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il
Abstract

The current levels of C{emissions and high levels accumulating in the aphere have
climate scientists concerned. The Dynamic Integr&@imate Economy Model (DICE) is a
model that has been used to simulate climate changevaluate factors addressing global
warming. The purpose of this study is to recredteBbusing Vensim and modify it to
evaluate the use of nuclear power plants (NPP&)nasans to counter global temperature
increases and the associated cost of damagesnidwntaof greenhouse gas emissions from
a NPP are about 6% per Megawatt as that from alfasd Power Plant (FFPP). A model
was developed to simulate construction of NPPs sutisequent decommissioning of
FFPPs with an equivalent power output. The resutiduced show that some minor benefit
is achievable if all of the more than 10,000 FFBE¥sently in operation in the U.S. are

replaced with NPPs.
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Chapter 1. Introduction

The concern for climate change due to human aiesvis an important issue that requires
serious attention. The onset of more frequent aagkasingly more devastating weather
events in recent history; for example the meltihgaar ice caps at alarming rates, and
rising of the world seas, presents a convincingaador concern. These drastic and
destructive events are only expected to becomeasangly more devastating with time if
no action is taken to limit or prevent climate chanEntire species, human health, and
world economies are all at risk if climate changatmues [EPA]. Some scientists suggest
the current trend of climate change could evengdalid to catastrophic events that would

devastate the entire world [Schneider, 2004].

The emission of greenhouse gases into the atmasfioen human activities including the
burning of fossil fuels for energy production dane key factors that scientists believe are
leading to climate change. The largest greenhoas@fjconcern is carbon dioxide (0O
Data shows that the amount of £€nissions and levels in the atmosphere have atsan
dramatic rate since the beginning of the industaablution and continue to grow as energy
demand continues to grow [Nordhaus, 1993]. Sonmeaté scientists believe that the safe
upper limit of CQ in the atmosphere should be 350 parts per mi(lopm). Current levels

are well above this approaching 400 ppm [Hanseal.,e2008].

One potential solution to reduce the amount of €Qissions is nuclear power. Nuclear
power plants (NPP) produce a significantly reduaeunt of CQ than that from fossil fuel
power plants (FFPP). In fact, nuclear power plantgluce approximately 6% of the €O

emissions per Megawatt (MW) as that from a fossl power plant. A number of climate
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scientists are now advocating nuclear power astaitaddressing climate change [WNN,
2013]. Fossil fuel power plants produce electrititsgough the burning of fossil fuels and in
turn generate enormous amounts o €Rissions. Currently nuclear power is responsible
for approximately 20% of the power production ie th.S. [Nuclear Power in the USA].

The remainder is from fossil fuel power plants.

In order to evaluate what effect nuclear power wWddve on climate change, this goal of
this study is to propose replacing FFPPs with NRBY-FPPs are replaced with NPPs, the
amount of emissions will be greatly reduced ang teduction can be determined. The next
step is to analyze how these reductions in emissiolh affect climate change. A model has
been developed which is used to simulate climaémgé based on available economic and
environmental data. This model is the Dynamic Iraegg Climate Economy model or

DICE. DICE was developed at Yale University by ssor William D. Nordhaus

[Newbold, 2010]. With the use of numerous publimas and the assistance from other
climate scientists, Dr. Nordhaus developed DICRrelict climate change, as well as to
evaluate what effect certain actions to controb€@issions will have on climate change.
The DICE model “integrate[s] in an end-to-end fashihe economics, carbon cycle, climate
science, and impacts in a highly aggregated mbdelallow[s] a weighing of the costs and

benefits of taking steps to slow greenhouse warthigwvbold, 201D

The DICE model has been replicated by Tom Fiddaofidne Massachusetts Institute of
Technology (MIT) for Ventana Systems Incorporatesh$m simulation software. Vensim
software is used for developing, analyzing, ankagmg dynamic feedback models

[Vensim]. To utilize the DICE model, it had to terreated with Vensim. The DICE model
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that was recreated in Vensim allowed for simulathgnate change, but did not allow for
analysis of constructing NPPs in order to replad€BPs. To allow for the research that has
been proposed for this study, a modification toh&E model in Vensim was necessary.
The Vensim software allows for the ability to adaiables in order to perform the function
needed, that is, to determine the reduction of @@issions as FFPPs are replaced with

NPPs.

The modified portion of the model incorporates ¢herent amount of FFPPs including coal
burning power plants (CPP), natural gas burninggygiants (NGPP) and petroleum
burning power plants (PPP) in operation in the Ul& modified portion of the model
allows for an input of a specific rate of NPP constion per year. After an annual
construction rate is inputted to the model, the ehadll then eliminate an amount of fossil
fuel power plants based on an equivalent amoupbwer produced from the newly
constructed NPPs. The model will start by decomimmsg the CPPs followed by the
NGPPs and then the PPPs based on the amount,a#r@i8sions from highest to lowest

[Sovacool, 2008].

Once this occurs the model is designed to calctiteeeduction in C®emissions as the
difference from the operating FFPPs that are deassiomed and the NPPs that are used to
replace them. The amount of €@missions that are eliminated are fed into thedsted

DICE model as a negative value into the,@missions variable that already exists on the
DICE model. This reduction will ultimately chandeetfinal values for the climate change
variables of the DICE model. These are the vargatsiat will be evaluated for this study.

Multiple simulations will be performed in orderéwaluate a range of NPP rates.



The finalized model with the modified portion tHieeds into the standard DICE model
allows for the analysis of replacing FFPPs with NRRd the resulting effect on climate
change. The DICE model will simulate future valoé€0, emissions, Cin the
atmosphere, atmospheric and ocean temperaturdab@ndsts of the climate damages due
to the associated climate change. This study wolviole data that will help determine if

increased NPP construction will be a feasible smiutio climate change.

In order to more clearly illustrate how DICE is kem down and the work from this study is

incorporated, Figure 1.1 details the key sectiangHis thesis work.
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Figure 1.1. Schematic of DICE model and thesis viockrporated as part of this study.

Figure 1.1 highlights the keys features of thiglgtun the center is the breakdown of DICE.
The economy and indices sections predict econorieth and determine the estimated
amount of carbon emissions that will be produced eessult of the economic output. The
carbon portion of the model evaluates the carboisssams and how they will accumulate in
the atmosphere. The climate variables will utilize increased accumulation to predict
variables such as ocean and atmospheric temperatueases and the resultant climate
damages from these temperature increases. Of iamgarote is that the DICE model uses
current economic and other data to predict growththe associated emissions. This data is
based on the current fraction of FFPPs to NPPsaampufowth occurs this fraction is

maintained and is mostly FFPPs.



The right-hand portion of this model is a breakdaithe key factors of this thesis work.
NPPs are constructed in order to replace FFPPsEFR®s that are replaced are
decommissioned and in turn there is an overallctoln in CQ emissions due to the
significant different in emissions from NPPs congabato FFPPs. This reduction in
emissions is calculated as a negative value addastly fed into the C@emissions

variable of the DICE model. The emissions variaaetinually shows an increase in
emissions based on the predicted economic growih tAesis portion of this model will
continually reduce the total emissions quantityh@sFFPPs are simulated to be replaced by

NPPs.

The ultimate results of this model allows for thvaleation of environmental and economic
consequences as a result of increasegédssions. The thesis portion will alter the réesul
based on the simulated reduction of £&issions from NPP construction and FFPP
decommissioning. How large or small of an effecPN#®nstruction can have on climate

change will be studied.

The goal of this thesis is to determine if nucleawer is in fact the solution or part of the
solution to combat climate change and global wagm¥iill using an aggressive NPP

construction and FFPP decommissioning plan prodesdts worthy of the effort and cost.



Chapter 2. Global Warming/Climate Change

2.1 Climate Change

According to the Environmental Protection Agenayabsite, the definition of climate
change is “a term that refers to major changesnmperature, rainfall, snow, or wind
patterns lasting for decades or longer” [EPA]. Blotiman-made and natural factors
contribute to climate change. Natural factors idelehanges in the Earth’s orbit, the sun’s
intensity, the circulation of the ocean and atmesphand volcanic activity. The causes that
will be examined in this report are the human fexctehich include burning fossil fuels,
cutting down forests, and developing land for faroitses and roads. All of these activities

release greenhouse gases into the atmosphere [EPA].

Greenhouse Gases (GHGSs) are gases in the atmosipaeabsorb outgoing solar and
infrared radiation. This is known as the greenh@aseeffect and can cause the global
temperature to increase [NASA]. GHGs include Carb@xide (CQ), Methane (Ch),
Nitrous Oxide (NO), and Fluorinated Gases (CFCs, etc.). The GHiBtefest for this
report is CQ[NASA]. CO, can be formed both through natural and human &esviThe
focus of this report will be the production of €through human activities, specifically by

the burning of fossil fuels.

Some amount of GHGs are required in order fortbfexist on earth because they trap heat
in the atmosphere maintaining the Earth’s warm &najpire. Human activities, including
the burning of fossil fuels add more GHGs to theadphere than from natural causes alone.

GHGs are currently at record-high levels in theadpihere. GHGs have a residency of



approximately 100 years in the atmosphere [Nordh2@Q@8] The climate appears to have a
lag of several decades behind the accumulationH&in the atmospher&his means the
real effect of elevated levels of GHGs in the atpi@se will not be known until sometime

in the future. The concern is that if we wait te siee true effect, it may be too late to

reverse.

The Earth’s climate has experienced many changeaghout history, however the current
warming seen today cannot be explained by natarsdes alone. Some scientists believe
that doubling the amount of G@ the atmosphere would increase the Earth’s searfa
temperature from 1-5 degrees [Nordhaus, 2008].clineent consensus among more than
95% of climate experts is that humans are in fantributing to global warming [Doran &

Zimmerman, 2009].

A few theories do exist that suggest the corretalietween C@in the atmosphere and
temperature has broken since man started addingodf@e atmosphere. They contend that
the earth’s weakening magnetic field and solawégtare the causes of global warming
rather than the increased amount,@®the atmosphere [Blame You/ C(Lie)mate]. These
skeptics are far outnumbered by the majority (>96%glimate scientists that agree man is

having an effect on global warming.

2.2 Concerns

The largest concern with climate change is the tratpre increase. Concerns related to

climate change range from economic and health tsffeamore devastating catastrophic



effects including an ice age, melting of the patarcaps, collapse of the thermohaline
current, and extinction of entire species [Schnei@@04]. Some scientists argue that if we
do not act immediately it will be too late to resetthe effect of high quantities of GHGs in
the atmosphere. Others disagree and believe molerstanding is required to determine

what actions, if any should be taken [Kolstad, 1994

The health effects that could occur due to an es@en temperature include heat-related
illnesses, respiratory problems due to an increagzg, and the spread of disease and
allergies. It is also predicted that climate chamwgkincrease the frequency and strength of
storms, floods, droughts and fires [EPA]. An inae&n these events will greatly increase

the amount of injuries and deaths compared to ouent climate.

A number of scientists also believe that climatange could have a detrimental effect on
the Earth’s ecosystems. Species have adaptedriatelichange in order to survive. An
increase in the rate climate change occurs coulerntanore difficult for the Earth’s
species to survive. Increases in the oceans temper@nd amount of carbon dioxide will
affect habitats and food supplies. Climate charmg#dcalso affect forests, habitats, the

movement of invasive species and migration ancchfde events [EPA].

In addition to the health and ecosystem concemsha potential economic costs related to
climate change. The economic impact is unknowrcbutd be of significant cost, especially
to more impoverished regions. Sectors that couldffeeted by climate change that may

have a detrimental effect on the economy includecalgure, forestry, energy systems,
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water systems, construction, fisheries, outdoaviéies and tourism [Nordhaus, 1998]. All
of the sectors would be affected differently basedhe actual climate change in that

specific region.

