is increased. A portion of the ultraviolet radiation
will be reflected and it is expected that humsan and vegetation UV burdens would
increase, but we do not know in what amounts.

In summary of this section, it appears that significant reductions in energy use and
associated power plant greenhouse gas emissions can be accomplished with appropriate
management of vegetation and building color. With future research, this understanding
will be extended to other surfaces and plantings, for example in parking lots which have
irnportant influences on urban climate, energy use, and greenhouse gas exchange with the
atmosphere. Electric utility companies in the U.S. are joining in research to determine
how urban vegetation can be managed throughout their service areas to reduce energy
consumption, sequester carbon, and reduce greenhouse gas emissions.

Discussion

I suggest that a useful approach to understanding the role of urban areas, and
urbanization as a land conversion process, in global climate change is to view the
problem and the possible solutions within a hierarchy of sgaml and temporal scales using
the ecosystem concept. waﬁ doing this, we can understand how the aggregate of individual
urban land use actions will be manifested at the regional scale, reverberating throughout
the mosaic of coupled ecosystems, and how the consequences of these individual actions
will bear on future generations. This approach helps us to see why urban areas, which
cover a small jon of the earth's surface, produce effects that are on a scale to be of
interest to global change.  ° ' )

Currently, we are trying to understand the urbanization process as it transforms
agricultural, forested, gr and wetlands into a landscape of mixed natural and
artificial surfaces. Traditional views of the urban-rural dichotomy may have to be
discarded as new telecommunications technology allows people and employers to
disperse across the landscape. The regional fluxes of energy, water, gases and
particulates from these mixed-surface and human-dominated landscapes must be modeled
at different scales. The research reported above helps us to construct those models at
different scales so that land planning and managcmcsx:;ipolicy and decisions can be guided
in a coordinated way from residents’ actions u the scale to long-term ecoregional policy.
An important question is how do we integrate human values and actions into thess
hierarchical models? If we must manage global landscapes to mitigate climate change, a
Fﬁmc candidate class of landscapes is that influenced largely bg'eprescnt or futare urban

and use. This is because the consequences of unguided urban development are large and
the potential for mitigation al:gropomonal to our ability to work through the people who
control landscape function and change.
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The ecosystem h demands that we consider all functions of urban
vegetation and soils at different scales, and the interaction of those functions as m
influence or respond to climate change. In the text above, I did not discuss the need to
know the amount of anthropogenic carbon released in order to plant, maintain and
remove various combinations of urban vegetation. The ecosystem approach requires
“total carbon accounting” rather than measuring just the carbon sequestered by additional
urban trees. Furthermoare, as urban land managers consider adding vegetation to reduce
energy consumption and greenhouse gases, they must consider what adjacent ecosystems
they may be impacting when water is transferred for large tree planting programs.

The course of urbanization transforms the vegetation and soil complexes of large
landscapes in obvious and not-so-obvious ways. We are just beginning to understand the
range and magnitude of these changes. The opportunity to discuss these in the context of
international concern over global climate change is a perfect forum for understanding the
interactions between the atmosphere and landscape containing a mix of urban, subux%an.
and exurban land cover. ‘
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Forest Management for Fixing and Sequestering Carbon

Gregg Marland, Virginia Dale, Robin Graham
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The concept of planting trees as part of a strategy to confront the possibility of global
climate change is now widely accepted. As trees grow they remove CO, from the
atmosphere and thus slow the atmospheric build-up of CO,, an important greenhouse gas.
Within the global-climate-change context, there are two fundamental prob)ems with
managmg trees to store carbon. First, the magnitude of fossil-fuel related emissions of CO,
is so large, 6 billion metric tons of carbon per year, that it takes very large areas of tree
planting to make a significant impact. Second, as trees mature their rate of growth, and
hence rate of net carbon uptake, declines. The large demand on land area suggests that
there is a limit to the fraction of total CO, emissions that we might reasonably expect to
offset with growmg trees. The ultimate maturation of forests suggests that there is a limit
on the length of time over which offsets are feasible and that we need to ask what to do as
the rate of C uptake declines. Acknow]edgmg that the availability of Jand will constrain the
ability of tree planting to offset industrial emissions of CO, , We consndcr how the land which
is available can be used most eﬂ'ectxvely

Our analysis speculates on how much land might be available for a forest management
strategy motivated (at least partially) by concerns about climate change, but our principal
focus is on how a given land area can be best used to minimize net emissions of CO, and
how much might be achieved on a unit of Jand. We do not suggest that carbon management

should be the principal criteria for land management, but we discuss the implicau'ons if it

* Managed by Martin Marietta Energy Systems, Inc,, under contract DE-ACOS—84OR21400

with U.S. Department of Energy.
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were. Confronting global and local changes in climate will be one of many objectives in land
management and we explore for the most effective strategy for pursuing this objective.

Land can be used to plant large areas of trees where there are not now trees and thus to
withdraw CO, from the atmosphere and store it as carbon in the growing trees. This is
what people generally have in mind when. they talk about "offsets”. A corollary to this
strategy is to protect ‘existing forests so that the contained carbon is not released to the
atmosphere. However, if our objective is to minimize net CO, emissions to the atmosphere,
land might be used not as an offset for CO, emitted, but in a way so as to prevent its
emission in the first place. If we used forest or agricultural land to raise trees to be used
as a fuel, an energy crop, we would reduce net CO, emissions to the extent that the
renewable energy crop replaced fossil fuel use. .In essence the carbon would be sequestered
in unburned fossil fuels, and the net cumulative CO, reduction would continue to increase
with every harvest cycle. We should, of course, also inquire whether managing trees under
any strategy is the best use of land for confronting climate change. The primary source of
anthropogenic emissions of CO, to the atmosphere is during the conversion of the chemical
energy of fossil fuels to thermal energy to run our machines. If we covered land with a
system for producing CO,-free thermal or electric energy, e.g. with photoelectric cells, we
could avoid much of our concern about carbon flows. To contrast this strategy with tree
planting involves many aspects which are beyond the scope of this analysis, but we do touch
on it by addressing the efficiency with which biomass energy systems can convert solar
radiation into useful energy.

The two basic forest management strategies are represented in schematic form in Figure 1.
The figure illustrates that a forest managed for carbon storage eventually matures and ceases
to be provide a sink for carbon whereas a forest which is harvested regularly to maintain
high growth rates, continues to provide a fuel offset indefinitely. '

Figure 1 helps us to visualize the difference between using tree planting in a carbon
-sequestering strategy and in a fossil-fuel-substitution strategy, but it does not provide us with
a realistic comparison. It does not show time or land area required. It does not address the
productivity of forests, the energy inputs required to operate an energy plantation, or the
efficiency with which biomass fuels can substitute for fossil fuels. It does not represent the
importance of soil and below ground carbon or of the wide variability in all of the above
factors in a real world. This analysis explores the shape of paths C and D in Figure 1 and
the factors that define those shapes. It explores the potential of tree plantations managed
as energy crops to minimize net emissions of CO, . It starts by discussing the productivity
of forests and how productivity varies in time and space and between natural and managed
stands. It then discusses photosynthetic potential and the limits of productivity. With the
atmospheric concentration of CO, increasing, we consider whether this is likely to accelerate
tree growth and ‘carbon uptake in managed and/or natural stands.- The role of carbon
storage in soils, especially as it relates to intensively managed and harvested stands is
discussed. With this insight into potential productivity, the analysis looks at the quantities
of land available in the U.S. as a function of productive potential and then at pressures on
global forest resources and the prospects for protecting or increasing the areas in forest
globally. The next section examines the important issue .of fuel-use efficiency and the
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prospects for biomass fuels to replace fossil fuels. Two final sections consider whether

"energy crop” necessarily means trees and whether large-scale changes in earth surface
A

Cumulative Net CO, Emisslons ——
.
N
(9]

[+)

FIGURE 1: Schematic representation of cumulative net emissions of CO, as a function of .

time for various combinations of a coal-fired power plant and forest management strategy.
Path A shows the uniform increase of cumulative net CO; emissions from the coal-fired
power plant. If enough trees were planted so that CO, emissions from the power plant were
exactly offset by the photosynthetic uptake of C in young, rapidly growing trees; path B would
represent the cumulative net emissions for the sum of power plant and tree plantation. The
latter part of path B shows net emissions growing parallel to those of path A as the mature
forest stand no longer has a net uptake of carbon. Path C sepresents net CO, emissions
when a sustained yield energy plantation is established after initial clearing and use of an
existing forest stand. Path D represents the emissions from a power plant which burns wood
from a sustalned-yield energy plantation established on a site which was not previously
occupled by forest. The path envisions a tree plantation started some years prior to operation
of the power plant so that the plantation can be partially harvested each year to fuel the
power plant with no net CO, emissions. The distance between paths C and D s related to
the amount of carbon which was held in the pre-existing forest. )

vegetation might have climate-change implications of its own - through alteration of the
ferrestrial albedo or hydrologic balance. The paper closes with some speculations on the
climatic impacts of energy plantations and some contrasts with carbon sequestering and

storage in trees.

Figure 2 illustrates the interaction of some of the factors which will define the most effective
use of land for minimizing net CO, emissions. Lines in the plot cross one another and the
optimum solution, that is the solution with the highest average annual rate of net CO,
© sequestering, changes with the interacting factors. Recognizing that plantation management
requires some input of resources and emission of CO, and that orie Mg of C in a forest
cannot substitute for one Mg of C in fossil fuel, results in the conclusion that managing trees
to store carbon in the forest will be the most effective option on some sites. Managing for
on-site storage of carbon will be favored where there is a large initial standing crop and low
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FIGURE 2: Output from a very simple model of carbon balance in a forest system (Marland
and Marland, 1992, Water, Air, and Soil Pollution, 64:181-195) shows that biomass fuel
plantations can, under some circumstances, result in more net "sequestering® of carbon than
would simple storage of carbon in standing trees. The advantage of the biomass plantation
increases with plantation productivity and the efficiency with which the biomass is produced
and used, and depends on how the site was occupied prior to establishment of the plantation.
This model run assumes that the maximum standing biomass which can be supported on the
site is 150 Mg C/ha and that forest productivity is initially at the rate described on the abscissa
but approaches 150 Mg G/ha asymptotically. Carbon "sequestered" includes both the increase
in standing biomass and the offset of CO, emissions when biomass is substituted for fossi]
fuels. “High-efficiency” means state-of-the-art efficiency for plantation management and
substitution for coal at an electric generating plant. "Low efficiency” is fuel substitution at
half this net system efficlency and is near what might be envisioned for a system producing
liquid transportation fuel from cellulose. Values for annual carbon sequestering are the
average over S0 years. Consideration of longer time intervals would increasingly favor biomass
fuels.

productivity and when there is a high energy cost or low efficiency associated with fuel
harvest and substitution. Clearly these factors will affect both the carbon balance and the
economics of biomass fuels. The questions for land management decisions involve the
circumstances under which plantation forestry is the best choice and how much carbon offset
is possible. ‘

Taken qualitatively, Figure 2 begins to demonstrate that the optimal solution for land use
_depends on existing land use and on Jand productivity. It depends on the efficiency with
which wood fuels can be substituted for fossil fuels and on the time’ period over which we
choose to average. Analyses of soil carbon show similarly that the impact of different forest

strategies will depend on the specifics of forest management, the initjal state of soil carbon,
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and on the details of the setting. Our more comprehensive analysis is examining the
importance of CO, fertilization for long-term sequestering, the impact that reforestation is
likely to have on climate through changes in albedo and hydrologic regime, and the possible
role of biomass crops other than tree species, i.e. herbaceous crops, as a replacement for
fossil fuels. Climate change itself adds another level of detail to a complete analysis because
any trees planted may be confronted with a changing physical environment and the changing
climate could have positive or negative feedback on ecosystem response through its impact
on carbon fluxes.