2.3 Mitigation

One of the largest areas for debate in regardsnb@te change and GHG emissions is what,
if any, mitigating actions should be taken. Thremmdirections currently exist in this area.
The first is the most drastic. This involves a #igant reduction in GHG emissions,
beginning immediately. GHG emissions could be reduzy developing clean technologies
for the current industry and development of nevaclpower technologies. The cost
involved with these actions would be significabiwbuld also be what is deemed
irreversible costs [Kolstad, 1994]. Irreversiblestsoare costs that cannot be recuperated.
Any capital spent on development of new technokgeessentially lost if at a future time it

is determined that the clean technologies are w@ssacy.

A second path is the use of taxes to curb producfdGHGs by industry [Kolstad, 1994].
This cost is considered reversible. The income g¢ee through these taxes could be used
for any government program. This means that ifr&f@® years it is determined that the
effect of GHG emissions on climate change is ndgkgthe capital collected from GHG
taxes, assumed to be used for useful governmegtgrs would have benefited the general

public. In the meantime, the taxes would aid irtingtdown the amount of GHG emissions.
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The third path is to continue to develop our scéfentinderstanding of GHG accumulation

in the atmosphere and climate change. This woldvaime to determine what actions
should be taken to combat climate change. It magebermined that there is no actual
concern and no action is needed. Some scientiie dnat this approach is too slow and by

the time action is considered warranted, it wowdddwo late [Kolstad, 1994].

The current administration under President Obamsadsked the EPA, under the Climate
Action Plan, with establishing guidelines for €@bllution for the United States existing
power plants [2013 Proposed Standards]. In additierEPA has developed standards for
new power plants to cut carbon pollution. Some pramts argue that if the standards
become too aggressive, electricity rates will iaseeresulting in the loss of jobs. The EPA

is evaluating all sides of the argument in ordademtify these standards.

An international committee has been formed undetthited Nations in order to create
emission reduction targets named the Kyoto Protgcgidto, 2012]. The U.S. has chosen
not to ratify the Kyoto Protocol because it doesnequire developing nations to make
emissions reductions and it would cause economio bathe U.S. To date, 191 countries

across the world have ratified the Kyoto Protocol.

The current presidential administration is in mi¢h the majority stance of climate
scientists and believes that humans are having sfi@e on climate change. President
Barack Obama has proposed a reduction of GHG amss$éiom the U.S. of 20% of 2005

levels by 2020 and 83% by 2050 [DOE, 2009]. The 888uction is even more aggressive
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than that proposed in this study and incorporatesie broad approach including vehicle

emissions.
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Chapter 3. Greenhouse Gas Emissions

3.1 Summary of Greenhouse Gas Emissions

Natural causes of GHGs include volcanic activitgcuation of the ocean, and solar
radiation intensity among others. Human activitresuding deforestation, urban growth,
and burning of fossil fuels. Since the start of iitdustrial Revolution, the production of
greenhouse gases through human activities hasaseunlggreatly. Life on earth relies on
some quantity of GHGs in the atmosphere. WithouGSHhe earth would not maintain
enough of the sun’s energy and the earth wouldbedld to sustain life. The concern
reviewed in this paper is whether there is nowyilirsoon be too much GHGs in the
atmosphere which will increase the earth’s tempeeadind bring about climate change that
may have negative consequences for life on e&ttdre, the biggest concern of GHGs is
CQO,. CQyis produced in large quantities during energy potidn and accounts for
approximately 38% of the greenhouse gas effect [ERBAIrning of fossil fuels such as

natural gas and coal produces 33.4 billion tonS©f a year.

CO, emissions have risen rapidly over the past fevades. The current atmospheric
concentration of C®of 380 ppm as of 2005 is much greater than thge@een over the
past 650,000 yeafblordhaus, 2008]. Historically the range has bestimated to be
between 180 and 300 ppm. According to CO2Now.orizhvtracks annual CQevels, the
upper safety limit for atmospheric G@& 350 ppm. Atmospheric GQevels have remained
above 350 ppm since 1988. Based on current indugtowth, the atmospheric

concentration of C@is expected to continue to increase. In fact theunt of CQ in the
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atmosphere is accelerating from decade to decdmeamount of C@in the atmosphere

increases by approximately 2.0 ppm/yr.

CO2Now.org reports the GQevel in the atmosphere for the month of August23
395.15 ppm [CO2Now]. Figure 3.1 shows CO2Now.oggimospheric Cfrom 1959 to

the present time. The data was gathered from bi{#tenal Oceanic and Atmospheric
Administration (NOAA) at the Mauna Loa Observat@4LO) on the island of Hawaii. The
MLO was chosen as a site for atmospheric monitdoicause it is located far from any
other continent and provides a good average foP#ufic. The MLO is high enough that it

is above the inversion layer and not affected loglleffects.

Atmospheric CO2
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Figure 3.1 Atmospheric C@ersus time.

If the amount of C@in the atmosphere is doubled, calculations prabeglobal surface

temperature could increase between 1 a@[Blordhaus, 1993]. In addition to temperature
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increase, it is also expected that precipitaticth @aporation will increase. This could lead

to increases in extreme weather events which doaNeé catastrophic consequences.

Key indicators of recent global warming due to @ineount of CQin the atmosphere

include a decrease in arctic sea ice, an increased level, an increase in global
temperature and a decrease in land ice mass [NAB4dlitional evidence is provided by an
increase in severe weather events since 1950. kase in low temperature events has also

occurred since 1950.

3.2 Fossil Fuel Burning Power Plants

In the U.S., more than 94% of GHG emissions comm fthe combustion of fossil fuels
[EPA Inventory, 2013]. Fossil fuels are formed [atural processes such as decomposition
of dead organisms beneath the earth’s surfaceil Fosls are non-renewable resources
because they take millions of years to form. Fdssils contain a large percentage of carbon
and include coal, petroleum, and natural gas. iFosds make up the majority of sources
for energy production in the world, accounting 8&.4%. The primary sources are 36.0%
petroleum, 27.4% coal and 23.0% natural gas. Nupleaer only accounts for 8.5% of the

world’s energy production [EIA International Ener8tatistics].

Fossil fuel burning technologies typically produistween 600-1200 g GBWhg [Lenzen,
2008]. Assuming an average of 900 gAxWhg, this equates to 900,000 g per M\\dr

900,000,000 g per GWiLenzen, 2008].
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The burning of fossil fuels produces around 21lfBobi tones of CQper year [EIA What
are Greenhouse Gases]. It is estimated that ngiroedésses can only absorb half this
amount. This accumulation of G@ontributes to global warming which in turn caudes

earth’s surface temperature to rise.

3.3. Nuclear Power Plants

During its energy production stages, NPPs do nmdyce GHG emissions. However,
Nuclear Power Plants are not a zero emission ersengrice. NPPs are indirectly involved in
the production of GHGs during the upstream and dbream processes. The upstream and
downstream processes of the nuclear fuel cycledsd, uranium mining, uranium milling,
conversion to uranium hexafluoride, enrichment| fakrication, reactor construction,
reactor operation, decommissioning, fuel re-praogssuclear waste storage, and nuclear

waste disposal and transportation.

The amount of GHGs produced in the developmentRPHis much less than that for
FFPPs. It is estimated that for both Light Watea®ers (LWR) and Heavy Water Reactors
(HWR) GHG emissions range from 10 to 130 gA&®@/hg;, with an average of 65 g
CO,/kWhei[Lenzen, 2008]. These estimates include all upstraad downstream processes.
So comparing with a FFPP, a NPP produces on avéisg CQ/kWhe less. A NPP

produces 7.2% the amount of GHGs as a FFPP.

The purpose of this paper is to examine the etieoew construction of NPPs to replace

existing FFPPs on GHG emissions. As stated in tbeiqus paragraph, a NPP produces
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significantly less GHGs than a FFPP. This paperamalyze what volume of NPP
construction would be needed to reduce a suffi@emunt of GHG emissions to have a

measurable effect on climate change.

3.4. Green Energy Technologies

Much effort has been placed in developing greemggniechnologies over the past few
decades. Examples of these technologies includebgd fuel cells, solar power, wind
turbines and hydroelectricity. These technologressamilar to nuclear power in the sense
that they produce very little GHGs during power gation. Many scientists debate what
level of effort should be placed into developinggé technologies. Some suggest that these
technologies will reduce the amount of GHG emissiand should be the future of energy
production. Most of these technologies are stithiea developmental stages and have many
years before a viable technology exists that campete with the current energy industry

technologies (i.e. NPPs, FFPPs).

For comparison purposes wind turbine and hydroedégt produce between 15-25 g
CO,/kWhei[Lenzen, 2008]. Solar photovoltaic and solar thenpaaver produce around 90 g
CO./kWhe. The Green technologies produce a comparable aned@HGs to NPPs.

However, it is unlikely you will hear NPPs discudses a green or clean technology.
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3.5. Reduction in GHGs through NPP Construction

The purpose of this report is to evaluate the etféceplacing FFPPs with the construction
of NPPs. The analysis will consider hypotheticadiplacing an equivalent amount of power

from FFPPs that will be decommissioned with nevdgstructed NPPs.

The modified DICE model used for this study alldassthe use of any constant NPP
production scenario. The model will construct ana@mount of NPPs each year the model
is set to simulate. A large number of differentdarction scenarios were used. This study
analyzed the effect of various NPP constructioasdietween 0 and 1000 NPPs per year. It
is assumed that most of these production scenargosot realistic based on the current
construction projects planned and the politicahelie surrounding nuclear power. This

study does not consider NPPs planned or currenthguconstruction in the U.S.

Construction of a NPP is no insignificant task. l€at construction rates of approximately
4.5 years and over $10 Billion per unit make arreggjve increase in NPP construction a
huge challenge [EIA Economics]. The current pdditiclimate is not pro-nuclear. This is
due to past nuclear accidents, starting with thed@Mile Accident in 1979, Chernobyl in
1986 and most recently the Fukushima nuclear asti@&®me countries, including
Germany and Japan, are reducing their fleet of NP Bge wake of the Fukushima nuclear

disaster.



19

Chapter 4. Nuclear Power

4.1. U.S. Nuclear Power

The U.S. is currently the largest producer of naiclgower with 104 nuclear power plants.
This accounts for more than 30% of the world’sltateclear power generation [Nuclear
Power in the USA]. The U.S. is the largest powedprcing and consuming nation in the

world.

The 104 NPPs account for 20% of the U.S. domestigep generation. All of the operating
power plants have been constructed prior to 197clar Power in the USAWiIth an

aging fleet of NPPs, the amount of NPPs is expectathrt decreasing in the near future

and without the construction of new plants, thetican of power generation from NPPs will
decrease. It is reported that 50-75 new NPPs wédrto be added to the fleet to keep up

with energy demands [Brinton, 2009]

Although there has been no new construction indiexeasome of the NPPs have performed
upgrades including Measurement Uncertainty RecagMiJR), Stretch Power Uprate
(SPU) and Extended Power Uprates (EPU). The uphates the potential to increase power
output of NPPs by 2-20% [U.S. NRC Power Upratebk Tipgrades are achieved through

equipment upgrades, improved fuel performance addation of operating margin.

Future construction of NPPs in the U.S. is questit® 27 new units have been proposed

with a number of license applications pendings kxpected that 4-6 units may actually
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come online by the year 2020 [Nuclear Power inUBBd\]. It is still unclear whether the

Fukushima nuclear disaster will have any effecthenfuture of nuclear power.

4.2. World Nuclear Power

Over 430 NPPs are operating across the world irerti@n 30 countries. This accounts for
approximately 13.5% of the world’s electricity [Near Power in the World Today]. France
is the biggest advocate of nuclear power with W6 of their power produced from NPPs.
Currently 60 more NPPs are being contracted indl@ties [Nuclear Power in the World
Today]. This would be an increase of 17% of curmriput. An additional 150 NPPs are

firmly planned which would be an increase of 46%.

The Fukushima nuclear disaster has had a majorcingmanuclear power. In 2012 there was
the sharpest decline of nuclear power generatiweshe industry began [Macalister,
2013]. None of the 48 operable nuclear power plemispan produced any power in 2012.
Japan continues to struggle to bring these plaaitk bnline. Countries including Germany,
Sweden, Italy, and Spain have all decided to pbaseperation of any NPPs [Macalister,

2013].