The prevailing view is that many variables will determine the optimal use of any particular
parcel of land in terms of its impact on net emissions of CO, to the atmosphere. Using
growing trees to store carbon on site will be the optimal choice on some low productivity
sites but, in general, sites with good productivity will produce a greater reduction in net CO,
emissions if they are used to produce a harvestable energy crop. The final choice of land
use will, of course, have to consider economic factors and a variety of objectives in addition

to carbon management.
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Abstract

Natural Resources Management
in an Era of Global Change

William T. Sommers
USDA Forest Service
Washington, OC

The international science community has issued a series of predictions of
global atmospheric change that, if they wverify, will have Theretofore
Unexperienced impact on our forests. Convincing the public and their natural
resource managers to respond to these effects must be high on the agenda of the
science community. Mitigative and adaptive responses we examine and propose,
however, should stem from an understanding of the evolving role of the natural
. resource manager and how that role might be affected by global change.

Three biological systems - croplands, forests, and grasslands (savannahs) -
support the world economy and are critical to the global environment. Forests
are the most widespread land-based ecosystem on Earth. They play many roles in
providing for the economic and environmental well being of human kind.
Palececological evidence demonstrates that forests have undergone massive
changes in association with previous changes in climate.

At their post-glacial peak, forests are estimated to have covered 6.2 billion
hectares of the Earth's surface compared with a coverage today of 4.2 billien
hectares. In the United States, the retreating glaciers yielded to forests
that covered 388 million hectares. About 388 million hectares of the United
States is tree coversd today, despite large increases in  population,
industrialization, and urbanization that have occurred in last three and half

centuries.

Forest management has its roots in the conservation and manipulation of forest
wildlife habitat For hunting purposes and for the protection of timber for its
commodity value. Today's forest managers are faced with a much broader array
of smocial, ecological, and economic demands that they must balance while
pursuing sustainability of the global forest resource. The linkage of forests
and climate combined with prediction of climate change, and other aspects of
global change, will place unprecedented pressure on forest managers as they
attempt to respond to multiple interacting demands.

Mitigative and adaptive strategies for responding to potential climate change
are presented that consider the role of the natural resource manager.
Mitigative responses are framed under three strategies -- a "carbon” strategy;
an "energy substitution” strategy: and an_“energy demand" strategy -- that
place the decision burden at the national policy level and could be reasonably
implemented by resource managers. Rdaptive responses will be need if climate
change predictions verify. These responses must be much more localized and
specialized te the particular resource condition and social circumstances
present.  The burden of adaptive strategies will fall on the natural resource
manager -- not national policy makers -- and make those individuals pivotal in
responding to global change. Six strategies are presented for developing

adaptive responses.
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Forest Management Technigques for
Carbon Dioxide Storacge

Takao Fujimori
Forestry and Forest Products Research Institute

Tsukuba, Ibaraki 305, Japan

1. Purpose and Background

In the global ecosystem concerning carbon dioxide content in the
atmosphere, the forest ecosystem plays an important role. In effect, the
ratio of forest biomass to total terrestrial biomass is about 90%, and the
ratio of carbon stored in the forest biomass to that in the atmosphere is
two thirds. When soils and detritus of forests are added, there is more C
stored in forests than in the atmosphere, about 1.3 times or more. Thus,
forests can be regarded as the great holder of C on earth.

If the area of forest land on the earth is constantly maintained and
forests are in the climax stage, the uptake of C and the release of C by
and from the forests will balance. In this case, forests are neither sinks
nor sources of CO2 although they store a large amount of C. However, when
forests are deforested, they become a source of C; through human activi-
ties, forests have become a source of C. According to a report by the
IPCC, 1.6%1.2 PgC is annually added to the atmosphere by deforestation.
According to the FAO (1992), the area of land deforested annually in the t
ropics from 1981 to 1990 was 16.9 x 10° ha. This value is nearlyhalf thear
ea of Japanese land. The most important thing for the CO2 environment
concerning forests is therefore how to reduce deforestation and to
successfully implement aforestation or reforestation.

It is also important when managing forests not to degrade them, that
is, it is crucial to maintain the productivity and to preserve the forest
soils. Therefore, sustainable management techniques for forests are
required.

To raise the capacity of the forest stand, following management
techniques are proposed. Firstly, the biomass of the stand should be
increased then maintained at a certain high level with gradual and partial
regeneration which is done with partial harvesting of old matured trees
whose net production has become very small. Secondly, plantations should -
be established and maintained which have a larger stand biomass.

The restriction of deforestation and aforestation is urgently neces-
sary in tropical regions. However, this requires fundamental political and
social countermeasures, for example, guaranteeing the life of the inhabit-
ants and securing the protection of the forests. Porestry techniques such
as how to aforestate and how to rebuild degraded forests into valuable
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ones could be offered. lJapan is working on various cooperative projects to
establish social forests, environmental forests, and industrial forests in
developing countries. Agroforestry is an important compronise system
between agriculture and forestry, which has an agricultural base. Coopera-
tion between various disciplines is necessary to protect, preserve, and
recover tropical forests. However, in this report, discussion focusses on
pure forestry techniques, especially on how to preserve soil quality and
raise or maintain stand biomass.

2. On-going research and future plans

Preservation of productivity

Forest productivity is maintained by the forest ecosystem, i.e.,
through normal turnover of energy and materials such as water, carbon, and
ninerals. In this ecosystem, the composition and function of the forest
soil is especially important as it develops over many years through the
accupulation of fallen leaves and branches, the activities of soil fauna
and microbes under the shade and mild microclimate created by the forest.
Yell-developed soils hold much water and air, and contain sufficient
ninerals and carbon which are the basic conditions for high productivity
as well as for storing C and acting as a watershed. Once a forest is
clearcut or destroyed, it takes at least several decades for the soil to
recover to its condition before the clearcut.

The general pattern of forest development after clearcutting or
disturbance is shown in Rig. 1. It takes about 10 years or so until the
dominant tree species close the stand, during which time various plant
species, both herbaceous and tree species, appear and compete severely.
For the first several months, the soil is exposed to the sun, wind, and
direct raindrops, which destroy the subtle structure of the soil and the
broken fragnents are removed by the overland flow or wind. Up to the
second year, the stand is covered mainly with grasses. As the years go by,
tree species gradually dominate. The stage during which the stand is
closed by a few dominant species is referrd to as the stem exclusion
stage. Entering this stage most of species which were prevalent in the
stand initiation stage are eliminated and new species can seldon invade
during the stem exclusion stage because sun light is mostly absorbed and
reflected by the closed canopy. Consequently understory vegetation becomes
scarce and soil development slows due to direct impact of raindrop on the
soil and litter which brings about erosion of the soil. This phenomenon is
nore pronounced as the inclination of the stand increases. The sten
exclusion stage lasts 30 years or so in Japan.

As the age of the stand approaches 40 to 50 years old, the light
intensity on the forest floor gradually increases, which allows invading
and surviving understory vegetation to exist, although its growth is very
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small. During this stage, the structure of the forest soil returns to its
condition before the disturbance of the forest. This stage is called the
understory reinitiation stage. In this stage, the stand biomass still
continues to increase although the rate is not as high as in the younger
stage (10 to 40 years) (Fig. 2). The understory reinitiation stage lasts
100 years or so in many of the forests of main species in Japan. After the
understory reinitiation stage, dominant trees in the overstory gradually
die by old age or wind damage, and young trees grow up fron the understory
to the overstory in the gaps created by the death of old trees. This stage
is called the old growth stage or climax. In this stage the biomass of the
stand reaches a constant as the amount of growth and death every year in
the stand balances. Therefore, the uptake and release of C02 by and froa
the stand balances, with large amount of C stored in the stand.

The dynamics of biomass as the stand develops is schematically shoun
in Pig. 2. In the stem exclusion stage, the rate of increase of biomass is
large, gradually decreasing during the understory reinitiation stage and
reaching a biomass maximum in the later part of the stage. Then around the
beginning of the old growth stage, the biomass decreases to a certain
extent where it remaines constant through the old growth stage. In the
clearcutting system, the long rotation system has-the perit of pursuing
understory reinitiation stage, while the short rotation syster pursues
that of the stem exclusion stage. The selection system should imjtate the
0ld growth stage by harvesting the dominant trees gradually in the under-
story reinitiation stage before they deteriorate.

The dynamics of the biomass in relation to the silvicultural systenms
mentioned above are schematically shown in Rig. 3. The biomass in the
stand with the selection system maintains a certain high level. The
biomass in the stand with a long rotation system has a large range, fron
zero to the largest biomass in the later part of the rotation. In this
rotation system, thinning is usually repeated and the biomass fluctuate a
little accordingly, but it was evolved with a single curve. Total amount
of biomass over a long time in both stands is simillar for both the
selection system and the long rotation systen. On the other hand, the
total amount of biomass in the stand with a short rotation systes is
small. Therefore from the view point of C storage, the selection systea or
long rotation system is desirable. ¥hen sustainable management for the
soil is also considered, the selection system is probably best.

The most popular rotation interval for the production of saw timber
painly for structural ¢omponents of buildings in Japan has been 40 to 50
years. This is because the largest number of logs of the right size for
standard size square timber can be harvested after a relatively short
period which close to the peak of the average annual growth rate. The
theory of harvesting at the time of highest average growth rate is
reasonable for producing wood for biomass uses like fuel and pulp, but it
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is not reasonable for producing saw timber, because the quality of wood
and harvesting rate of timber from logs increases as stand age increases
until the later part of the understory reinitiation stage. Due to the high
cost of regeneration including weeding, such short rotations as 40 to 50
years for the production of saw timber has been criticized in Japan: In
Japan, weeding must be done 5 to 8 times to regenerate the plantation
after clearcutting.