On the other hand, countries like China, Russid,ladia plan to increase NPP construction
in order to accommodate their increased electragiynand. China even contends that
nuclear power is a means to reduce their dependenceal-fired power plants [Macalister,

2013].
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4.3. NPP Construction

Although there are a number of NPPs under consbtryct recent example used for analysis
in this report is the Shin Kori 1 NPP in South Karg&his NPP began operation in
December 2010. The total construction for this plasais approximately 1620 days or 54
months. This will be a factor when considering hmany nuclear power plants can be
constructed and how long they will take to comear@lPower plant construction will be
limited by construction time and resources. Themeently are only five vendors of NPPs in
the world. In order to determine the feasibilityNfPP construction to mitigate GHG

emissions, these factors will need to be considered
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Chapter 5. Dynamic Integrated Climate M odel (DICE)

5.1. History of Model

One of the earliest forms of the model developetlbsdhaus in 1991 was a long-run
steady-state model of the global economy that dexiuestimates of both the costs of
abating carbon dioxide emissions and the long-fetore climate impacts from climate
change [Newbold, 2010]. This model could be usdabiance the benefits and costs of,CO
emissions to help determine the optimal level @rrterm controls. The result of the
analysis was the effect on the global surface teatpes. The global surface temperature

was used because it acts as an indicator for @dicas of climate change.

The next version of the model presented in 1992anvadly dynamic Ramsey-type optimal
growth model that could determine the optimal tima¢h of emission reductions and
associated carbon taxes that emerged from it. Nmslheleased a book in 1994 that

included a detailed description of the DICE modehell as a range of applications.

In addition to the DICE model. Nordhaus disaggreddahe model into ten different groups
of nations. This is called the Regional DICE moaieRICE. This allows for further analysis
using the DICE model to evaluate national levehelie change policies and strategies. The
RICE model was later updated to include only 8argi The most recent version released in

2010 includes a measure of the damages caused bgvet rise [Newbold, 2010].

A further update to the DICE model in 2008 alloweda technology that could completely

replace all fossil fuel powered plants. The sumgdlgarbon based fuels is limited. So
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substitution of carbon based fuel with non-carbasedl fuel will occur at some rate over
time. This could be due to the exhaustion of cattased fuels, development of new
technologies that replace carbon or implementatfquolicies that limit GHG emissions.

Any new non-carbon based technology would initigyvery costly with costs slowly
declining over time. The model developed for thiglg will not utilize this functionality,

but rather uses a new portion of the model thatdeagloped to simulate the replacement of
fossil fuel burning power plants by the constructad nuclear power plants. The reason for
not using this functionality is because the goas weafocus on NPP construction as the

primary means of slowing climate change.

5.2. Description of Model

The DICE model views the economies of climate cledingm the standpoint of the Ramsey
growth model, which is a neoclassical growth theopndel [Nordhaus, 2008]. The
neoclassical growth theory involves a steady grawaté that is driven by three factors;
Labor, Capital and Technology. By varying the amafriabor and capital an equilibrium
growth rate can be achieved. As new technologesamnduced, the labor and capital will
again need to be adjusted in order to maintain tir@guilibrium. Based on this approach,
economies make investments in capital, educatidrtechnology. These investments allow
for a reduction in consumption today, which allaw &n increase in consumption in the

future.

The atmospheric concentration of £© considered as a form of “natural capital”. This

natural capital has a negative impact on econommigut due to its influence on the global
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average surface temperature. The amount of natapatial is increased by reductions of
emissions. A reduction of emissions can occur dymoticies which limit GHG emissions or
replacing carbon based fuel with non-carbon basel This includes NPPs which produce

significantly less GHG emissions than FFPPs.

The DICE model is a global model that aggregatisrént countries into a single level of
output, capital stock, technology, and emissiorstalrom all major countries is used to
estimate the global aggregate. Global economicutigpdetermined using a Cobb-Douglas
production function using physical capital, labadanergy as inputs [Newbold, 2010].
Energy production either comes from carbon basel$ such as coal or natural gas or from
non-carbon based technologies. Non-carbon baskddkgies include solar, geothermal

energy and nuclear power [Nordhaus, 2008].

Labor is a function of global population and grower time. The total factor productivity
also increases with time [Newbold, 2010]. Both @age exogenously. All regions start with
an initial stock of labor and capital. Capital acedation is determined by the individual
consumption rates of each region [Nordhaus, 2008hsumption includes food, shelter,

amenities and services.

The potential damages that occur due to climatagdare divided into seven categories.
These categories include agriculture, sea leve] ather market sectors, human health,
nonmarket amenity impacts, human settlements apslystems, and catastrophes.

Individual damage functions are used for each e$¢hcategories.
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5.3. Application of Model

The DICE model was originally developed by visitstgdents at the University of Idaho
from South Korea using the Nordhaus model versieated by Tom Fiddaman of MIT
[Fiddaman, 2007vith Vensim Simulation software. Vensim is a sintigla program made
by Ventana Systems. It is a “visual modeling tdalttallows you to conceptualize,
document, simulate, analyze and optimize modetl/oamic systems” [Vensim User’'s
Guide, 2002]. The software provides a means oflmglmodels from casual loop or stock

and flow diagrams. Figure 5.1 shows the DICE madgctory.
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The trajectory is divided into 5 sections. The Ideetion represents climate, the pink
carbon, green is indices, the orange representoagpand the black is optimization. For
the purposes of this research, variables from liheate and carbon sections will be changed
to analyze multiple scenarios. The variables thlitoe analyzed as part of this study
include CQ in the atmosphere, atmospheric and ocean tempeilatrease and climate
damages, as these are the primary climate chamigdhes that the DICE model will

simulate.

The CQ in the atmosphere is calculated as a function@f €@nissions and the atmospheric
retention of CQin the atmosphere. A residence time of 120 yeaused in the DICE

model. The atmospheric and upper ocean tempernaitnease is calculated as a function of
the surface warming from accumulation of {J@the atmosphere. The deep ocean
temperature changes as a function of the heatféraostween the upper ocean. The warmer
the upper ocean, the warmer the deep ocean witllbecThe climate damages is calculated
from the simulated reference annual economic owtpdtdesigned to change as the
temperature changes. Appendix A lists all of thealdes of the DICE model and each of

their uses and causes.

To model the effects of NPP construction as a mearsduce greenhouse gas emissions
from power plants in the U.S., the DICE model waxlified. The modified version
includes a section that allows for the modelinghef construction of NPPs and subsequent
decommissioning of fossil fuel burning power planthis portion of the model uses a ratio

of the power produced by a NPP compared to thdteoFFPP to determine how many
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FFPPs will be shut down if a NPP is built. Since #mount of GHGs produced by a NPP is
much less than that of a FFPP, the GHG emissiolhevieduced. Further increasing the

NPP construction rate will continue to reduce emoiss

The modified DICE model can determine what the ciida of GHGs will be based on the
different construction rates and then feed thisicédn into the Nordhaus portion of the
DICE model. The DICE model can then predict thaltamount of C@emissions after
some period of time, the total amount of i®the atmosphere, atmospheric and ocean
temperature increases and other factors. The matiéle used to predict the benefit, if any,
of using NPPs as a means to reduce @@issions to the atmosphere. The model will be

described in further detail below.

The modified NPP construction portion of the mastalts with the historic and current
guantity of NPPs in the U.S. from 1965 until 20TRe present amount of operating NPPs in
the US is 104. The model also assumes the lifetih@eNPP to be 60 years. The model will
automatically decommission a NPP after 60 years fifte year it was constructed. Based
on the design of the model the amount of NPPs nactstd will need to be maintained to
meet the original power output, so after 60 yetacam be inferred that when new NPPs start
to be decommissioned, new NPPs will be constructedplace them. This essentially
means the NPP construction rate will double, &teyears. This is not shown in the model,
and will ultimately not have an effect on the résul'he model then provides the ability to
adjust the construction rate of NPPs from 2014 edwBhe model will allow for a constant

construction rate each year for the entire duradicthe simulation. The model will also
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start to decommission these NPPs after 60 yeastatesl earlier. The amount of NPPs in
operation will then become constant as the amoluNP®s constructed will eventually

equal the amount decommissioned.

The next portion of the model will assume a spe@fount of FFPPs will be replaced by
NPPs based on the power ratio between the difféypets of power plants. Since coal
burning power plants (CPPs) produce the largesuatmaf CQ, these plants will be
replaced first. The amount of CPPs decommissionkdbevbased on their average power
compared to the average power of a NPP. TableddMshows the average power for the

different power plants used for this study.

Table 5.1. Power output and €@missions for each type of power plant.

Operating 5 ton CO2 Annual Output
Plant Units A emissions/unit | of CO2 (tons) (EERL AT % of CPP
Coal Power Plant
(CPP) 1396 1,300,000 1,360,000 1,898,560,000 1.05 100%
Petroleum Power Plant
(PPP) 3779 24,896 19,000 71,801,000 0.78 74%
Natural Gas Power Plant
(NGPP) 5529 189,522 84,000 464,436,000 0.44 42%
Nuclear Power Plant
(NPP) 104 7,590,000 500,940 52,097,760 0.07 6%

The average power for coal burning power plantgjrabhgas power plants and petroleum
power plants is calculated by taking the averageegp@utput for all of the plants in
operation in the U.S. for 10 years from 2001 to@[BIA Electric Power, 2013]. It should
also be noted that for the newly constructed NBREsame power capacity is used for the
entire model and advances in power output areardidered. For CPPs, dividing the

average power (MWh/unit) of a NPP by a CPP (#NPPR)Qives you the amount of CPPs
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that will be shut down each time a NPP is builte Thodel will then calculate the amount of
CO, emissions that will be eliminated by closing tHeRS due to new construction of NPPs.
Table 5.1 also lists the amount of £@yoduced by each type of power plant. A CPP will
produce about 1.05 tons of Carbon per MWh, whiNP& will produce 0.07 tons per MWh.

This equates to roughly 6% the emissions from a bii#Rpared to a CPP.

The model is designed to first replace CPPs, theRRs and finally PPPs. The NGPPs will
not be replaced until all of the CPPs are replasatithe PPPs will not be replaced until the
NGPPs have all been decommissioned. Varying the dédiaBtruction rate will alter the rate
at which the FFPPs are eliminated. If the NPP caoson rate is large enough, all of the
FFPPs will eventually be replaced. Once all ofRR®Ps have been decommissioned,
additional construction of NPPs will have no furte&ect on the model because the all of
the power generated from FFPPs has been replatedN®P generated power. Figure 5.2
shows the modified portion of the DICE model crddte this study. The amount of GO
that is calculated to be reduced by closing theHsHB then fed into the standard DICE
model CQ emission variable. Figure 5.3 is of the entire DiG&del including the standard

Nordhaus portion and the modified portion.
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5.4. Example Model Run-Through

To clearly illustrate how the model works, thistimt will run through each stage of the model and
display the representative data. For this exangpPP construction rate of 2 units per year will be
used and results from the simulation will be présgthrough the year 2105. The figures used in this
section are taken directly from the Vensim Modet.aAcomparison to the current NPP construction
progress, 2 units are currently being constructed/par, unlike this model which has 2 units being

completed and online each year.

The NPP increasing rate (NPP/yr) variable is fiteinged to 2. This means the model will construct
2 NPPs per year from 2013 to 2105. The model Wt decommission NPPs 60 years after their
date of construction. This means that over theeits/184 units more than the 104 in operation will

be built, less the units that are decommissiontt 80 years of operation.
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Figure 5.4. Vensim model representation of NPP ttoason history until 2014 and then 2
NPP/yr until 2105.
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Figure 5.4 exhibits the actual NPP constructiotonysuntil 2014. After 2014, the model
simulates construction of 2 NPP each year until2Barting in 2014 the total # of NPPs
increases until around 2030 when the current 8é&tPPs begins to be decommissioned.
The number of NPPs starts to increase again in 8830NPPs continue to be constructed
each year. Eventually the model reaches equilibru@070 when the number of NPPs
constructed equals the number decommissione®(N&Ps constructed and 2 NPPs

decommissioned at 60 years of operation).