To combine the demands made on forests, that is, the sustainable
storage of C and the production of as much timber as possible, systems
with a long rotation, harvesting by repeated thinning, regeneration with-
out clearcutting, the selection system, or a mixture of these are
desirable. The diversity of species and the watershed function must also
be maintained. Such systems have rerely been used for forest management in
Japan and in most of the world. However, in Japan these systeas have been
gradually developed and promoted officially and privately for the last 5
to 10 years. Even so, there are still barriers against it. The main reason
is that managers are likely to want a large harvest in a short period
(without an overall or long term view) and they want to harvest cheaply.
To remove the barriers, it is necessary to improve the laws and subsidies
available to meet the current demands of society and the current theories
of forestry, as well as to spread awarenes of the theories and techniques
of the ideal systems. It nmust be emphasized that forest nanagement must
satisfy the social demand on the forests and contribute to the environ-
ment.

The benefit of the long rotation system was enmphasized above, but the
short rotation system with clearcutting is necessary to produce pulp and
fuel wood. To maintain the soil quality, the forests which are kept by
this systen must be on flat land or only a gentle slope. The species which
grow fast and can regenerate by sprouting are required for this systen.
Regeneration by sprouting is necessary so that the open stand can be
closed earlier both for production and the environment. Vigorous sprouting
is generally found in young hardwood trees, so sprouting system cannot be
adopted for coniferous forests and the long rotation system. Most products
of the short rotation system have a short life span, that is, stored C is
quickly released to the atmosphere through combustion or decay. Even so,
so long as the forests regenerate and maintain the same productivity, the
forests are fixing C to at least the same level as is being released from
the products. Therefore, provided that products from the forests are used
and the forests sustained, CO2 in the atmosphere does not increase. Thus,
how to sustain the productivity of the forest (soil quality) in the short
rotation system is very important. Slashes should be left in the stand as
far as possible.

Significance of plantations
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To increase the amount of C stored in forests, the establishment of
plantations is effective. Desired species used for plantations have a high
growth rate and the growth which lasts longer, thus accurmulating the
production matter in a large biomass. Under natural conditions, most
species cannot usually establish themselves on their best site mainly due
to interspecific competition. So if we plant seedlings of desired species
on its most suitable site and control interspecific competition, C storage
should increase. In Japan, this can be found typically in sugi (Crypto-
peria japonica D. Don) plantations. ,

Under natural conditions, sugis grow on comparatively dry or poor
sites as a result of interspecific competition. The best site for sugi is
vet to moderate sites which are generally occupied by broad-leaved
species. When we establish sugi plantations on the best sites, the
productivity and biomass is far larger than those for natural forests. The
growth rate of sugi is high after the first five years or so after germi-
pation and it maintains a fast growth longer, then becoming the largest
tree and a stand of it on a suitable site will have largest biomass in
Japan. As the quality of wood is preferable for saw tinber, sugi is the
post popular species for plantations in Japan, and adequate managenent of
sugi plantations contributes also to the storage of C.

Japan has 400 year history of plantations, and from the 1850s to
1960s, plantations have been aggressively established officially and
privately. The ratio of the area of plantations to the area of whole
forest lands is now 40%, and Japan is said to hold 108 of the vorld plant-
ation area. This is a large figure for the small area of forest land in
Japan compared to the world. In the growing stock of plantations, the
ratio of conifers is 99%, while in the growing stock of natural forests,
the ratio of hardwood is 71%. The ratio of sugi plantation area to whole
plantation area is about 40%.

According to a data in the Annual Statistics on Forestry edited by
Porest Agency (1992), annual stem volume increment of plantations and
natural forests in Japan are 12.5 x 10° »3/yr and 6.1 x 10° »®/yr,
respectively. The value of the plantations is thus 2 times as nmuch as
natural forests. Since the plantation area is 67% of natural forests, the
growth rate of plantations is 3 times as puch as natural forests. Much of
this must be due to plantations being established on better sites and the
average stand age of plantations must be younger than that of natural
forests. However, even if such factors are‘ponsidered, it is clear that
the ability of plantations to fix C is far larger than that of natural

forests.

The amount of C annually fixed by forests in Japan was estipated from
the data in the Annual Porestry Report edited by Porest Agency (1991).
Stem volume increments in plantations and natural forests were obtained by

277

- ke e N ———s —————bi < SR e oo A o5t At +om < g = 2




averaging the increased volume froa 1986 to 1989. Stem volume harvested

was obtained by averaging the harvested stem volume from 1988 to 1988. The

calculations were made with the following assumptions:

" @ Total amount of C fixed is the sum of the net production of aboveground
and underground biomass and increased organic matter in the soil.

@ Net production of climax forest is zero, but most forests in Japan have
a positive net production.

@ Carbon stored in leaves becomes C in organic matter in the soil after
they fall. The amount of annual litter fall and decomposed organic
matter in the soil are constant. So the C in the soil is constant.

Carbon annually fixed by forests in Japan [MgC)

= (Sten volume increment in plantations + stem volume increment in natural
forests + Stem volume harvested) (ka®)
x (Biomass increment of Stem + Branch + Leaf + Root/Biomass increment of
stem) x specific gravity (Hg/m®) x ratio of C in the weight of dry
matter

= (59,250 + 9,500 + 38,820) (ke®) x (1 + 55/45) x 0.45 (Mg/a®) x 0.5

53.8 TgC/yr

As estimated above, about 54 TgC is being accumulated annually in the
forests in Japan. According to the Environment Agency (1992), the average
annual amount of C produced by a person in Japan in 1990 was 2.7 MgC. Thus
Japanese forests fix C for 20 x 10° people every year. The contribution of
plantations in this figure can be approximately evaluated. From the
accurulated data, in the later part of the understory reinitiation stage,
the general stand biomass of a sugi plantation is about 500 Kg/ha or rore,
while that of natural hardwood forests is below 300 Mg/ha. Therefore, both
from the viev point of the fixation rate and the storage capacity of C,
plantations are very significant.

Plantations play an important role not only for producing goods but
also for the high fixation rate and storage of C. However, if the
selection of sites is inadequate, the effect is the reverse, and the sites
nust be properly managed. Widespread plantation degrades both the
diversity of species of plants and animals. The distribution of planta-
tions should be done carefully and a mosaic pattern of plantations and

"patural forests is desirable. :

+

3. Puture View for Cooperative Research with the U.S.A.
The following information needs to be exchanged.
® Estipation’ method of C fixation and storage in a stand in relation to
the stand development involving the soil and stand management.
@ How to rodify the traditional silvicultural systems or establish new
‘ones to maintain high storagée of C based on the information from @M.
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Adaptation Responses of Crops to Climate Change
Hiroshi Seino

National Institute of Agro-Environmental Sciences
Kannon-dai, Tsukuba, Ibaraki 305, Japan

Purpose and Background

Appreciable global climatic responses to increasing levels of atmospheric CO, and
other trace gases are expected to take place over the next 50 to 80 years. Increasing
atmospheric concentrations of carbon dioxide and other greenhouse gases are producing
or will produce changes in the climate of the Earth. In particular, numerous efforts of
climate modeling project very substantial increase of surface air temperature. In addition
to a general warming of the atmosphere, the possibility of increased summer dryness in
the continental mid-latitudes has been suggested on the basis of both historical analogues
and some General Circulation Model (GCM) studies.

There are three types of effect of climatic change on agriculture: (1) the
physiological (direct) effect of elevated levels of atmospheric CO, on crop plants and
weeds, (2) the effect of changes in parameters of climate (e.g., temperature,
precipitation, and solar radiation) on plants and animals, and (3) the effects of climate-

related rises in sea-level on land use.

The direct effects of elevated CO, are on photosynthesis and respiration and
thereby on growth, and there are additional effects of increased CO, on development,
yield quality and stomatal aperture and water use. A doubling of CO, increases the
instantaneous photosynthetic rate by 30% to 100%, depending on the other
environmental conditions, and reduce water requirements of plants by reducing
transpiration (per unit leaf area) through reductions in stomatal aperture. A doubling of
CO, causes partial stomatal closure on both C; and C, plants (approximately a 40%
decrease in aperture). In many experiments this results in reductions of transpiration of
about 23% to 46%. However, there is considerable uncertainty over the magnitude of

this in natural conditions.

Agricultural production is one area where consequences of climate variations are

felt particularly strongly, therefore agriculture is expected to be especially vulnerable to
climatic changes. It has been suggested that a warmer and drier climate in central North

America as predicted by GCMs could result in crop yield decreases, and shifts of major
cropping areas.

Furthermore, the symptoms can be seen in many'places in the form of land
degradation and environmental pollution. Climate change has a possibility to accelerate

those symptoms.
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Our main interests are the quantitative understanding of effects of climatic

warming on crop production and of possible adaptation strategies to counteract the
negative effects of climate change on crop production.

Ongoing Research and Future Plan

(D

)

Ongoing research

Uchijima and Seino (1988) described that agroclimatic resources, particularly
thermal, and net primary productivity would be very sensitive to the climate
changes which might occur by about the middle of the twenty-first century.

Uchijima (1987) showed that the increase in mean temperatures of about 3
degrees C could open up most of the area below about 600 m altitude for rice
cultivation and the yield index of present rice varieties may be increased by about
5% in Hokkaido and by about 2% in Tohoku under the 2 x CO, GISS scenario.

Horie (1987) showed that the rice yield in Hokkaido could increase by the
adjustment of rice production technology to the changed climate, e.g., selecting
alternative rice varieties, changing the planting date and procedures, and
modifying the management of nutrients and weather, using a simulation model for
rice.

Seino (1992) simulated the changes in crop yield under the doubling CO, climate
using crop models and climate change scenarios projected by general circulation
models. The results showed that a temperature increase could have results in
crop yield decrease in many regions in Japan under the present management
system. While the direct beneficial effects of CO, may compensate for the yield
decrease in central and northern Japan, they do not compensate for the larger
yield decreases in southwestern Japan. Seino also described that early planting
and irrigation are possible adaptation strategies for the management systems to
climate change.

Future plan

Several adjustment of agricultural practice are anticipated to adapt to changing
climate. There are selecting alternative varieties, changing the planting dates and
sowing procedures, and modifying the management of nutrients and water. We
need to advance the studies on possible adaptation strategies of management
systems to climate change. An agroecosystem model is also needed to assess the
climate change effects on agriculture, and make possible adaptation strategies.
Furthermore, the symptoms can be seen in many places in the form of land
degradation and environmental pollution. It is needed to adopt a concept of
sustainable agriculture. To advance these studies, the use of systems methodology
and of modern information technology is needed. ’
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Future View for Collaborative Research with USA

Simulation model of crop is a useful tool for climate change impact and
sustainability assessment. Some simulation models of crop are developed in U.S. and
Japan. The model developments for crops are:

1) the addition of new crop models

2) the refinement of existing models of growth, development and yield

3) the development of modules to enable simulation of key pest, weeds and
diseases and their effect on the photosynthetic respiratory and reproductive
capacity of crops and their final expression as yield loss

4) the assessment of adaptation strategies for new agriculture management
under the climate change conditions.