The model will then calculate how many coal burragver plants (CPPs) will be
decommissioned for each NPP constructed. Thereuarently 1396 CPPs operating in the
U.S. [EIA Electric Power, 2013]. Three CPPs willdecommissioned for each NPP
constructed based on the ratio of power output éetvthe two types of power plants.

Figure 5.5 shows the rate of CPPs decommissionstiyéme.
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Figure 5.5. Number of CPPs versus time.
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Based on a NPP construction rate of 2 per yeaunar600 CPPs would remain in operation
in 2105. If modeling an increased construction,réte amount of CPPs decommissioned
would increase. Eventually all CPPS would be dec@sioned at a high enough NPP
construction rate. If this occurs, the model isigiesd to then decommission natural gas
power plants and then petroleum based power plaigsre 5.6 shows an example of an

increased NPP construction rate on CPP, NGPP aRdlBEbmmissioning rates.

Figure 5.6 is based off of a NPP construction oat20 NPP per year. The data from the 2
NPP per year rate is shown for comparison. As easelen, all of the CPPs are
decommissioned and replaced by NPPs shortly &fteyear 2025. The model is designed to
start decommissioning NGPPs after CPPs. The powpubfrom a NGPP is much less than
that of a CPP. The figure shows the 5529 NGPRsatleacurrently in operation are all

decommissioned in approximately 10 years from 2025034.

The model will then start to decommission the P&Re the NGPPs have all been shut
down. PPPs generate even less power than NGPPse Hba 3779 PPPs in operation are
decommissioned in 2 years when 20 NPPs are cotstrper year. Continuing with the 2
NPP per year example, the model will then calculageamount of C&output will be
eliminated for each CPP that is decommissioneds iBhiletermined from the amount of

CO, emissions from each CPP and the number of CPRsmieissioned.
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In Figure 5.7 it can be seen that 13.02 milliorstohCQ emissions are avoided each year
due to the decommissioning of 6 CPPs when 2 NRPsastructed. The model will then

convert the C@emissions to tons of Carbon.

Figure 5.8 is similar to 5.7, but in tons of carlwice tons of CQto be compatible with the
DICE model. Most scientists report their data imtg of carbon vice C{because they are
studying the carbon cycle [Romm, 2008]. The reductf CQ emissions by tons of Carbon
is then fed directly into the DICE model. It is fedo the “002) CQ@emissions” variable
which estimates the increase in £€nissions into the atmosphere from predicted

economics, population and climate behavior baselisiorical data.
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Figure 5.7. Reduction in G&@missions versus time.
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Reduction of CO2 Emission by C
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Figure 5.8. Reduction of G@missions by ton C per year.

The modified DICE model can be used to determieeeffect of using different

construction rates to decommission CPPs, NGPP®BRg in order to reduce the amount of
GHG emissions. The different calculated reductioavoided emissions is fed into
Nordhaus’s DICE model to predict factors such as @@e atmosphere, atmospheric
temperature increase and deep ocean temperatueasec The overall purpose of this study
is to determine if the construction of additionatlkear power plants is a viable alternative to

combat global warming.
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5.5. Shortfalls of Model

The modified DICE model developed for this analydiews for modeling of very
aggressive NPP construction rates. The largestfalidnat would be encountered if a large
number of NPPs was constructed would be the matwifag capabilities for the large
reactor pressure vessel (RPV) forgings. Using tlestiighouse model AP1000 as an
example, it requires a 15 kiloton press that caw@enodate a 350 ton ingot at a minimum
[Heavy Manufacturing]. According to the World NuateAssociation [Heavy
Manufacturing], the challenge is not just for hedangings such as reactor vessels, steam
turbines and generators, but also other highlyreseged components. This in turn makes

the higher level of output difficult to achieve.

Due to the current political climate after the Fshkima nuclear disaster, it is unlikely that
the manufacturing capabilities for NPP forging®tirer large components will increase in
the immediate future. It would be expected thattamtthl manufacturing facilities would
come online to support a greater demand if oneldped, but that would not be expected
for some time. Some of the NPP manufacturing nategosed in this study would not be
feasible, at least initially. However, for the pase of analysis, these factors are ignored in
the simulation model. The model also uses a cohstanufacturing rate for each year. The
model does not take into account any changes dugtmn rates due to economic
conditions, manufacturing issues, or other addaidactors that could limit NPP
construction rates. A nuclear disaster in the Sif§ilar to Fukushima would likely have a
detrimental effect on NPP construction. Additidpah large number of construction

projects would also require a large number of resgsiincluding trades skills, laborers,
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cranes, concrete as well as many others. Theseroesocould also limit the NPP
construction rates. For comparison purposes, tjeelst actual construction rates occurred
during the 1970’s when construction of 25-30 neacters was started worldwide each year
[Char and Csik, 1987]. The model also does nosicen the considerable length it requires
to complete an application for a new NPP. As welilee lengthy construction time of 4.5
years based on the recent construction duratidimeoEhin Kori NPP in South Korea. The

model will construct the inputted NPP constructiate regardless of these factors.

For the purpose of this study, FFPPs are immeglidstommissioned. This is not feasible
in the sense that it is unlikely the U.S. wouldtstiown FFPPs that are working perfectly
fine. In reality there would be some degree of apebetween decommissioning and new

NPP construction.

Another limiting variable for this study would beetavailability of enriched uranium. Some
of the construction rates analyzed would requiraraount of uranium greater than the
available reserves. Depending on economics, theiahod uranium reserves could increase
if sources including seawater or remote geographieas are further explored for new
reserves. This includes advanced techniques bewgjaped here at the University of Idaho
to remove uranium from seawater by Professor CAlan[Wai, 2012]. It is also predicted
that alternative fuels such as plutonium or thorimay be considered in the future.
Reprocessing of used nuclear fuel or the use @darereactors could also extend the
nuclear fuel available for NPP construction. Thaikability of uranium for construction of

NPPs is not considered for this study.
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The amount of radioactive waste that will be geteetdrom the NPPs also needs to be
considered. With the larger production rates thkoactive waste will be significant. In
addition to the radioactive material waste willdgposal of the spent nuclear fuel (SNF).
The U.S currently has not identified a locationlforg term disposal of SNF. Some states
require that a plan for permanent disposal of Shfradioactive waste is determined prior
to construction of any NPPs. Adding this into cdesation would impede the construction

rates that are modeled in this study.
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Chapter 6. Results

6.1. Results of Vensim Model Simulations

After the Vensim DICE model was recreated and tbdifred portion completed, multiple
simulation runs were conducted in order to prodeselts. The input for the model is a NPP
construction rate. A range of simulations betweeno £0) NPP/year and 1000 NPP/yr were
used. A simulation is performed with no NPPs beiogstructed as a baseline. This is
essentially the amount of G@missions predicted by the Nordhaus model if nimads

taken. The simulations initially involved smallePR construction rates that could more
accurately reflect potential construction ratethmnear future. Increased production rates
were then used to determine where the greatesttiedun emissions can be seen. These
higher rates are not feasible due to many factm®snding NPP construction and

development.

The model was set up to produce data until the ¥8@0. This analysis will evaluate the
effects of increased NPP construction on GHG ewmissover the next 300 years.
Discussion will also involve the results from thesay 2100 to compare the difference from
the next 100 years. The purpose for choosing theseds was to evaluate the near-term
effects (<100 years) as well as allow for a lagggniod of time to elapse (300 years) to

allow for the cumulative effects to be determingdraa larger period of time.

The model is set up to replace all of the FFPRgparation in the U.S. Once all of these
FFPPs have been decommissioned, additional NPRragotisn will have no effect on

climate change. It will take approximately 390 NR®sgeplace all of the FFPPs. Faster rates
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of construction will replace the FFPPs at an inseelgpace. Table 6.1 shows how many

years it will take for each NPP construction rateliminate all of the FFPPs.

Table 6.1. Time in years it will take to replaceF#PPs for each NPP construction rate.

0 N/A
1 N/A
2 195
3 130
4 97
5 78
10 39
25 16
50 8
100 4
250 2
500 1
1000 1

Table 6.1 gives some perspective into how quidkéyEFPPs could be eliminated based on
the higher power output of each NPP. This datmgortant because it relates to the fact that
the faster the FFPPs are decommissioned, thernesshey have to produce GHGs. This

will factor into the results that will be furtheisdussed below.

The first factor evaluated is G@missions versus time. Per the DICE model; €dissions
are predicted to grow over time. Once NPP constm@nd FFPP decommissioning starts,

the amount of emissions is reduced. As the NPPticani®n rate increases, the amount of

CO, emissions will decrease.
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Figure 6.1. C@Qemissions versus time for multiple NPP construrctates.

Figure 6.1 shows how the G@&missions decrease as the NPPs are simulateplacedhe
FFPPs. The different construction rates replacé&ePs at different rates as the NPP
construction rate increases. By the year 2300f aheemissions appear to converge

signifying that all of the FFPPs have been decorsioned.

In order to illustrate the effect of NPP constrontstartup, a enlarged portion of this part of

the model is shown in Figure 6.2.
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Figure 6.2. Enlarged portion of plot showing thartsof NPP construction.

As can be seen in figure 6.2, as the NPP consbrucéite increases, G@missions are
reduced at a faster rate. Little difference is olegle when the production rate increases

above 250 NPP/yr because all of the FFPPs arecexpla a matter of a couple years.

Table 6.2 looks at the G@missions for the different NPP construction ratiegear 2100

and year 2300.



Table 6.2. C@emissions in 2100 and 2300.
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Reduction of Reduction of Reduction of Reduction of
NPP CO, Emissi CO, Emissi
missions missions
T (B'Il'z TI IC/ ) CO, Emissions | CO,Emissions (B'Il'z Tonc/yr) CO, Emissions | CO,Emissions
illion TonC/yr illion TonC/yr
(Plants/yr) g (Billion TonC/yr) (%) U (Billion TonC/yr) (%)
2100 2300

0 21.34 0 0.00% 25.44 0 0.00%

1 21.16 0.19 0.88% 24.90 0.54 2.13%

2 20.97 0.37 1.76% 24.81 0.64 2.50%

3 20.81 0.53 2.49% 24.81 0.63 2.49%

4 20.73 0.61 2.86% 24.81 0.63 2.49%

5 20.69 0.66 3.08% 24.81 0.63 2.49%

10 20.69 0.65 3.07% 24.81 0.63 2.48%

25 20.69 0.65 3.06% 24.81 0.63 2.48%

50 20.69 0.65 3.06% 24.81 0.63 2.48%
100 20.69 0.65 3.05% 24.81 0.63 2.48%
250 20.69 0.65 3.05% 24.81 0.63 2.48%
500 20.69 0.65 3.05% 24.81 0.63 2.48%
1000 20.69 0.65 3.05% 24.81 0.63 2.48%

Table 6.2 also shows the reduction in£&issions as well as the percentage of total

emissions that this represents.

In addition to CQ emissions, the amount of G the atmosphere was evaluated..G&s

a residence time of 35-90 years in the atmospfdis.means the actual concentration and

effect of CQin the atmosphere will not be known until a futtinree. Figure 6.3 shows the

amount of CQin the atmosphere until the year 2300 for thecteterange of NPP

construction rates.
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Figure 6.3. CQin the atmosphere until 2300.

The figure shows that as time progresses and tR€§&Rare replaced with NPPs, the amount
of CO, decreases. Figure 6.4 is added to show an enlargedf the figure from the
dashed line (2100) on Figure 6.3 to illustraterdduced atmospheric G@Que to NPP

construction.
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Figure 6.4. Enlarged portion of the €@ the atmosphere versus time figure.

Table 6.3 shows the G@n the atmosphere at the year 2100 and 2300 fir ekthe

different NPP construction rates.
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Table 6.3. CQin the atmosphere for the year 2100 and 2300.
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Reduction of i Reduction of .
€O, in . Reduction of CO,in i Reduction of
NPP CO,in the . CO,in .

. Atmosphere CO;in the Atmosphere CO,in the
Construction (Billion TonC) Atmosphere Atmosphere (%)| (Billion TonC) Atmosphere Atmosphere (%)
(Plants/yr) (Billion TonC) & ° (Billion TonC) P ?

2100 2300
0 1447.44 0.00 0.00% 2293.30 0.00 0.00%
1 1443.30 4.14 0.29% 2265.19 28.12 1.23%
2 1439.16 8.28 0.57% 2253.68 39.63 1.73%
3 1435.09 12.36 0.85% 2251.37 41.93 1.83%
4 1431.99 15.45 1.07% 2250.52 42.78 1.87%
5 1429.56 17.88 1.24% 2250.08 43.22 1.88%
10 1425.05 22.39 1.55% 2249.34 43.96 1.92%
25 1422.79 24.65 1.70% 2248.97 44.33 1.93%
50 1422.08 25.36 1.75% 2248.86 44.45 1.94%
100 1421.76 25.68 1.77% 2248.81 44,50 1.94%
250 1421.54 25.90 1.79% 2248.77 44.54 1.94%
500 1421.54 25.91 1.79% 2248.77 44,54 1.94%
1000 1421.54 25.91 1.79% 2248.77 44,54 1.94%

Table 6.3 illustrates the reduction of €@ the atmosphere as the number of FFPPs being

replaced by NPPs increases. The reduction contemess even greater at the year 2300

compared to 2100. The table also expresses thetredin CQ as a percentage of toaD,

in the atmosphere. A slight increase is seen fitoenyear 2100 to 2300.

The increase in C£&missions and associated increase of i@he atmosphere is expected

to have a negative effect on climate change. Ti&EDhodel also predicts how some of

these factors will change with time. The key fastevaluated as part of this study are the

upper ocean and atmospheric temperature as wisleateep ocean temperature. The

predicted increase in Upper Ocean and atmosplemipdrature is shown in Figure 6.5.
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Figure 6.5. Change in Upper Ocean/ atmosphericdeayre with time.

A small reduction in temperature increase is seethe simulations runs where the NPPs

replace the FFPPs. A closer look at this dataasvehn Table 6.4.
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Table 6.4. Upper Ocean/ Atmospheric Temperatura fdatthe years 2100 and 2300.

Atmosphere/
Upper Ocean Reduction (°C) = Reduction (%)

Temperature

Increase (°C)
0 3.117 0.000 0.00% 5.186 0.000 0.00%
1 3.111 0.006 0.19% 5.149 0.038 0.73%
2 3.105 0.012 0.39% 5.130 0.056 1.09%
3 3.099 0.018 0.58% 5.125 0.061 1.18%
4 3.093 0.024 0.76% 5.123 0.063 1.22%
5 3.089 0.028 0.90% 5.122 0.065 1.24%
10 3.078 0.039 1.25% 5.120 0.066 1.28%
25 3.071 0.046 1.46% 5.119 0.067 1.30%
50 3.069 0.048 1.53% 5.119 0.068 1.31%
100 3.068 0.049 1.56% 5.118 0.068 1.31%
250 3.067 0.049 1.59% 5.118 0.068 1.31%
500 3.067 0.049 1.59% 5.118 0.068 1.31%
1000 3.067 0.049 1.59% 5.118 0.068 1.31%

Similar to previous data, a small improvement igedawith the increased NPP construction
rates. It can also be seen that even though thalaetuction in temperature increase is
greater in the year 2300 compared to 2100, it sgmts a smaller fraction of the total

temperature increase.

Another climate change factor that the DICE moal be used to simulate is the deep
ocean temperatures. The oceans are an importdraffiae temperature regulation on earth
and a drastic change in the deep ocean temperaul@ hinder or eliminate the ability of
the ocean to perform this function. Some analysygisat this could result in the ultimate
global warming event, an ice age, due to seveeeadibn of the world’s climate. Figure 6.6

displays the deep ocean temperature increase.
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Figure 6.6. Change in Deep Ocean temperature inii t

The increase in deep ocean temperature with timeugh less than the Upper Ocean and
atmospheric temperature increase. The reasonifoistthat the higher radiative forcing
caused by the COn the atmosphere warms the atmospheric layertwihiturn warms the
upper ocean; the upper ocean will then gradualiymthe deep ocean leading to smaller
temperature fluctuations in the deep ocean [Norgh2@l1]. Table 6.5 displays the deep

ocean temperature data.



Table 6.5. Deep Ocean Temperature data for thes yd40 and 2300.
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NPP Deep Ocean Deep Ocean
Construction Temperature |Reduction (°C) |Reduction (%) Temperature |Reduction (°C) |Reduction (%)
(Plants/yr) Increase (°C) Increase (°C)
2100 2300
0 0.524 0.000 0.00% 1.810 0.000 0.00%
1 0.524 0.000 0.06% 1.802 0.008 0.42%
2 0.524 0.001 0.12% 1.797 0.013 0.74%
3 0.523 0.001 0.18% 1.794 0.016 0.91%
4 0.523 0.001 0.24% 1.792 0.018 1.00%
5 0.523 0.002 0.30% 1.791 0.019 1.06%
10 0.522 0.002 0.47% 1.788 0.021 1.19%
25 0.521 0.003 0.63% 1.787 0.023 1.27%
50 0.521 0.004 0.70% 1.786 0.023 1.29%
100 0.521 0.004 0.73% 1.786 0.024 1.31%
250 0.520 0.004 0.75% 1.786 0.024 1.32%
500 0.520 0.004 0.75% 1.786 0.024 1.32%
1000 0.520 0.004 0.75% 1.786 0.024 1.32%

The deep ocean temperature is expected to incneaste less than the Upper Ocean and

atmospheric temperature. This results in an evallemreduction in temperature increase.

Compared to the Upper Ocean and atmospheric tetmpethe percentage of reduction of

temperature increase is larger at the year 230020a0.

It is also predicted that with climate change aloibgl warming, this will result in climate

damages that will cost trillions of dollars. The@®H model allows for modeling the

estimated costs or climate damages. Climate dansgesalculated as a fraction of the total

predicted annual economic output. The fractioreiednined as a function of the increase in

atmospheric and upper ocean temperature from @ictsnge.

Figure 6.7 illustrates the costs associated wibhalwarming.
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Figure 6.7. Cost of climate damages with time.
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Costs are predicted to reach the multi-trillionldotange. Some reduction in the rate at

which ‘damage’ is accrued is seen as NPPs aretageplace FFPPs. Table 6.6 lists the

climate damage and predicted reduction for the &80 and 2300.
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Table 6.6. Climate damage costs and predicted tietsc

NPP Climate Reduction
. Damages " Reduction (%)
Construction (Trillions of §) (Trillions of $)
(Plants/yr)
2100
0 1.50 0.000 0.00% 6.00 0.000 0.00%
1 1.50 0.006 1.10% 5.92 0.082 4.56%
2 1.49 0.011 2.19% 5.87 0.124 6.83%
3 1.49 0.017 3.28% 5.86 0.134 7.43%
4 1.48 0.022 4.25% 5.86 0.139 7.66%
5 1.48 0.026 5.04% 5.86 0.141 7.79%
10 1.47 0.037 7.00% 5.85 0.145 8.03%
25 1.46 0.043 8.17% 5.85 0.148 8.15%
50 1.46 0.045 8.56% 5.85 0.148 8.19%
100 1.46 0.046 8.74% 5.85 0.149 8.21%
250 1.46 0.046 8.86% 5.85 0.149 8.23%
500 1.46 0.047 8.87% 5.85 0.149 8.23%
1000 1.46 0.047 8.87% 5.85 0.149 8.23%

As can be seen by the data, eliminating all ofRREPs can reduce the damage costs by
over 8%. This reduction is the greatest for aliatales that were analyzed. 5.85 trillion
dollars a year sounds like an enormous amount oleyto be paid to battle the effects of
climate change in today’s economy. However, baseftation, this value is estimated to
be equivalent to hundreds of millions of dollarda@day’s money in the year 2300 which

will have less of a devastating effect on the ecoyno

The data collected above represents the most ianiattita that can be generated from the

DICE model. More detailed discussion of this datpresented in section 7.
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Chapter 7. Discussion of Results

7.1. CO, Emissions to the Atmosphere

Carbon Dioxide emissions are expected to increasetone as the world’s population
grows and more and more nations become technollygazivanced, corresponding to an
increase in fossil fuel combustion for energy. THEE model can be used to predict the
increase in C®emissions with time. For the purposes of thisgttlte DICE model was set
to simulate until the year 2300. This was for theppses of allowing the DICE model to

predict any changes in climate change data forceqmiately 300 years.

Based on the DICE model predictions without takang actions, the amount of GO
emissions in the year 2300 will be 25.44 billiondmf Carbon per year. The model starts
with just over 12 billion tons of Carbon per year2013. This means the amount of CO
emissions will almost double in ~300 years. Thetpaxt of this study was to modify the
DICE model using Vensim modeling software. Thistjoor of the model was discussed in
more detail in chapter 5 of this thesis and wilbwal for the input of an annual NPP
construction rate. The NPPs that are construceedsed to replace the existing fleet of
FFPPs in the U.S.. FFPPs produce 74% of the gloGakemissions [EPA Global
Emissions]. The U.S. is responsible for 19% ofglual CQ emissions, second only to
China (23%) [EPA Global Emissions]. The model efiates a number of FFPPs based on
an equivalent power output from the newly conseddtiPPs. The model also calculates the
reduction in CQbased on the difference in emissions between aawdR FFPP. The

reduction of CQ@emissions is then fed into the DICE model to sateithe increase in GO
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emissions. The model will allow for determinatidrtloe advantage of replacing FFPPs with

NPPs in order to reduce GHG emissions and comivaaid change.

The model allows for any number of NPP constructaies to be specified. The model will
replace the current feet of FFPPs in the U.S. hed will have no further effect because all
of the power produced by FFPPs is now produced®is\ For this study, a number of
smaller construction rates were evaluated to siteydatential actual construction rates if
the U.S. were to restart NPP construction someitintiee near future. In addition to these
production rates, much higher, likely impossibleesavere also evaluated. With the
modification of the model, a reduction in €émissions occurs with time. With a
construction rate of 1 NPP per year, will reduaettital amount of annual G@missions in
the year 2300 by half a billion tons of Carbon. Tdtal amount will become 24.9 billion
tons of Carbon vs. the 25.44 billion tons of Carldtussed previously. This equates to a

reduction of 2.13%.

As the NPP construction rate increases, therermaggito be a slight reduction in annual
CO,emissions in the year 2300. The total reductioelewut at 0.63 billion tons of Carbon
with a production rate of 2 NPPs per year. Thigsesents the total C@utput reduced by
replacing all of the NPPs. Increased productioesratill have no further effect on GO
emissions. The production rate of 2 NPPs per ydareplace all of the FFPPs in year
2209. Increased NPP construction rates will elitaribe FFPPs at a quicker rate, but
eventually will all reach the same total reductidrCO, emissions, or 0.63 billion tons of

Carbon per year. Even though the total amountra$&ions is the same with a production
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rate of 2 NPPs or greater per year, the increagmtliption rates will eliminate the total
amount of CQemissions earlier, which reduces the total amofiatrossions over a period
of time. Since the C&emissions have some residence time in the atmasptinés should

change the amount of G@at remains in the atmosphere.

Analyzing the DICE model for the amount of €i@ the atmosphere shows that without
taking any action, the total amount will be 229Bil8on tons of Carbon for the year 2300.
This compares with the value at the year 2013 &flBion. Meaning the total amount of
atmospheric Ce@will more than double during the period of this alation. Now taking

into account the reduction in emissions throughaegment of FFPPs with NPPs, it can be
seen that the total amount will be reduced wittetid construction rate of 1 NPP per year
reduces the amount of G@ the atmosphere by 28 billion tons in 2300. Tikia significant

amount of CQ, but only equates to a reduction of 1.23% of tatalospheric Carbon.

Unlike CQ, emissions, the total amount of €@ the atmosphere will continue to decrease
after a production rate of 2 NPPs per year. Thaatoh does not level out until a
construction rate of 250 NPPs per year. Increasadtaiction rates of 500 or 1000 NPPs
per year provide not additional benefit to atmosgh€0,. At these production rates the
reduction of CQin the atmosphere is equal to 44.54 billion toh€arbon per year in 2300.