The model developments for soil and water are:

1) refinement of existing models of soil and water process

2) addition of modules dealing with phosphorus, potassium and sulphur
dynamics

3) modeling of biological nitrogen fixation process, organic matter turnover,

soil erosion, nutrient loss, pesticide movement, and water quality
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Rising Atmospheric CO, and Crops: Research Methodology and Direct Effects

Hugo Regers Basil Acock

National Soil Dynamics Laboratory Systems Research Laboratory
ARS-USDA ARS-USDA

P. O. Box 3439 Bidg. 011A-165C, BARC-West
Auburn, Alabama 36831 Beltsville, Maryland 207085

Carbon dioxide is the food of trees and grass. Our relentless pursuit of a
better life has taken us down 8 traffic jammed road, past smoking factories and
forests. This pursuit is forcing a rise in the atmospheric CO, level, and no one
know when and if flood stage will be reached. Some thinkers have suggested that
this increase of CO, in the atmosphere will cause warming. No matter whether
this prediction is realized or not, more CO, will directly affect plants. Data from
controlled observations have usually, but not always, shown benefits.

Our choices of scientific equipment for gathering CO, response data are
critical since we must see what is happening through the eye of the instrument,.
The signals derived {from our sensors will ultimately determine the truth of our
conclusions, conclusion which will profoundly influence our policy decislons.
Experimental gear is selected on the basis of scale of interest and problem to be
addressed. Our imaginations and our budgets interact to set bounds on our
objectives and approaches. Techniques run the gamut from cellular microprobes
through whole-plant controlled environment chambers to field-scale exposure
systems. Trade-offs exist among the various CO, exposure techniques, and many
factors impinge on the choice of a method. All exposure chambers are derivatives
of three primary types--batch, plug flow, and continuous stirred tank reactor.
Systems for the generation of controlled test atmospheres of CO, vary in two basic
ways--size and degree of control. Among the newest is free-air CO, enrichment
which allows tens of square meters of cropland to be studied.

Carbon dioxide is the first molecular link between the atmosphere and the
food chain of the entire biosphere. It enters via the photosynthetic mechanism of
green plants which are the primary food source for the rest of the planet’s living
organisms. The carbon from CO, not only supports and powers plant life but also
regulates its vital functions. As a crucial feedstock to plant productivity, its
increase often leads to enhanced crop yields. But because a plant’s reaction is
species-specific, surplus atmospheric CO, could lead to altered plant competition,
subsequently resuiting in shifts in community structure. Carbon dioxide interacts
with other factors that influence the growth of plants and has often been
experimentally observed to ameliorate some stresses.

Knowledge gaps dictate priority targets for future research. Our

understanding of the effects of increased CO, on photosynthesis (especially
acclimation), respiration, and water relations should be sharpened. Below ground
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responses--root growth, rhizosphere microbiology, and soil processes--should be
studied. Carbon dioxide's interactions with other physical variables (such as
troposptheric O, and ultraviolet-B radiation) need further study. Biological
interaction including competition in the ecosystem context must also be
investigated. Finally, the role of rising CO, in the global carbon cycle--flux and
storage--has to be elucidated. Our well-being and our economic welfare really
depend upon both natural and agricultural plant systems, systems that are tuned to
the influx of atmospheric CO, and changes in related factors.
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Mitigation Strategies for Methane Emissions from Agricultural Sources
John M. Duxbury, Cornell University

Preliminary Abstract for US Japan Workshop

Anthropogenic emissions of CH, account for 70% of total global emissions of this
greenhouse gas. Current anthropogenic emissions of CH, in the US are estimated to be
between 24-30 Tg CH, or 7-9% of the global anthropogenic total. By comparison the US
is responsible for 27% of anthropogenic emissions of CO, from fossil fuel use. Table 1
shows that the major anthropogenic sources of CH, in the US are landfills (37%), domestic
livestock and livestock waste (31%) and the coal mining/natural gas/petroleum industries
(28%). On a global basis it is estimated that US landfills contribute 30% to the global
landfill total, whereas livestock (including waste) and the coal mining/natural gas/petroleum
industries each contribute about 8% to their respective global totals. The US is an
insignificant contributor (<1%) to global emissions of CH, from rice paddies.

The latest data from the IPCC (Table 1) shows that agriculture is responsible for
46% (or 57% if biomass burning is included in this category) of global anthropogenic
emissions of CH,. The IPCC now estimates that CH, emissions associated with livestock
are greater than those from rice paddies - 29 and 17%, respectively of the global
anthropogenic total; however the rationale for reducing the global estimate of CH,
emissions from rice paddies is questionable.

Research by US scientists has addressed all agricultural sources of CH, and has been

directed towards improving knowledge of source strengths and identifying mitigation

strategies. Some research has also addressed the impacts of land use change on CH,

287

o b v e e T i ROt e S




oxidation by soils. US scientists and agencies, especially the Environmental Protection
Agency, have been involved in assessment and evaluation activities at the global scale. A
primary objective of the US EPA Climate Change Program is to identify and evaluate
options for stabilizing or reducing global CH, emissions.

Emissions of CH, directly from ruminant animals are estimated to account for 22¢%
of the global anthropogenic total and about 70% of these emissions are associated with
cattle. The fraction of feed energy converted to CH, has long received considerable
attention because this reduces the efficiency of feed utilization and hence animal
productivity. Methane generation by ruminant animals is dependent upon feed quality being
higher with low quality forages. For cattle fed straw, as much as 15% of the digestible
energy may be converted to CH,. It is estimated that 70% of the world’s cattle (including
buffalo) are in developing countries where feed is usually of poor quality compared to
developed countries. Strategies for mitigation of CH, emissions from ruminant animals fall
into two categories:

(i)  reduction of CH, emissions from individual animals

(ii)  reduction of animal numbers because of the higher efficiency of individual

animals and improved herd management.

Improved nutrition of animals fed low quality forages and reduction in methane
emissions per unit of weight gain or milk production can be achieved by supplementation
with nutrients and by-pass proteins (Leng. 1991). Examples of the impact of
supplementation strategies on CH, emissions from cattle show a 50% reduction in the
generation of CH, per unit of digestible energy (Figure 1A) énd a six-fold reduction in

methane production per unit of live weight gain (Figure 1B). Further reductions in CH,
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emissions from cattle fed straw can be achieved by treatment of straw with ammonia to
increase its digestibility (Figure 2). Similar modifications of the diets of native cattle/
buffalo in India decreased CH, emissions per liter of milk production by a factor of 3
(Figure 3). Furthermore, improved genetic stock (Friesian-Holstein) performed as well in
India when fed tropical forages plus supplements as in the UK with high qualin
forage/concentrates (Figure 3).

Supplementation strategies also can almost halve the age of first calving and the
intercalving interval of cattle fed low quality forages. Under this scenario, the requirement
for breeding and dairy cows is reduced by at least 50%, while maintaining the same
productivity in terms of replacement meat or draft animals and milk. Reductions in herd
size should also be realized leading to further reduction in CH, emissions.

Opportunities for reducing CH, emissions from intensively rﬁanaged dairy cows in
developed countries and estimated reductions are genetic improvement (10%), use of bovine
growth hormone (10%), and improved feed formulations (4%). For beef cattle.
pharmaceuticals currently being developed that promote protein gain at the expense of fat
could reduce CH, emissions by as much as 20% (CAST, 1992). Longer-term
biotechnological approaches could be aimed at modification of rumen fermentation to
eliminate CH, production.

Detailed analyses of global CH, emissions from livestock and poultry manures
(Figure 4) indicate that this source generates about 28 Tg CH, /yr; range 20-35 Tg (Safley
et al.,, 1992). About 10 Tg, or 35%, of the CH, is derived from liquid/slurry and lagoon

storage systems and could potentially be recovered. Mitigation options do not really exiut

for the remaining wastes. Environmental regulation in developed countries may alter
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manure handling practices and effects on CH, emissions should be considered in
development of regulations.

Estimates of global methane emissions from rice paddies are based on relatively few
measurements. There is a great need for systematic measurement of CH, emissions from
representative rice production systems in Asia. New technologies such as tuneable diode
laser spectroscopy should allow measurements to be made at larger scales than previously
and under real conditions in farmers fields. A number of mitigation strategies have been
suggested, including cultivar selection, N source and placement, use of nitrification
inhibitors, and alternative water management but this work is still at the research stage
(Braatz and Hogan, 1991).

Strategies for reducing CH, emissions from rice paddies by making the soil more
aerobic, for example by mid-season draining, may stimulate N,O emissions both during
drainage and re-flooding. Tradeoffs between different greenhouse gases should always be
evaluated when developing mitigation strategies for a particular greenhouse gas.

Population growth and the associated need for more food will counteract efforts to
mitigate CH, from agricultural sources and it is uncertain that these will be reduced below
present levels in the iong-term. It has been estimated that the demand for rice will increase
from 480 to 780x10° t/yr, a 65% increase in the next 30 years (FAO, quoted in US EPA,
1990). Such an increase will have to be met, at least in part, by increasing yields because
of land area limitations to agricultural expansion. There is already concern that high rice
(and wheat) yields realized after the "green revolution” are not being sustained. Greater
inputs of organic matter (legume green manures, and animal manures where available) may

be needed to sustain high rice yiélds, and organic additions will enhance emissions of CH,
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(see Figure S5). Conflicts between agricultural sustainability, food production, and
greenhouse gas emissions will undoubtedly increase in the future. Moreover, because 709
of the agricultural emissions of CH, are from developing countries (Figure 6) issues such

as infrastructure, economics, and culture are important and will have to be addressed with

sensitivity.
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Table 1. Anthropogenic Sources of Methane

Global* us*

Activity Tg % Tg  %US %Global
Coal Mining/Nat. Gas/ 100 28 1.9 28 8
Petroleum Industries
Ruminant Animals 80 22 5.8 21 7
Animal Waste 25 7 27 10 11
Rice Paddies 60 17 0.4 1 <1
Biomass Burning 40 11 NA®
Landfills 30 8 10.0 37 33
Domestic Sewage 25 7 NA®

Total 360 27.9 8

! global data from IPCC (1992) and US data from US EPA (1992)

® data not available
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Figure 1. (from Leng 1991)

(A) The effects of improving the efficiency of rumen fermentative activity on methane production per
kg of digestible energy consumed.

(B) The production of methane per kg gain in supplemented cattle [feed conversion efficiency
(FCR) 9:1] or unsupplemented cattle (FCR 40:1) fed straw based diets (after Saadullah 1984)
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Figure 2. (from Leng 1991)

Effects of supplementation and straw treatment on the kg methane produced for each kg gain in
cattle fed straw that was untreated or treated with ammonia to improve its digestibility. The resuits

are from experiments published by Perdok et al. 1988
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Figure 3. (from Leng 1991)
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Figure 5. Effect of green manure additions on CH, flux from a
California rice paddy (from Lauren and Duxbury, unpublished)
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Figure 6. Methane emissions from developed and developing countries

(based on IPCC 1992 source estimates)
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Strategy for reduction of methane emissions from rice paddy fields

Haruo Tsuruta
National Institute of Agro-Environmental Sciences

1. Global estimates of methane emissions from rice paddy fields

Rice paddy field is one of the major sources of methane
emissions to the atmosphere. According to the IPCC reports in 1990
and 1992, global estimate of methane emission rate from rice paddy
fields has drastically decreased by 55% in these two years. There
is, however, still large uncertainty with this estimate.

2. Rice paddy areas in the world

Rice paddy fields are concentrated in Asia because of monsoon
climate, and which has 90% of the total rice paddy area in the
world. In Asia, about 60% of total area is located in India and
China, while Japan has only 2% of the total area.

3. Measurements of methane flux from rice paddy fields
About ten years have past since the first measurement of

methane flux from rice paddy fields was carried out in California.
The field data now available is, however, not enough in the Asian
region.

In Japan, We have measured the methane flux from rice paddy
fields in a agricultural experi-:ntal station located at the
northern part of Tokyo me*  _ _lo n area for these four years.

Since we could have - Nl tropical and tropical regions
in Asia, we have 04JA/Q v the methane flux in Thailand
since 1990, unde /J A he Department of Agriculture
in Thailand. T SC7 rate during one cultivated
season in Thailai Lﬁd (Qﬁ? ge of 4 to 75 g/m2. These
values are not so f76k+ﬂ those obtained in temperate
region of norther. C se two years, several data
have been publishe ~ .ndgia. Since last year, we have
just started a col _ve study on methane flux from Chinese

rice paddy fields L_cween Japan and China.

4. Controlling factor of methane emission from rice paddy fields

Methane emission rate is determined as a result of methane
production, methane oxidation and transport mainly through rice
straw. According to the several studies, the major controlling
factors of methane emission from rice paddy fields are summarized
as follows.

(1) Soil types/soil properties.

(2) Rice varieties.

(3) Plant activities.

(4) Application of nutrient,

(5) Water managenment.

(6) Solar radiation energy/soil temperature.

IPCC report in 1990 made an overestimate of methane enission
because the methane emission in tropical region was calculated by
a linear extrapolation of temperature obtained in temperate region
In tropical region, organic carbon can be deconposed faster than
in temperate region. The other reason of overestimate was that the
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difference of soil types could not be taken into consideration.
As for India, the area of acid soil in which methane emission is
poor, is equal to 50% of the total area in India.

5. Reduction techniques of methane emission

Reduction technology to be developed for methane emission from
rice paddies should maintain rice productivity, and should be
consistent with sustainable agriculture. Most reliable reduction
techniques are summarized as follows.

(1) Improvement of rice varieties.

(2) Water management.

(3) Nutrient management. ,
(4) Cultivation practice. Scenayyof

We have been studying how the different seniexrs- of water
management can influence on methane emission, and we have got a
preliminary result of drastic decrease of methane emission by
earlier start of the drainage period. This reduction technique,
however, may not be suitable for other countries. Then, each
country should develop the best reduction technique available to
each country. -

It is significantly serious problemg,that nitrous oxide was
emitted when methane emission stopped afar drainage. We should
take care that a reduction technique for‘methane emission do not
contribute to emission of the other greenhouse gases from
agricultural fields.

6. Toward a goal of sustainable agriculture

From agricultural eco-system, many kinds of gaseous species
which can influence on the earth's environment are emitted to the
atmosphere, in addition to methane.
(1) Nitrous oxide.
(2) Nitric oxide.
(3) Ammonia.
(4) Non-methane hydrocarbon.

We should also develop reduction techniques of these gases
toward a goal of sustainable agriculture.

7. Collaborative study in the future

We have many important issues to collaborate with many
countries.
(1) Cross check of methane flux measurement by closed chamber
method.
(2) Development of new technique for measurement of methane
emission in regional scale. '
(3) Development of reducing techniques for methane and the other
trace gases useful for each country.
(4) Sustainable agriculture.
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An Assessment of Alternative Agricultural Management Practice
Impacts on Soil Carbon in the Corn Belt

Thomas O. Barnwell, Jr., Robert B. Jackson, IV, Lee A. Mulkey
Environmental Research Laboratory, U.S. EPA, Athens, GA 30613

This impact of alternative management practices on agricultural soil C is estimated
by a soil C mass balance modeling study that incorporates policy considerations in
the analysis. A literature review of soil C modeling and impacts of management
practices has been completed. The models selected for use and/or modification to
meet the needs of representing soil C cycles in agroecosystems and impacts of
management practices are CENTURY and DNDC. These models share a common
ability to examine the impacts of alternative management practices on soil organic

C, and are readily accessible.

An important aspect of this effort is the development of the modeling framework
and methodology that define the agricultural production systems and scenarios
(i.e., crop-soil-climate combinations) to be assessed in terms of national policy, the
integration of the model needs with available databases, and the operational
mechanics of evaluating C sequestration potential with the integrated
model/database system. We are working closely with EPA’s Office of Policy and
Program Evaluation to define a reasonable set of policy alternatives for this
assessment focusing on policy that might be affected through a revised Farm Bill,
such as incentives to selectively promote conservation tillage, crop rotations,
and/or good stewardship of the conservation reserve. Policy alternatives are
translated into basic data for use in soil C models through economic models.
These data, including such elements as agricultural practices, fertilization rates,
and production levels are used in the soil C models to produce net carbon changes
on a per unit area basis. The unit-area emissions are combined with areal-extent
data in a GIS to produce an estimate of total carbon and nitrogen changes and thus

estimate greenhouse benefits.

While data from long-term field studies has provided much information about the
possible rates and directions of change in soil C under various management
regimes, our current knowledge base is very fragmented. Most of what we know
concerning soil organic matter (SOM) dynamics has been obtained by studying
SOM losses; we understand less about SOM accumulation and how it varies across
soil types, climatic regions and management regimes. A network of field sites in
the Corn and Wheat Belts has been organized through a cooperative agreement
with Colorado state University and Michigan State University. Emphasis is on
collection, preparation, and evaluation of soil C data. Sites where comparisons of
management practices are possible have been given highest priority. Outputs of
the studies will be useful in validation of the results of the modeling study as well
as providing a better understanding of the response of SOM to management.
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Preliminary study results indicate that current agricultural practices and trends will
lead to an increase of about 1 Gt C within the Corn Belt by the year 2030 (25
mt/year). This represents a 32% increase over 1990 levels. Nationwide, the
increase could be 50% greater as the Corn Belt represents 60 to 70% of total
cropland in the United States. A key assumption behind this projection is a
continuation of the long-term residue to the soil. Although conservation tillage can
increase soil C in some agricultural production systems, the overall impact of
Reduced Till and No Till practices was not significant in the Corn Belt as a whole.
Cover crops have significant potential to increase soil C where feasible and
appropriate. These practices may be particularly important in the southern United
States. Conversion to Conservation Reserve Program land leads to an overall
increase in soil C, but this increase was on the order of 5 to 10%, and decreases
were noted under some scenarios.

Further work indicated by the study includes comparison of projections with data
being compiled by Colorado State University and Michigan State University,
analysis of methodology sensitivity to alternative crop yield increases, better
representation of tillage practices, erosion and nitrogen cycles in models, and
further model testing.
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA:

TOPIC:

PROJECT:

OBJECTIVE:

Capture/Transportation
Purity of CO,

CO, Purity Requirements

Determine effects of impurities and degree of drying on pipeline
performance

SCIENTIFIC RATIONALE:

PROPOSAL:

PARTICIPANTS:
u.S.:

JAPAN:

CONTACTS:
U.S.:

JAPAN:

Substantial cost savings are possible if SO, can be handled with
CO, in pipeline, however the pipeline’s ability and dryness must
be determined.

Build a subscale pipeline at an oxygen-blown test furnace.
Measure long term corrosivity of mixtures of CO,, SO,, NO,,
and trace compounds. Study ecological effects if injecting
impure CO, into disposal sites. Evaluate the integrated
capture/transportation system to identify technology problems
requiring additional research and development.

ANL/ORNL/INTECH

NIMC

A. Wolsky/R. Judkins/B. St. Johns

T. Hakuta
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA: Capture

TOPIC: Separation Science

PROJECT: Investigate H,-C0O,4N,-CO, Separations

OBJECTIVE: Learn physical properties of mixtures and methods of

separation, particularly membrane separation

SCIENTIFIC RATIONALE:
H,/CO, separation is vital for H, production via shift N,/CO,
separation is vital for cryogenic sep, pipeline compression, and
CO,-0, combustion impurities.

PROPOSAL.:
Conduct lab research and analysis to determine properties of
N,/CO, mixtures and the possibilities of separating some by
membranes. Do same task for H,/CO, mixtures (particularly at
high pressure differences). Determine effects of N, impurity on
0,-CO, combustion.

PARTICIPANTS:

u.s.: ORNL/ANL

JAPAN: NIMC

CONTACTS:
u.s.: R. Judkins/A. Wolsky

JAPAN: T. Hakuta
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA:

TOPIC:

PROJECT:

OBJECTIVE:

Utilization of CO, including Natural and Artificial Photosynthesis

Artificial Photosynthesis
H, production from H,0 using catalyst system

Construct new hydrogen production systems that use artificial
photosynthesis of production of hydrogen from water using

these system.

SCIENTIFIC RATIONALE:

PROPOSAL:

PARTICIPANTS:

u.S.:

JAPAN:

CONTACTS:
u.S.:

JAPAN:

The production of economical hydrogen from water is a top-
priority objective. Preliminary experiments indicate that this is

potentially feasible.

1. Exchange information on both reactions and the catalysts
that have been tried in both Japan and U.S.

2. Plan research based on this outcome.

NREL, OAK Ridge, Battelle
Arakawa (NIMC), Ibuski {NIRE), Asada (NIGH)

Lipinsky (Battelle)

Ibuski (NIRI), Arakawa (NIMC)
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA: Utilization
TOPIC: Application of Natural and Artificial Photosynthesis
PROJECT: Production of organic compounds by photo catalytic and

enzymatic processes
OBJECTIVE: Elucidation of mechanisms to improve rate and efficiency

SCIENTIFIC RATIONALE:
Production of organic materials from CO, is a means to

stimulate innovation in this area. Preliminary experiments
indicate that they are feasible.

PROPOSAL:
1) Exchange information.

2) The research plan based on the outcome.

PARTICIPANTS:
U.s.: NREL, Oak Ridge, Battelle

JAPAN: NIRE, NIBH

CONTACTS:
u.s.: Lipinsky (Battelle)

JAPAN:  Asada (NIBH)
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA:

TOPIC:

PROJECT:

OBJECTIVE:

Utilization of CO, Using Cyclic Phenomena
Photoconversion to Produce Hydrogen From Water

Sp'ace Shuttle Experiment on Conversion of Water to Hydrogen
and Oxygen

Investigate Effects of Solar Radiation and Zero Gravity on
Photoconversion

SCIENTIFIC RATIONALE:

PROPOSAL:

PARTICIPANTS:

u.sS.:

JAPAN:

CONTACTS:
U.S.:

JAPAN:

Large increase in efficiency is needed. Bubble formation and
other related phenomena are different at zero gravity. Solar

Spectrum outside of atmosphere is different from that of earth.