This amounts to a total reduction of 1.94% in atpmesic Carbon.

Most publications report the amount of gd@®the atmosphere using the units parts per

million or ppm. A group of climate scientists bekethat 350 ppm C£n the atmosphere is
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the safe upper limit [CO2now org]. Unfortunatelg tturrent limit is already measured at
over 390. ppm [CO2now org]. Converting the datthia report into ppm to compare with

these limits shows the ppm G@ill become much greater than this in the future.

Using a conversion factor of 1 ppm = 2.13 Gt C,tttal amount of C@in the atmosphere
in 2300 if no action is taken will be 1076 ppm [@@]. The greatest reduction seen by
constructing 250 NPP per year or greater will egeata level of 1055 ppm. The reduction

is small and the total amount is much greater tharproposed upper safe limit of 350 ppm.

The resulting effect of this increase of £@ the atmosphere is climate change. The CO
produced as part of this evaluation is all manmade. purpose of the DICE model and this
study is to analyze the effect of the manmade Q®Oclimate change. The DICE model
predicts certain indicators of climate change obgl warming including Upper Ocean and

atmospheric temperature and the deep ocean temaperat

Performing a simulation run with the DICE model sisaa predicted upper ocean and
atmospheric temperature increase of 5:€C86 2300 if no action is taken. A small benefit is
seen when FFPPs are replaced with NPPs as paisdttidy. The greatest decrease in
temperature increase is seen at a constructiorof&@ NPPs a year or greater. This
improvement is 0.06& or 1.31% from the predicted value of 5.186s no action is taken.
This is a relatively small amount considering tig study shuts down all of the FFPPs

currently operating in the U.S..
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Another indicator of global warming is the deepatéemperature. The deep ocean
temperature is important as part of the earth’'sntloeegulation. Similar to the upper ocean
and atmospheric temperature increase, a small weprent of 1.32% can be realized if all
of the U.S’s FFPPs are shut down. The DICE modsdipts a deep ocean temperature
increase of 1.8C in 2300. This amount would be reduced by 0G24 2300 if at least 25

NPPs are constructed each year.

Climate change can have significant consequencdbd@lanet. It is expected that the
damages caused by climate change and global wasmilingpst trillions of dollars to
combat. The DICE model also allows for simulatidnh@se costs. Per the model, climate
damages are expected to cost 131 billion dollarygar. In comparison, the model predicts

the annual cost to be 6 trillion dollars in 2300isTis a 45 fold increase.

Using the modified portion of this model to predioe reduction in C@from replacing

FFPPs with NPPs shows some reduction in these telideanage costs. The range of benefit
is from 82 billion with 1 NPP being constructed legear to 149 billion per year if 100

NPPs or greater are constructed each year. Theilli4@ dollars is equivalent to 8.23% of

the total cost of climate damages.

In summary table 7.1 shows the greatest improvethantcan occur if all of the FFPPs

operating in the U.S. are replaced with NPPs.
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Table 7.1 Summary of data with the greatest effaatlimate change.

CO, Emissions 25.44 Gt C/yr 2 24.81 Gt C/yr 0.63 Gt C/yr 2.48%
Atmospheric CO, 2293GtC 50 2249Gt C 44.54Gt C 1.94%

Upper Ocean/Atmospheric Temp. 5.186°C 50 5.118°C 0.068°C 1.31%
Deep Ocean Temp. 1.81°C 100 1.786°C 0.024°C 1.32%
Climate Damages $6 Trillion 250 $5.85 Trillion | $0.149Trillion]| 8.23%

Table 7.1 lists all of the variables analyzed a% pkthis study. It allows for a comparison
between the value predicted as part of a DICE msidallation with no action taken and
the best case scenario as simulated with the neddifiiCE model. The table lists the

minimum NPP construction rate that is requirede® the largest benefit.

The variable that exhibits the greatest benefihfreplacing the FFPPs in operation in the
U.S. with NPPs is the cost of climate damages. asethe simulation results from the
DICE model, if at least 25 NPPs are constructedaa,y$149 billion dollars or 8.23% of the

total annual cost of climate change can be elirethat

The total cost of climate damages is predictecet@®trillion a year in 2300 compared to
131 billion in 2013. Although this 8% reductionthre total cost is the most significant
benefit, it is still a very small amount consideriihe total amount that climate damages are

expected to cost in 2300.
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Following the cost, the model predicts that &issions can be reduced by 2.48% or 630
billion tons of Carbon per year. This is by simplenination of all of the FFPPs in

operation.

The amount of C@in the atmosphere can be reduced by 1.94%. Thkawtount in the
atmosphere is expected to be equivalent to 1076ip@800. This amount is much greater
than the proposed safe upper limit of 350 ppm. Basethese results, elimination of only
the FFPPs in the U.S. will not be sufficient to maksignificant indent into curbing climate
change. This is further represented by the smaliedeses that are seen in upper ocean and

atmospheric and deep ocean temperature increases.

The results of this study show that replacing FFREs NPPs will aid in the efforts to fight
global warming. However, the benefits that are d®eanly eliminating the U.S. fleet of
FFPPs are not enough. It is possible that if moatlmations made similar efforts, a
sizeable improvement in climate change could oddafortunately, the large construction
rates of NPPs are not feasible due to many outstgriactors surrounding the construction
NPPs. It is also likely that other manmade,@@duction from things such as vehicles will

need to be addressed to truly prevent further ghvbaming.
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Chapter 8. Conclusions

The accumulation of COn the atmosphere as a result of human activgiescurring at a
precipitous rate since the industrial revolutionrécent history the world has seen an
increase in the frequency and extent of damage $igmficant weather events. Some
scientists believe that this is a result of theuawglation of GHG emissions in the
atmosphere produced through human activities.dkgected that this weather phenomenon
will continue to get worse with time if no actiantaken to combat these harmful emissions
to the atmosphere. There is also concern that ®ictzange will also affect the survival of
entire species, human health, agriculture and wextthomies if these current trends

continue.

In order to limit or prevent future climate changéated disasters from occurring, the
amount of CQemissions must be reduced significantly. Theresamee that contend that
due to the fact that nuclear power produces a rsadiler amount of GHG emissions
compared to that of fossil fuel power, nuclear poean be part of the solution to counter
climate change. The purpose of this study was ¢ahes Dynamic Integrated Climate

Economy model to determine if nuclear power coualéhct be part of the solution.

The DICE model was replicated using the Fiddamamsife simulation software model.
After the DICE model was recreated, it was then iffetito evaluate the use of NPPs as a
method to reduce GHG emissions and offset the ededclimate change from these
emissions. The modified DICE model allowed for modgthe effect on climate change by

replacing the current fleet, or a portion of itté more than 10,000 FFPPs currently in
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operation in the U.S. As a result of replacing F&ERiRh NPPs, the GHG emissions will be
reduced. NPPs produce about 6% of the emissionslyéthan that of a coal fired power

plant.

The model created for this study incorporated @@ission reductions generated as a result
of replacing FFPPs with NPPs into the DICE modali&bles such as G@n the

atmosphere, atmospheric and ocean temperaturdiaradecdamage costs were evaluated
for different NPP construction rates. As the NPRstauction rates increased, the FFPPs are
shut down at faster rates. This reduces the ovamatiunt of emissions to the atmosphere.
The optimal construction rate can be determine@&ah variable. After all of the FFPPs are
decommissioned, additional NPP construction willehao further effect on climate change

as all of the power produced by FFPPs is now predidiom NPPs.

The results produced as part of this study showitlad of the FFPPs currently in operation
in the U.S. are replaced by NPPs, improvementssipte. However, the actual benefit is
relatively small compared to the actual climatengfeathat is predicted to occur from the
DICE model. The amount of GHG emissions from thst of the world is large enough such
that even curtailing emissions from the U.S-badedfs. a significant increase in £0
accumulation in the atmosphere will occur. It soatoncluded that the NPP construction
rates that are needed to see the largest berefioarfeasible due to construction hurdles
including public opposition, availability of matals and construction capacity, disposal of

radioactive waste, among others.
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The results shows that the total amount of atmaspkxO, present in the year 2300 can
reduced by approximately 45 billion tons if at [e58 NPP are constructed each year. This
production rate will only be required for the fidsd years until all of the FFPPs are
decommissioned. This equates to approximately 3@Bd\total, which would require
guantities of materials, construction personnefjddorged components that would be
challenging in itself. Looking at this in termsmdm, the total amount predicted by the
DICE model if no action is taken is 1076 ppm in @3A reduction to 1055 is possible based
on the data from this study. This is still sigrafitly greater than the safe upper limit of 350

ppm that some climate scientists have proposed.

With the resulting reduction in atmospheric Qs expected that the predicted temperature
increase or global warming will also be reducededuction in the simulated atmospheric
and upper ocean temperature increase of 1.31% ipetar 2300 will be realized if all of the
FFPPs are quickly replaced. The is a reduction@®C from the total predicted increase
from the DICE model of almost 5@ in the year 2300. A similar reduction of 1.32%he
increase of the deep ocean temperature is alsthf@msBhe deep ocean temperature is
expected to increase by 1Bin 2300. This increase could be potentially redilicy

0.024C.

The largest benefit seen when analyzing the datatlse climate damages factor. Climate
damages are calculated as a fraction of the totaligted annual economic output. The
fraction is determined as a function of the incesiasatmospheric and upper ocean

temperature from climate change. The model prethetisa reduction of 8.23% or $149
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billion annually can occur for the best case sden&idthough this is the largest fraction, it
is in current U.S dollars and the value of this antamf money will be much less in the year
2300. The optimal scenario is to replace the FRBRuuiickly as possible or 250 NPP per
year. At this rate, all of the FFPPs would be re@thin approximately 2 years, requiring

around 500 total.

Ultimately the results show that a slowing of climahange is possible if all of the

operating FFPPs in the U.S. are replaced with NBR&rtunately the amount GQn the
atmosphere is much greater than the safe upper Tilms safe upper limit was chosen based
on prehistoric data that shows that when atmospl@D levels went below 450 $00 ppm

50 million years ago a dramatic cooling trend beJdere is concern that the opposite
could happen if the levels exceed the 350 ppm limihe other direction. The efforts taken

through this study would not be enough to contliohate change at a substantial level.

In addition, some elements of nuclear power planstruction are not considered in this
study. The most important roadblock is the curresgative political climate that exists
around nuclear power in the U.S. and many othds mduithe world. This climate

surrounding nuclear power has become increasikglyteal after the Fukushima nuclear
accident. This means that new construction is séol,in some cases non-existent. Add this
to the fact the capacity does not exist to reaekdltonstruction rates, makes the rates
simulated in this study unlikely. And even if thevere a positive view of nuclear power,

significant hurdles including construction capacwyuld still exist in reaching these rates.
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The study also does not consider other resourcageddor construction that would likely
not be available in the quantities needed for #esrsimulated. Resources such as enriched
uranium fuel would likely not be readily availatwethe quantities necessary. The increased
construction rate would also lead to an enormousuartnof radioactive waste that would
need a location to be disposed of. Additionallyuked nuclear fuel that will be generated
from these plants assuming an open fuel cyclenedld to be disposed. The U.S. does not
currently have a plan for disposal of spent nudeek since Yucca Mountain development
has been defunded. President Obama has sinceigstalthe “Blue Ribbon Commission on
America’s Future” with the primary goal of condungfia review of policies for managing

the back end of the nuclear fuel cycle and progpainew plan [brc.gov]. The actual start of
these higher production rates would likely nottsaayy time in the future and would likely
not meet the rates studied. The longer it takesaxd construction of new NPPs, the more
time FFPPs will have to emit GHGs into the atmosphileaning, the longer the world

waits to increase NPP construction, the greateefiioet required to counter the GHG

emissions becomes.