1. Evaluate prior studies at zero gravity that pertain to this
topic.

2. Make go-no go decision.

3. If go is decision, then design and build payload.

4, Conduct experiment in space and analyze results.

NASA
Arakawa {NIMC), Ibuski (NIRE), Asada (NIBH)

Brisky (Battelle)

Arakawa (NIMC)

309

e e




PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA:

TOPIC:

PROJECT:

OBJECTIVE:

Ocean Disposal
Local Plume Behavior and Environmental impacts
Pilot CO, Disposal Facility

Observe and masure CO, plume behavior {(e.g. temperature,
concentrations, pH fields) for a range of depths (zoom -
3000m); explore interaction with sea floor; test confined mixing
chamber concept

SCIENTIFIC RATIONALE:

PROPOSAL:

PARTICIPANTS:

U.S.:

JAPAN:

CONTACTS:
U.S.:

JAPAN:

Theoretical and laboratory results require field validation.

1. Construct pilot scale (e.g., one hour of 1 GW load) CO,
supply line capable of reaching 3000m;
2. Design/build flexible, instrumented platform suitable for

multi-team research. May utilize autonomous underwater
vehicles (AUV'’s) for deployment/measurement;
3. Hold initial workshop to flesh out details.

MIT, PICHTR, Scripps Inst.-Ocean; Cal Tech

NIMC, MEL, NIRE, UT

Eric Adams (MIT); Gerard Nihous (PICHTR)

Yuji Shindo, NIMC, (AIST, MITI)
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA:

TOPIC:

PROJECT:

OBJECTIVE:

Ocean Disposal
CO, Hydrate

Elucidate Kinetics and Mechanisms critical for hydrate
formation, hydrate stability, and factors facilitating large scale

production of hydrate

Provide a basis for evaluating technical, economic, and
environmental aspects of using hydrate for sequestering Cco,

SCIENTIFIC RATIONALE:

PROPOSAL:

PARTICIPANTS:

u.S.:

JAPAN:

CONTACTS:
U.S.:

JAPAN:

We need a much broader undetstanding of basic and applied
science to assess feasibility of using CO, hydrate to contain
CO, over long time periods.

Initiate a workshop between Japanese & U.S. scientists for
exchange of information as to the status of hydrate research in
both countries. The product of the workshop would be a
proposal outlining needed studies that could be conducted

cooperatively.

California Institute of Technology, EPRI

Drs. Watanabe and Uchida (Government Institute at Hokkaido,

AIST, MITI)
Dr. Yuji Shndo (NIMC, AIST, MITI)

W. J. North, J. J. Morgan (Cal Tech)

Yuji Shindo (NIMC)
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA:

TOPIC:

PROJECT:

OBJECTIVE:

Land Disposal

CO, EOR

Environmental Benefits of CO, EOR Workshop

To study CO, emission reductions possible through CO,
flooding

SCIENTIFIC RATIONALE:

PROPOSAL:

PARTICIPANTS:

u.s.:

JAPAN:

CONTACTS:

U.S.:

JAPAN:

EOR has been optimized for oil production benefits. Review the
potential for environmental benefits of CO, EOR in major oil
fields producing oil imported into Japan and U.S.

Sponsor a workshop for cooperation, communication and
bilateral info exchange.

DOE - EOR Specialist

NEDO - EOR Specialist

New Energy & Industrial Technology Development Organization

R. T. Bailey (AOSTRH)

Dr. S. Tanaka (UT)
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA: Energy Conservation

TOPIC:

PROJECT: Local Energy Supply System

OBJECTIVE: For effective use of thermal energy by an integrated systems.

SCIENTIFIC RATIONALE:

Integration of Technology is most effective way for increasing
of total efficiency.

PROPOSAL:

PARTICIPANTS:

uU.S.: Lawrence Berkeley Laboratory, Oak Ridge National Laboratory

JAPAN: Mechanical Engineering Laboratory, MITI

CONTACTS:

u.s.: Dr. Art Rosenthal, Roger Carlsmith

JAPAN: Akira Yabe
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA:

TOPIC:

PROJECT:

OBJECTIVE:

Energy Conservation

Development of shared data base

To establish a base of reliable, and consistent information on
the efficient use of energy including energy consumption and
efficiency by sector in both countries.

SCIENTIFIC RATIONALE:

PROPOSAL:

PARTICIPANTS:

u.s.:

JAPAN:

CONTACTS:

U.S.:

JAPAN:

Standards for easy comparison of the experience int he two
counties are needed as well as a mechanics for easy access to
the data.

Convene a working group involving the jurisdictional
government agencies, appropriate industry representatives and
the research community to develop the concept and approach.

Energy Information Administration, National Renewable Energy,
Electric Power Research Institute Laboratory

Tokyo Institute of Technology, Carbon Recycle Center

Dr. Tom Bath

Professor Ken QOkazaki
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA:

TOPIC:

PROJECT:

OBJECTIVE:

Energy Conservation

Approaches to improving efficiency of energy use.

Review the U.S. and Japanese experience in improving energy
efficiency and reducing energy use in the residential and
business sectors.

To increase the use energy efficient technology in both
domestically, i.e., Japan and the U.S., and also to promote their
use in the developing countries.

SCIENTIFIC RATIONALE:

PROPOSAL:

PARTICIPANTS:

uU.S.:

JAPAN:

CONTACTS:

u.s.:

JAPAN:

Establish a joint working group to review and discuss the
various approaches taken to date in both Japan and the U.S.
The successful mechanisms will be identified along with lessons
learned and a proactive plan for action developed.

National Renewable Energy Laboratory, Oak Ridge National
Pacific International Center for High Technology Research

Mechanical Engineering Laboratory, MITI, Takasago Thermal
Energy Company ’

Dr. Tom Bath, Dr. Cary Bloyd, Mr. Roger Carlsmith

Dr. Haruo Yamada (MITIl), Dr. Yoshiyuki Kozawa (Takasago)
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA:

TOPIC:

PROJECT:

OBJECTIVE:

Reduction Technologies

Coal Combustion and Gas Turbines

“Integrated Gasification Combined Cycle (IGCC)

Advance technology development to achieve higher levels of
efficiency at lower cost.

SCIENTIFIC RATIONALE:

PROPOSAL.:

PARTICIPANTS:
uU.Ss.:

JAPAN:

CONTACTS:
U.s.:

JAPAN:

Mutual collaboration on technology development will accelerate
achievement of objective and thereby minimize future GHG
emissions from power generation.

" Compile/tabulate research projects; exchange information on

state of technology development; arrange site visit/meeting to
discuss areas of mutual interest/collaboration -- particularly coal
handling, gasifier research, hot gas clean-up, topping cycle, and
direct-fired turbines.

DOE/ANL

MITI/NIRE

Dr. David South (ANL)

Dr. H. Moritomi (NIRE)
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA:

TOPIC:

PROJECT:

OBJECTIVE:

Reduction Technologies
Coal Combustion and Gas Turbines
Pressurized and Fluidized Bed Combustion (PFBC)

Advaﬁce technology development to achieve higher levels of
efficiency at lower cost. ‘

SCIENTIFIC RATIONALE:

PROPOSAL:

PARTICIPANTS:

uU.S.:

JAPAN:

CONTACTS:
u.sS.:
JAPAN:

Mutual collaboration on technology development will accelerate
achievement of objective and thereby minimize future GHG
emissions from power generation.

Compile/tabulate research projects; exchange information on
state of technology development; arrange site visit/meeting to
discuss areas of mutual interest/collaboration -- particularly
emphasis will be on pressure effect on efficiency and pollutant
generation, topping cycle, gas turbine interface, etc.

DOE/ANL

MITI/NIRE

Dr. David South (ANL)

Dr. H. Moritomi (NIRE)
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA: Reduction Technologies
TOPIC: Coal Combustion and Gas Turbines
PROJECT: Comparative Economics and Market Potential of Advanced Coal

Technologies
OBJECTIVE: Accelerate Technology Diffusion

SCIENTIFIC RATIONALE:

Differences in collating efficiency (MHV vs. LHV) and cost
estimation make technology comparisons difficult.

PROPOSAL:
Standardize cost/performance data, identify market/regulatory
incentives necessary to overcome technological or market
risks/barriers, examine opportunities for coal technologies to
meet power demands while minimizing GHG emissions.
PARTICIPANTS:
U.s.: DOE/ANL

JAPAN: MITI/NIRE

CONTACTS:
U.sS.: Dr. David South (ANL)

JAPAN: Dr. H. Moritomi (NIRE)
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA: Fuel Cells

TOPIC: Global CO, Reduction Impact of F.C. Commercialization
PROJECT:

OBJECTIVE: Quantify the likely effects left on CO, emissions of widespread

commercial applications (utility, industrial, commercial sector)
of all types of fuel cells.

SCIENTIFIC RATIONALE:

Significant reduction potential in many areas, but full impact is
unclear, this study would yield first order approximation.

PROPOSAL:

PARTICIPANTS:
u.S.:
JAPAN:

CONTACTS:
u.S.: D. Kleinschmidt (ADL)

JAPAN: H. Takenaka (GIRI Osaka) .
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA: Fuel Cells

TOPIC: Government Incentives to Foster F.C. Commercialization

PROJECT:

OBJECTIVE: To identify practical government incentives to foster early
commercialization of F.C. with emphasis on early units capital
costs.

SCIENTIFIC RATIONALE:

Early units have above market value capital costs. Government
incentives to overcome this barrier could accelerate F.C.
implementation.

PROPOSAL:
Review nature and cost effectiveness of Government
incentives.
PARTICIPANTS:
U.S.:
JAPAN:
CONTACTS:
u.s.: D. Kleinschmidt (ADL)

JAPAN: H. Takenaka (GIRI Osaka)
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA:

TOPIC:

PROJECT:

OBJECTIVE:

Reduction Technologies

Biomass

Bioresource assessments for developing nations

Obtain information needed to facilitate the planting of energy
crops.

SCIENTIFIC RATIONALE:

PROPOSAL.:

PARTICIPANTS:
u.S.:

JAPAN:

CONTACTS:
u.S.:
JAPAN:

Millions of hectares of energy crops must be planted if
bioenergy is to make a significant contribution in CO,
sequestration. Appropriate sites, mostly in developing nations
which have large amounts of arable land, must be identified for
the growing of energy crops. Inventories of land best suited for
bioenergy production and of biomass and bioresidue resources
would facilitate any international effort to grow energy crops.

Assess the availability of bioresources and the potential for
production of energy crops on a site-specific basis. Develop
geographical information systems to facilitate the assessment
using data from the targeted nations and international
organizations. Make the database available to investigators

worldwide.