Some countries have embraced nuclear power andaeasing their production rates.
China for example, the largest ¢@mitter with 23.5% of the world’s emissions, h@s 3
NPPs under construction and plan to build many rtmeeipport their exceedingly rising
electricity needs. China has set a target goaDdBW by the year 2020 [Nuclear safer].
Some in the industry suggest that even 80 GW sl China’s argument is that nuclear
power is safer than coal and will reduce theinb@@issions. This is true and based on

China’s plan to add 88 GW of all power plant typash year until 2030, will be a
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significant amount [Hill, 2013]. However, basedtbrs research, this will not be enough to
truly counter the unknown, uncertain impacts frdobgl warming. Thus the entire world
will need to make significant efforts, addressiig=a1G emissions in order to limit or

prevent catastrophic events that may occur asudt ifthese emissions.
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Chapter 9. Recommendations

Based on the results of this study and the moaelitas been modified, suggestions for
further research has been identified. The modekpasific constants that are used for the
various numbers of NPPs, CPPs, NGPPs and PPPsttyimeoperation in the U.S. The
model has the potential to be modified to do adddl studies for other countries or regions
in order to evaluate a much larger effort to us@8IB replace FFPPs. With additional
effort the model could also be developed to anabther regions of the world where NPP

construction exists.

It is noted that expanding the study to analyzargdr part of the world would generate

some interesting data; however, the same obsttctbsse larger construction rates would
need to be considered. The model could be furtloelifred to simulate the NPP

construction rates in China or other countriese®the real effect the NPP construction will
have on climate change. Based on the previoustydsed data, it is expected that the actual
construction of NPPs that is currently in prograsd scheduled, will have a very minor

effect on climate change.

It needs to be evaluated whether the model canbalsnodified to take into account future
power plant construction. This means the modelsiawlate replacement of the current

FFPPs, but it could also simulate future power fptamstruction and simulated fractions of
NPPs. The DICE model predicts climate change usimge fraction of nuclear power. The
model may be able to be enhanced to change thabl@and assume different fractions of

nuclear power with time.
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Nordhaus DICE Model Vensim Equations
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.Carbon
Emissions, carbon cycle and related variables.
(001) Atmos_Retention = 0.64
Units: dmnl

Atmospheric Retention Fraction [beta] (dimensiogjdgaction of Greenhouse Gas
Emissions which accumulate in the atmosphere. [Eswig. 21]

Uses:
e (007)CO2 Net Emiss - Net Greenhouse Gas Emissions ¢arbon

equivalent/year) Greenhouse gas emissions lessrsimoaptake from the
atmosphere. Where does the portion not retained tie long run? [Cowles, pg. 21]

(002) CO2_Emiss = (1-GHG_Reduction_Frac)*CO2_Intensity_of Outputtut
Units: TonClyear

Greenhouse Gas Emissions [E(t)] (tons carbon ebpnt/giear) [Cowles, pg. 20]
Causes:

e (006)COZ2 Intensity of Output - Greenhouse Gas sitenf Output[sigma(t)]
(tons carbon equivalent/$) [Managing Global Commaugs 21] Conflicts with value
reported on Cowles, pg. 24: .5368*.9875TIME-192090 = .7352/1000

e (015)GHG_Reduction_Frac - Fraction of Greenhouse E3nissions Abatepinu(t)]
May be switched between path from optimization Bioddhaus' path.

e (073)Output - Output [Q(t)] ($/year) Cobb-Douglapital-laborformulation.
[Cowles, pgs. 17 & 24]

e (079)CO2 And_CFC Intens_Capital - CO2 and CFC Homssper Unit of Capital
(tons carbon equiv/year/$)

e (007)CO2 Net Emiss - Net Greenhouse Gas Emissions ¢arbon
equivalent/year) Greenhouse gas emissions lessrsimoaptake from the
atmosphere. Where does the portion not retained tie long run? [Cowles, pg. 21]

(003) CO2_in_Atmos = INTEG(CO2_Net_Emiss - CO2_Storage, 6.77e+011)
Units: TonC

Greenhouse Gases in Atmosphere [M(t)] (tons cadomrivalent) [Cowles, pg. 21]
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Causes:

e (007)CO2 Net Emiss - Net Greenhouse Gas Emissions ¢arbon
equivalent/year) Greenhouse gas emissions lessrsimoaptake from the
atmosphere. Where does the portion not retained tie long run? [Cowles, pg. 21]

e (010)CO2_ Storage - Greenhouse Gas removal froratthesphere and storabg
long-term processes. (tons carbon equivalent/{€awles, pg. 21]

Uses:

e (009)CO2 Rad_Forcing - Radiative Forcing from C6@)] (W/m”"2) Additional
surface warming from accumulation of CO2. [Cow|as, 22]

« (010)CO2_Storage - Greenhouse Gas removal froratthesphere and storabg
long-term processes. (tons carbon equivalent/{€awles, pg. 21]

(004) CO2_Intens Dec Rt _Decline Rt =
CO2_Intens_Decline_Rt*Fact_Prod Gr_ Rt Dec Rt

Units: 1/year/year
Causes:

e (005)CO2 Intens_Decline_Rt - Rate of Decline ofgaieuse Gas Intensity of
Output [g-sigma] (1/year) Note that Nordhaus deconmgls the decadal rate of
.1168 to yield an annual rate of .0125. This dagswork with time steps smaller
than Nordhaus' 10 years, so | have simply divided®to convert the decadal rate
to an annual rate. [Managing Global Commons, py. 21

e (060)Fact Prod _Gr Rt Dec_ Rt - Rate of Decline atéiaProductivity Growth
Rate [delta-A] (1/year/year) Factor productivitygth rate declines 11% per
decade. [Cowles, pg. 18]

Uses:

e (005)CO2_Intens_Decline_Rt - Rate of Decline of&aieuse Gas Intensity of
Output [g-sigma] (1/year) Note that Nordhaus deconmgls the decadal rate of
1168 to yield an annual rate of .0125. This dagsnork with time steps smaller
than Nordhaus' 10 years, so | have simply divided®to convert the decadal rate
to an annual rate. [Managing Global Commons, pg. 21

(005) CO2_Intens Decline Rt = INTEG(- CO2_Intens_Dec_Rt Decline_Rt,
init_co2_intens_decline_rt)

Units: 1/year

Rate of Decline of Greenhouse Gas Intensity of Qujgp-sigma] (1/year) Note that
Nordhaus decompounds the decadal rate of .116@ltban annual rate of .0125. This does



77

not work with time steps smaller than Nordhausyéérs, so | have simply divided by 10 to
convert the decadal rate to an annual rate. [Maga@iobal Commons, pg. 21]

Causes:

e (004)CO2 Intens Dec Rt Decline Rt -
e (016)init co2 intens decline rt -

Uses:

e (004)CO2 Intens Dec Rt Decline Rt -
e (011)Decline CO2 Intens - Decline of GHG IntensityDutput (tons carbon
equivalent/$/year) [Cowles, pg. 20]

(006) CO2_Intensity of Output = INTEG(- Decline_CO2_Intens, 0.000519)

Units: TonC/$

Greenhouse Gas Intensity of Output [sigma(t)] (teerbon equivalent/$) [Managing Global
Commons, pg. 21] Conflicts with value reported @mwies, pg. 24: .5368*.9875"TIME-
1990)/1000 = .7352/1000

Causes:

e (011)Decline CO2 Intens - Decline of GHG IntensifyODutput (tons carbon
equivalent/$/year) [Cowles, pg. 20]

Uses:

« (002)CO2_Emiss - Greenhouse Gas Emissions [Edi)E(tarborequivalent/year)
[Cowles, pg. 20]

e (011)Decline_CO2_Intens - Decline of GHG IntensityOutput (tons carbon
equivalent/$/year) [Cowles, pg. 20]

e (087)Reference CO2 Emissions - Reference CO2 Eons&imissions at normal
CO2 intensity, with no abatement.

(007) CO2_Net_Emiss = Atmos_Retention*CO2_Emiss

Units: TonClyear

Net Greenhouse Gas Emissions (tons carbon equilsadan Greenhouse gas emissions less
short-run uptake from the atmosphere. Where daepdltion not retained go in the long

run? [Cowles, pg. 21]

Causes:
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o (001)Atmos_Retention - Atmospheric Retention Faac{beta](dimensionless)
Fraction of Greenhouse Gas Emissions which accumiridhe atmosphere.
[Cowles, pg. 21]

e (002)CO2 Emiss - Greenhouse Gas Emissions [E¢E(tarborequivalent/year)
[Cowles, pg. 20]

Uses:

e (003)CO2 in Atmos - Greenhouse Gases in AtmosdMitd (tons carbon
equivalent) [Cowles, pg. 21]

(008) CO2 Rad Force Coeff =4.1
Units: watt/meter/meter

Coefficient of Radiative Forcing from CO2 (W/m”2p€ff. of additional surface warming
from accumulation of CO2. [Cowles, pg. 22]

Uses:

e (009)CO2 Rad_Forcing - Radiative Forcing from C6@)] (W/m”2) Additional
surface warming from accumulation of CO2. [Cowles, 22]

(009) CO2_Rad Forcing =
CO2_Rad_Force_Coeff\LOG(CO2_in_Atmos/Preindust@ad?2 ,2)

Units: watt/meter/meter

Radiative Forcing from CO2 [F(t)] (W/m"2) Additiohsurface warming from accumulation
of CO2. [Cowles, pg. 22]

Causes:

e (003)CO2 in_Atmos - Greenhouse Gases in AtmosgMity (tons carbon
equivalent) [Cowles, pg. 21]

« (008)CO2 Rad_Force Coeff - Coefficient of Radiatt@ecing from COZW/m”2)
Coeff. of additional surface warming from accumigiatof CO2. [Cowles, pg. 22]

e (021)Preindustrial_CO2 -

Uses:

e (0O41)Radiative_Forcing - Radiative Forcing from SHGs (W/m”2) Additional
surface warming from accumulation of CO2 & CFC\es, Sec. lIl.F]

(010) CO2_Storage = (CO2_in_Atmos-Preindustrial_CO2)*Rate_of CO2 nkfer
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Units: TonClyear

Greenhouse Gas removal from the atmosphere arabstby long-term processes. (tons
carbon equivalent/year) [Cowles, pg. 21]

Causes:

e (003)CO2 in_Atmos - Greenhouse Gases in AtmosdMitd (tons carbon
equivalent) [Cowles, pg. 21]

e (021)Preindustrial CO2 -

e (022)Rate of CO2 Transfer - Rate of Storage of Awheric Greenhouse Gases
[delta-m] (1/year) Inverse yields average residdime of gases (120 years). Note
that the validity and stability of this factor igghly questionable. [Cowles, pg. 21]

Uses:

¢ (003)CO2 in Atmos - Greenhouse Gases in AtmosdM it (tons carbon
equivalent) [Cowles, pg. 21]

(011) Decline_CO2_Intens= CO2_Intensity_of Output*CO2_Intens_Decline_Rt
Units: TonC/$/year

Decline of GHG Intensity of Output (tons carbon ieglent/$/year) [Cowles, pg. 20]
Causes:

e (005)CO2 Intens_Decline_Rt - Rate of Decline ofgaieuse Gas Intensity of
Output [g-sigma] (1/year) Note that Nordhaus decoumgls the decadal rate of
.1168 to yield an annual rate of .0125. This dagswork with time steps smaller
than Nordhaus' 10 years, so | have simply divided®to convert the decadal rate
to an annual rate. [Managing Global Commons, py. 21

e (006)COZ2_Intensity of Output - Greenhouse Gas sityenf Output[sigma(t)]
(tons carbon equivalent/$) [Managing Global Commags 21] Conflicts with value
reported on Cowles, pg. 24: .5368*.9875TIME-192090 = .7352/1000

Uses:

e (006)COZ2_Intensity of Output - Greenhouse Gas sityenf Output[sigma(t)]
(tons carbon equivalent/$) [Managing Global Commags 21] Conflicts with value
reported on Cowles, pg. 24: .5368*.9875TIME-192090 = .7352/1000

(012) Emiss_Stabilization

Units: dmnl
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Fraction of CO2 and CFC Emissions Controlled (disn@nless) Stabilization of Emissions.
Estimated from graph in [Science, Fig. 1].