ORNL, NREL, HNEI

MITI, NIRE

C.M. Kinoshita

S. Yokoyama
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA:

TOPIC:

PROJECT:

OBJECTIVE:

Reduction Technologies

Biomass

General assessment of environmental impact of biomass
conversion processes

Obtain information needed to site and permit bioenergy
processes

SCIENTIFIC RATIONALE:

PROPOSAL:

PARTICIPANTS:

U.S.:

JAPAN:

CONTACTS:
uU.S.:

JAPAN:

Bioenergy generally is perceived to be more environmentally
benign than most conventional energy resources. Nevertheless,
as with other energy conversion processes, effluent streams
and other environmental concerns are inherent to bioenergy
conversion processes. An assessment of the impacts of
conversion processes, by technology, would facilitate the siting
and permitting of precommercial bioenergy conversion projects.
The eventual commercialization of the conversion technologies
would enhance the bioremediation concept.

Perform a "first-cut™ assessment of environmental impacts of
alternative thermochemical, biological, ... processes to convert
biomass into consumable forms of energy (electricity, fuels, ...).

NREL, HNEI, PICHTR

MITI, NIRE

C.M. Kinoshita

S. Yokoyama
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA:

TOPIC:

PROJECT:

OBJECTIVE:

Reduction Technologies
Biomass

High-pressure processing of biomass for energy and co-
products

Improve the flow of research information on high-pressure
conversion processes.

SCIENTIFIC RATIONALE:

PROPOSAL:

PARTICIPANTS:
U.S.:
JAPAN:

CONTACTS:
U.S.:

JAPAN:

Substantial mutual interest and expertise exists in Japan and
the U.S. on high-pressure conversion processes for biomass.
Collaboration between the U.S. and Japan in this area would
enhance the flow of research information between those two
nations and accelerate the commercialization of such processes,
and thereby enhance bioremediation efforts and provide co-
products to support the primary energy products.

Collaborate on research on high-pressure conversion of
biomass.

HNEI

MITI, NIRE

M.J. Antal

S. Yokoyama
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

(Individual interest with mutual support)

AREA: Renewable Energy

TOPIC: Hydrogen Handling Technology for WE-NET Project
PROJECT:

OBJECTIVE: To secure safety and reliability in handling large amount of

(liquid) hydrogen

SCIENTIFIC RATIONALE:

PROPOSAL:

PARTICIPANTS:
U.S.:

JAPAN: Government Industrial Research Institute, Osaka (GIRIO), MITI
Mechanical Engineering Laboratory {MEL), MITI

CONTACTS:
u.s.:

JAPAN: H. Takenaka (GIRIO)
J. Hama (MEL)
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA: Renewable Energy -- Reduction Technologies

TOPIC: Site-Specific Assessment of Renewable Resources

PROJECT:

OBJECTIVE: To assess potential of renewable energy resources for specific

project installation.

SCIENTIFIC RATIONALE:

PROPOSAL:

PARTICIPANTS:

uU.S.:

JAPAN:

CONTACTS:
u.s.:

JAPAN:

In order to estimate the energy production from a renewable
energy, project, one must be able to characterize resource

intensity/availability.

To do research on tools (measurement, analysis, etc.) and
modelling techniques for effective assessment of site specific

renewable resources in:

1) Local area, such as site for distributed PV system, wind

farm, etc.
2) Regional area for Global Energy Network

NREL

Mechanical Engineering Laboratory (MEL), MITI - Regional; Local

(Wind)
Electrotechnical Laboratory (ETL), MITI - Local (Solar)

Carol Riordan/Dave Ronne, NREL
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA:

TOPIC:

PROJECT:

OBJECTIVE:

Renewable Energy -- Reduction Technologies

Biomass Feedstock Production

Biomass Feedstock Production Technology and Market
Development

To improve biomass productivity or dedicated energy use

SCIENTIFIC RATIONALE:

PROPOSAL:

PARTICIPANTS:

u.S.:

JAPAN:

CONTACTS:
U.S.:

JAPAN:

Technologies to convert biomass to useful energy forms are
predicted on the availability of reliable, low-cost supplies of
biomass feedstock, consistent with environmental constraints.

1) Evaluate technology opportunities to enhance the
productivity and reduce the cost of biomass feedstock
production in different agricultural environments.

2) Develop a joint definition of "sustainability” for biomass
production facilities.

ORNL/NREL

NIRE, MITI

Lynn Wright (ORNL)/Ralph Overend (NREL)

S. Yokoyama
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA:

TOPIC:

PROJECT:

OBJECTIVE:

Renewable Energy -- Reduction Technologies

How do energy decision-making processes influence decisions
regarding use of renewable resources?

Energy Decision-making

Develop common perspectives on methods for and utility of
various aspects of decision-making information

SCIENTIFIC RATIONALE:

PROPOSAL:

PARTICIPANTS:

u.S.:

JAPAN:

CONTACTS:
u.S.:

JAPAN:

Methods to evaluate: risk factors; life-cycle costs; total energy
cycle impacts; value of "externalities," etc. Should be
consistent between the two parties so that they can operate in
freedom to advance the use of renewable energies.

Structure and conduct one (or more) workshops to present and
compare tools for informing decision-makers on decisions
regarding new/renewable energies vs. conventional supplies.

DOE/NREL/ORNL

MITI/MEL

Blair Swezey (NREL), R. L. Sam Martin (DOE) [?]

M. Akai (MEL)
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

Priority 1 of 2
AREA: Transportation - EV
TOPIC: ' Infrastructure Design
PROJECT: International consortium for Standardization of charging,

maintenance and safety
OBJECTIVE: EVs have universal application in any country

SCIENTIFIC RATIONALE:

Market success, improved penetration and lower emissions

PROPOSAL:
Joint working groups with Japan, U.S. and European countries

PARTICIPANTS:
u.S.: EPRI

JAPAN: Central Research Institute for Electric Power

CONTACTS:

u.s.: Larry O’Connell, EPRI

JAPAN: Koshikawa
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA:

TOPIC:

PROJECT:

OBJECTIVE:

Priority 2 of 2

Transportation

Efficient Design of Electric Vehicle (EV)

Total integration of components designed for EV, motor,
inverter, drive train, body, tires

Maximum efficiency

SCIENTIFIC RATIONALE:

PROPOSAL:

PARTICIPANTS:
U.S.:

JAPAN:

CONTACTS:
U.S.:

JAPAN:

Maximum efficiency provides maximum range, increased users,
more dispersed infrastructure, reduces total CO, and other
emissions

Develop a consortium of smaller, specialized manufacturers of
electric vehicles and EV components

(NOTE: Proprietary concerns may impede this project.)

DOE, EPRI

MITI, NIES

Drs. Henry Courtright (EPRI) and Ed Rindell (EPRI)

Dr. Hiroshi Shimizo (NIES)
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA: Working Group II
TOPIC: Agricultural Methane
PROJECT: Greenhouse gas fluxes (GHG) in rice based cropping Systems

OBJECTIVE: 1. Mass balance analysis of C and N fluxes in rice based
cropping systems.
2. Development of management practices for reduction of
GHG emissions from rice based cropping systems.

SCIENTIFIC RATIONALE: Rice based cropping systems are a significant
source of CHy and may directly or indirectly contribute other GHG's. A

complete accounting of the impact of these systems on GHG's and the
interactions between different GHG's, has not been attempted. This is necessary
for the development of successful mitigation strategies.

PROPOSAL: Experimental methodologies and protocols will be
developed in the U.S. and Japan but the bulk of the research will be carried out in
the major rice producing countries. Measurements will include carbon storage in
soils, emissions of CHy, N20, NOx, and NH3s, and the assessment of the impact of
volatized NH3 on GHG production in other environments. System/environment
based mitigation strategies will be developed for CHy and other GHG's where
appropriate, and will consider tradeoffs between different GHG's.

PARTICIPANTS:
JAPAN:  J. TSURUTA, K. MINAMI, K. YAGI
USA: J. DUXBURY (Cornell), A. MOSIER (USDA-ARS, Et. Collins)
CONTACTS:
JAPAN:  H.TSURUTA
USA: G. EVANS, L. MULKEY, J. DUXBURY
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH
AREA: Working Group III

TOPIC: Global environmental change and agro-ecosystems - effects of
multiple environmental factors on crop systems

PROJECT: Response of crops to CO2, O3, and UV-B radiation

OBJECTIVE: To assess the reaction of crop plants to the simultaneous
impact of COp, O3, and UV-B

SCIENTIFIC RATIONALE: The rise of CO32 in earth’s atmosphere is well-
known, as are problems of high levels of the common air pollutant 03 and UV-B.
These may well interact to influence crop growth. There already exist some
limited data on the physical interactions, which may be used to guide
experimental design.

PROPOSAL: To establish field studies, preferably generating test
atmospheres of CO2 and O3 via free-air CO2 enrichment (FACE) techniques and
UV-B test environments with lamps (after Caldwell), of selected species (to
include rice, corn, sorghum, and soybean).

PARTICIPANTS:
JAPAN:  H.SEINO
USA: H. ROGERS
CONTACTS:

JAPAN:  H.SEINO
USA: G.EVANS




PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA: Working Group III

TOPIC: The influence of elevated atmospheric CO2 on the below ground
process in agro-ecosystems

PROJECT: Response of crop root systems, the rhizosphere, and soil to elevated
atmospheric CO2 concentrations

OBJECTIVE: To determine root structure and function, rhizosphere
(dynamics and population), and soil responses to rising CO2

SCIENTIFIC RATIONALE: Well-known rises in the CO2 level of the
atmosphere are known to appreciably affect crop growth and development,
usually positively. A development of how below ground components respond is
needed, since most research work has dealt with canopies.

PROPOSAL: Selected major crop species will be exposed to known
concentrations of CO2. Root system form and function will be assessed along

with rhizosphere microbiology and soil physical/chemical properties.

PARTICIPANTS:
JAPAN:  H.SEINO
USA: H. ROGERS
CONTACTS:
JAPAN:  H.SEINO
USA: G. EVANS
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH
AREA: Working Group III
TOPIC: Urban infrastructure
PROJECT: Research on planning method and formation technique of green

spaces in and around the urban areas which contribute to the preservation of
global environment

OBJECTIVE: CO2 fixation, mitigation of heat island phenomenon, saving,

etc.

SCIENTIFIC RATIONALE:

PROPOSAL: (p. 6 of T. Kawanaka paper and R. Rowntree's paper)

PARTICIPANTS:
JAPAN: BUILDING RESEARCH INSTITUTE AND A RESEARCH GROUP
USA: USDA FOREST SERVICE

CONTACTS:

JAPAN: UNKNOWN
USA: R. ROWNTREE
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA: Working Group I1I
TOPIC: Forest management - carbon storage

PROJECT: Estimation method of carbon fixation and storage in a stand in
relation to stand development involving soil and stand managers

OBJECTIVE: Better estimation of carbon flux related to forest
management options

SCIENTIFIC RATIONALE: Central issue to mitigation/adaptation options
as they relate to carbon sequestration.

PROPOSAL: Select matched forests in each country and develop
prioritized research proposals for carbon fixation estimation methods.

PARTICIPANTS:

JAPAN:
USA:

CONTACTS:

JAPAN: T. FUJIMORI
USA: W. SOMMERS
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH
AREA: Working Group III
TOPIC: Urban Infrastructure

PROJECT: Research on adaptation of energy conscious technologies in mixed
land use development in urban areas

OBJECTIVE: To level the peak time of energy load through mixed land

SCIENTIFIC RATIONALE: Technologies of DHC (district heating and
cooling) with cogeneration and urban planning systems in Japan and US cities.

PROPOSAL: . 1. Introduce cogeneration system to mixed land use in
energy consuming type central urban districts to encourage
saving energy by leveling energy consumption peak time.
Convert some parts of urban infrastructure into an energy
conscious one.

2. Research and development of new technologies in
building and planning field a for sustainable society

PARTICIPANTS:
JAPAN: BUILDING RESEARCH INSTITUTE AND A RESEARCH GROUP
USA: UNKNOWN

CONTACTS:

JAPAN: T. KAWANAKA
USA: UNKNOWN
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH
AREA: Working Group I
TOPIC: Agricultural CH4
PROJECT: Reduction techniques of CH4 and N20
OBJECTIVE: Workshop in regional and global scale

SCIENTIFIC RATIONALE: CHy and N20 are greenhouse gases from a
variety of sources. Their reduction techniques are now under development in

each country

PROPOSAL: - 1. Toexchange the information about the reduction
techniques of CH4 and N20.

2. To get common consensus of mitiéa’don and adaptation
technology of CH4 and N20 from anthropogenic sources.

PARTICIPANTS:
JAPAN:  H.TSURUTA '
USA: J. DUXBURY |

CONTACTS: h

JAPAN: H. TSURUTA, K. MINAMI
USA: (G. EVANS), (. DUXBURY), L. MULKEY"

341

ot 3 e



PROPOSAL FOR JOINT U.S./JAPAN RESEARCH
AREA: Working Group Il

TOPIC: Influence of CO2 concentrations and temperature on plant
agriculture

PROJECT: Below ground responses of crop roots to COp and temperature

OBJECTIVE: To determine how CO2 and temperature simultaneously
influence the growth of crop roots

SCIENTIFIC RATIONALE: Carbon dioxide is increasing the global
atmosphere. It has been predicted that the continued rise will increase
temperature. Carbon dioxide enrichment most often enhances crop growth. A
much neglected aspect is root system response. Therefore, a study of CO3 and
temperature effects on roots is proposed.

PROPOSAL: It is proposed that open top chambers be used to study the
influence of CO2 and temperature of field-grown crops, with primary focus on
root structure and physiology. Detailed studies in controlling growth chambers
will also be carried out. This will provide new data in a little-studied area.

PARTICIPANTS:
JAPAN: H. SEINO
USA: H. ROGERS
CONTACTS:

JAPAN:  H.SEINO
USA: G.EVANS
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH

AREA: Working Group Il
TOPIC: Soils Management - Assessment

PROJECT: Assessment methods for soil management to mitigate and adapt to
climate change

OBJECTIVE: Develop, test, and apply local, regional, and national
assessments to identify, rank, and promote mitigation and adaptation

technologies for soil management.

SCIENTIFIC RATIONALE: Sustainable development requires

* management of soil systems to reduce greenhouse gas emissions, adapt to
climate change, and meet food and fiber needs. As new experiments increase our
basic understanding and as new technologies emerge, the problem remains to
assess the applicability and widespread effectiveness as climate changes over
relatively large areas. The need is urgent in the tropics where population
pressures are high and data bases are limited. Assessment methods that are
scientifically sound and integrate regional data and technologies are needed to
guide initiation and implementation of long-term solutions.

PROPOSAL: This proposal has three parts:

1. Review and evaluate existing data assessment methods
and models for soils management to mitigate and adapt to
climate change in tropical and temperate zones.

2. A bilateral workshop to review ongoing assessments and
discuss alternative approaches, data bases; models, and
procedures. This workshop will lead to refinements in
. existing approaches and initiation of bilateral assessment
. and research needs for assessment methods and models.

3. Joint research projects on assessment methods and joint
implementation of assessment projects-for US, Japan, and
selected tropical countries/regions.
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PROPOSAL FOR JOIN.T U.S./JAPAN RESEARCH
AREA: Working Group III
TOPIC: Agricultural Methane
PROJECT :  Methane emissions from ruminant animals

OBJECTIVE: Reduce CH4 emissions from ruminant animals and animal
waste

SCIENTIFIC RATIONALE: Ruminant animals and animal waste are
currently considered to be the major agricultural source of CH4. Technologies
for CH4 reduction need to be developed/implemented in both developed and
developing countries.

PROPOSAL: To be developed by appropriate U.S. and Japanese scientists
PARTICIPANTS:
JAPAN: M. SHIBUTA , K. MINAMI, H. TSURUTA
USA:- ©~ L.BALDWIN (UC Davis), L.SAFLEY (NC State), (USDA
‘ scientists)
CONTACTS: -

JAPAN:  H.TSURUTA, M. SHIBUTA
USA: G.EVANS




PARTICIPANTS:
JAPAN: NIAES and NIARS
USA: EPA - GCRP - Office of Research and Development
USDA-ARS-FS
CONTACTS:
JAPAN: H. TSURUTA, H. SEINO
USA: L. MULKEY, G. EVANS
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PROPOSAL FOR JOINT U.S./JAPAN RESEARCH
AREA: Working Group Il
TOPIC: Urban infrastructure adaptation
PROJECT:
OBJECTIVE:
SCIENTIFIC RATIONALE: Analysis of the impacts of global change tends
to focus on agricultural systems and natural ecosystems, We tend not to look at
the demands that climate change will place on urban systems.
PROPOSAL: The U.S. and Japan are two very urbanized societies and we
need to consider how resilient urban areas are to changes in climate. Water

supply, waste disposal, run-off, storm frequency and intensity are obvious areas
in which climate change will affect urban areas.

PARTICIPANTS:

JAPAN:
USA:

CONTACTS:

JAPAN:
USA:
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: \i/ East-West Center

Program on Resources: Energy and Minerals

1777 Eam- West Roud Poooe: (308) 5447555 Teler: 919171
Hooohidu, Hawaii 96343 Cable: EASWESCEN Facaicnile: (801) $44-1559

SECOND U.S./JAPAN WORKSHOP ON GLOBAL CHANGE:

ENVIRONMENTAL RESPONSE TECHNOLOGIES
(MITIGATION AND ADAPTATION)

February 1-3, 1993
East-West Center
Honoluluy, Hawaii
AGENDA
Monday (February 1, 1993)
Plenary Session

9:00 am - 12:00 noon (Simultaneous translation)
Fast-West Center, Asia Room

9:00am - 9:05am  Welcome and Introductions, Allen Clark, Program on
Resources, Assistant Director

9:05am - 9:20am  Welcoming remarks, Dr. Michel Oksenberg, East-West Center
President

9:20am - 10:00am  Keynote address, Frederick M. Bernthal, Chairman, U.S.
Committee on Earth and Environmental Sciences (CEES)

10:00am - 10:30 am Break

10:30am - 11:00am  Workshop-Views, Dr. Osayuki Yokoyama, National Institute for
Resources and Environment (NIRE) ’

11:00am - 11:30am Workshop Views, Dr. Robert Simon, U.S. Department of
Energy (DOE) .

11:30am - 11:40am  Introduction of Working Group Chairs from Japan -
Dr. Tataki Mizuno, NIRE

11:40am - 12:00 Introduction of Working Group Chairs from U.S. and
Announcements - Dr. Sylvia Edgerton, CEES

12:00 - 1:30pm  Catered Lunch - Luncheon speaker - Dr. Haruo Tsuruta,
National Institute of Agro-Environmental Sciences (NLIAES)

Ceater for Cultural and Technical Interchange Between East and West, Inc.
Auﬁom!ducﬁood%mb&bdbyhl’ddSuaCmmdwwuwdﬂﬂ—hmwtmpm
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Worldng Group Sesﬁipns 7 ‘
1:30pm - 5:30pm  (Working language is English)

1:30pm - 5:00pm  Concurrent sessions of Working Groups I, 11, and III

- 5:00pm - $:30pm  Reconvene in Plenary Session for Working Group reports,
. L -. Robert Simon, DOE

U.S. - Hosted Dinner for Workshop Participants

7:00pm . Willows Restaurant in Honolulu
. ‘Welcome, Dr. Michel Oksenberg, East-West Center
Dinner Speaker: Honorable George Ariyoshi, Former
Governor of Hawaii

East-West Center o
Working Group Sessions (Working language is English)

9:00am - 12:00 Concurrent sessions in Working Groups I, II, and I

12:00 - 1:30pm  Lunch - Luncheon speakers: -Dr. Toufiq Siddiqi, East-West
' . Center
-Dr. Kuninori Otsubo, National
Institute of Environmental

Sciences (NIES)
'Workihg G.rouf) Sessions (Tranﬁatiohs é;ailable in each Working Group)

1:30pm - 5:00pm  Concurrent sessions of Working Groups 1, II, and I and

o .- development of joint proposals .

SOOpm - '5:3Cpm Reconvene for Working Group reports in Plenary Session,
. . .+ - Dr. Osayuki Yokoyama, NIRE ‘

Wed

9:00am - 12:00 Meeting of Working Group Chairs to draft Working Group
= ‘ . Reports (Translation available)

" 12:00 - "1:30pm’ Lunch




1:30pm - 3:00pm Meeting of Working Chairs and Working Group Chairs to review

and finalize Working Group Reports and prepare Workshop
communique (Translations available)

Plenary Session (simultaneous translation)

3:00pm - 3:20pm
3:20pm - 3:40pm
3:40pm - 4:30pm
4:30pm - 5:00pm

Working Group I Report

Working Group II Report

Working Group III Report

Workshop Summary, Closing Comments, and signing of

Workshop Communique, Gary Evans, U.S. Department of
Agriculture
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SECOND U.S./JAPAN WORKSHOP ON GLOBAL CHANGE:
ENVIRONMENTAL RESPONSE TECHNOLOGIES
"~ (MITIGATION AND ADAPTATION)

February 1-3, 1993

U.S. PARTICIPANTS

Dr. E. Eric Adams

Massachusetts Institute of
Technology

Room 48-325

Cambridge, MA 02139

Tel. 617/253-6595

FAX. 617/258-8850

Mr. Roger Bailey

Alberta Oil Sands Technology &
Research Authority

18th Floor - McFarlane Tower

700 Fourth Avenue, S.W.
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