Uses:

e (018)Nord GHG_ Reduction_Frac - Fraction of Greesleo@as Emissions Abated
[mu(t)] (dimensionless) Selects one of three saemafCowles, pg. 20]

(013) Emissions_Scenario =1
Units: dmnl
Uses:

e (018)Nord GHG_ Reduction_Frac - Fraction of GreesleoGas Emissions Abated
[mu(t)] (dimensionless) Selects one of three saemafCowles, pg. 20]

(014) GHG_Red_Cost_Frac = 1-Red_Cost_Scale*if_then_else(GHG_Reduction rac
0,GHG_Reduction_Frac”Red_Cost_Nonlinearity ,0)

Units: dmnl
Fraction of Output devoted to cost of GHG emissi@ukictions (dimensionless)
Causes:

e (015)GHG_Reduction_Frac - Fraction of Greenhouse E3nissions Abatepinu(t)]
May be switched between path from optimization Bioddhaus' path.

o (023)Red_Cost_Nonlinearity - Nonlinearity of GHGdRetion Cost [b2]
(dimensionless) [Cowles, pg. 13 & 24]

e (024)Red_Cost_Scale - Scale of GHG Reduction @Gddt(HimensionlesgCowles,
pg. 13 & 24]

Uses:

e (069)Net_CC_Impact - Net Climate Change Impact [@aB] (dimensionlessjhe
fraction of output lost to GHG emissions reductiom climate change damage costs.
[Cowles, pg. 13]

o (086)Reduction_Costs - Flow of greenhouse gas ateaitcosts.

(015) GHG_Reduction_Frac = Optimal_Red_Switch*Optimal_GHG_Reduction_Frac +
(1-Optimal_Red_Switch)*Nord_GHG_Reduction_Frac

Units: dmnl
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Fraction of Greenhouse Gas Emissions Abated [mM@)} be switched between path from
optimization and Nordhaus' path.

Causes:

e (018)Nord GHG Reduction Frac - Fraction of GreesleoBas Emissions Abated
[mu(t)] (dimensionless) Selects one of three saemafCowles, pg. 20]

e (094)Optimal GHG Reduction_Frac - GHG Reductiorckoa derived from
optimization.

e (020)Optimal Red Switch - Switches GHG ReductiosicHyetween Nordhausme
path and time path from optimization.

e (002)CO2 Emiss - Greenhouse Gas Emissions [E@E(tarborequivalent/year)
[Cowles, pg. 20]

e (014)GHG_Red_ Cost _Frac - Fraction of Output devtderbst of GHGemissions
reductions (dimensionless)

e (082)Marg Prod_Carbon - Marginal Productivity of ZBmissions

(016) init_co2_intens decline_ rt = 0.01168
Units: 1/year
Uses:

e (005)CO2 Intens_Decline_Rt - Rate of Decline of&aieuse Gas Intensity of
Output [g-sigma] (1/year) Note that Nordhaus decoumgls the decadal rate of
.1168 to yield an annual rate of .0125. This dagswork with time steps smaller
than Nordhaus' 10 years, so | have simply divided®to convert the decadal rate
to an annual rate. [Managing Global Commons, py. 21

(017) No_Controls=0

Units: dmnl

Fraction of CO2 and CFC Emissions Controlled (dism@nless) Uncontrolled scenario.
Uses:

e (018)Nord GHG Reduction Frac - Fraction of GreesleoBas Emissions Abated
[mu(t)] (dimensionless) Selects one of three saeaafCowles, pg. 20]

(018) Nord_GHG_Reduction_Frac = if_then_else(Emissions_Scenario=1,No_Controls
JIf_then_else(Emissions_Scenario =2
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,Optimal_Controls,if then_else(Emissions_Scenarignfiss_Stabilization,Temp_Stabiliza

tion )))

Units: dmnl

Fraction of Greenhouse Gas Emissions Abated [m{dit)jensionless) Selects one of three
scenarios. [Cowles, pg. 20]

Causes:

e (012)Emiss_Stabilization - Fraction of CO2 and (E@issions Controlled
(dimensionless) Stabilization of Emissions. Esteddrom graph in [Science, Fig.
1].

e (013)Emissions_Scenario -

e (017)No_Controls - Fraction of CO2 and CFC Emissi@ontrolleddimensionless)
Uncontrolled scenario.

e (019)Optimal_Controls - Fraction of CO2 and CFC &siins Controlled
(dimensionless) Optimal control scenario. [Cowtable 1V-3]

e (025)Temp_Stabilization - Fraction of CO2 and CH@i&Sions Controlled
Stabilization of temperature. Estimated from grdficience, Fig. 1].

Uses:

e (015)GHG_Reduction_Frac - Fraction of Greenhouse E3aissions Abatepinu(t)]
May be switched between path from optimization Bieddhaus' path.

(019) Optimal_Controls
Units: dmnl

Fraction of CO2 and CFC Emissions Controlled (dism@nless) Optimal control scenario.
[Cowles, table IV-3]

Uses:

e (018)Nord GHG Reduction Frac - Fraction of GreesleoBas Emissions Abated
[mu(t)] (dimensionless) Selects one of three saeaafCowles, pg. 20]

(020) Optimal_Red_Switch =1
Units: dmnl

Switches GHG Reduction Frac between Nordhaus' piatle and time path from
optimization.

Uses:
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e (015)GHG_Reduction_Frac - Fraction of Greenhouse E3aissions Abatepinu(t)]
May be switched between path from optimization Bioddhaus' path.

(021) Preindustrial_CO2 =5.9e+011
Units: TonC
Uses:
o (009)CO2 Rad_Forcing - Radiative Forcing from C6@)] (W/m”2) Additional
surface warming from accumulation of CO2. [Cowles, 22]

e (010)CO2_Storage - Greenhouse Gas removal froratthesphere and storabg
long-term processes. (tons carbon equivalent/{€awles, pg. 21]

(022) Rate of CO2 Transfer = 0.008333

Units: 1/year

Rate of Storage of Atmospheric Greenhouse Gaséa-u¢ (1/year) Inverse yields average
residence time of gases (120 years). Note thatahdity and stability of this factor is

highly questionable. [Cowles, pg. 21]

Uses:

« (010)CO2_Storage - Greenhouse Gas removal froratthesphere and storabg
long-term processes. (tons carbon equivalent/{€awles, pg. 21]

(023) Red_Cost_Nonlinearity = 2.887
Units: dmnl
Nonlinearity of GHG Reduction Cost [b2] (dimensiess) [Cowles, pg. 13 & 24]
Uses:
e (014)GHG Red_Cost_Frac - Fraction of Output devdetbst of GHGemissions

reductions (dimensionless)
e (082)Marg Prod Carbon - Marginal Productivity of ZBmissions

(024) Red_Cost_Scale = 0.0686
Units: dmnl
Scale of GHG Reduction Cost [b1] (dimensionlessies, pg. 13 & 24]

Uses:
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e (014)GHG Red Cost Frac - Fraction of Output devtdembst of GHGemissions
reductions (dimensionless)
e (082)Marg Prod Carbon - Marginal Productivity of ZBmissions

(025) Temp_Stabilization
Units: dmnl

Fraction of CO2 and CFC Emissions Controlled Sizdiiion of temperature. Estimated
from graph. [Science, Fig. 1].

Uses:

e (018)Nord GHG Reduction Frac - Fraction of GreesleoBas Emissions Abated
[mu(t)] (dimensionless) Selects one of three saeaafCowles, pg. 20]

.Climate
(026) A_UO_Heat_Cap = 44.248
Units: watt*year/DegreesC/(metermeter)

Atmosphere & Upper Ocean Heat Capacity per UnieAléR1] (W-yr/m”2/degrees C)
Note: equals 1/0.0226 [Managing the Global Commpgs21]

Uses:

e (028)Chg A UO Temp - Change in the Atmosphere &ésgpcean Temperature
(degrees Clyr) [Cowles, pg. 27]

(027) Atmos_UOcean_Temp = INTEG(Chg_A_UO_Temp, 0.2)

Units: DegreesC

Temperature of the Atmosphere and Upper Oceanddgrees C) [Cowles, pg. 24]
Causes:

e (028)Chg A UO Temp - Change in the Atmosphere &ésgpcean Temperature
(degrees Clyr) [Cowles, pg. 27]

Uses:

e (030)Climate_Damage_Frac - Fraction of Output fostombating Climat€hange
(1/Degrees C"2)
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o (036)Feedback Heating - Feedback Heating (W/m”2ithahal heating of the
atmosphere/upper ocean system from feedback etieetarming. [Cowles, pg. 27]

e (043)Temp_Diff - Temperature Difference between &lpgnd Deep Oceddegrees
<)

(028) Chg_A_UO_Temp = (Radiative_Forcing-Feedback Heating-
Heat_Transfer)/A_UO_Heat Cap

Units: DegreesC/year
Change in the Atmosphere & Upper Ocean Temper@diegrees C/yr) [Cowles, pg. 27]
Causes:

e (026)A UO_Heat Cap - Atmosphere & Upper Ocean idegiacity per Unit Area
[1/R1] (W-yr/m~2/degrees C) Note: equals 1/0.02@&faging the Global
Commons, pg. 21]

o (036)Feedback Heating - Feedback Heating (W/m”2)ithahal heating of the
atmosphere/upper ocean system from feedback etieetarming. [Cowles, pg. 27]

o (039)Heat Transfer - Heat Transfer from the Atmespl® Upper Ocean to the
Deep Ocean

e (041)Radiative Forcing - Radiative Forcing from SHGs (W/m”2) Additional
surface warming from accumulation of CO2 & CFC\es, Sec. lIl.F]

Uses:

e (027)Atmos_UOcean_Temp - Temperature of the Atmessphnd Upper Ocean [T]
(degrees C) [Cowles, pg. 24]

(029) Chg DO_Temp = Heat_Transfer/DO_Heat_Cap
Units: DegreesC/year
Change in the Deep Ocean Temperature (degrees[Chwes, pg. 30]
Causes:
e (035)DO Heat Cap - Deep Ocean Heat Capacity parAvea [R2](W-
yr/m”~2/degrees C) Note: Managing Global Commons uéé*Heat Trans_Coeff =
220; Cowles report uses 223.7 (page 30). [Mana@iotpal Commons, pg. 21]

o (039)Heat Transfer - Heat Transfer from the Atmaspl& Upper Ocean to the
Deep Ocean

Uses:
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e (034)Deep Ocean_Temp - Temperature of the Deepnddé&h(degrees C)
[Cowles, pg. 24]

(030) Climate_Damage Frac =
1/(1+Climate_Damage_Scale*(Atmos_UOcean_Temp/Rebéerelemperature)*Climate_D
amage_Nonlinearity )

Units: dmnl
Fraction of Output lost to combating Climate Cha(ig®egrees C"2)
Causes:

e (027)Atmos_UOcean_Temp - Temperature of the Atmessphnd Upper Ocean [T]
(degrees C) [Cowles, pg. 24]

« (031)Climate Damage_Nonlinearity - NonlinearityGlimate Damage Cost
Fraction [Theta2] (dimensionless) [Cowles, pg. 134

o (032)Climate_Damage_Scale - Climate Damage Fraeti®teferencd emperature
[part of Nordhaus' variable Thetal] (dimensionlg¢snaging Global Commons,
pg. 18 and 21]

o (042)Reference_Temperature - Reference Temperatu@alculation ofClimate
Damages [part of Nordhaus' variable thetal] [Mamg@lobal Commons, pg. 18
and 21]

Uses:

« (078)Climate_Damages - Flow of damages from clincange.

« (069)Net CC Impact - Net Climate Change Impact [@afB] (dimensionlessyhe
fraction of output lost to GHG emissions reductiom climate change damage costs.
[Cowles, pg. 13]

(031) Climate_Damage Nonlinearity = 2
Units: dmnl

Nonlinearity of Climate Damage Cost Fraction [TI2¢t@imensionless) [Cowles, pg. 13 &
24]

Uses:

o (030)Climate_Damage_Frac - Fraction of Output fostombating Climat€hange
(1/Degrees C"2)

(032) Climate_ Damage Scale=0.013

Units: dmnl
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Climate Damage Fraction at Reference Temperatae ¢ Nordhaus' variable Thetal]
(dimensionless) [Managing Global Commons, pg. 18 2i]

Uses:

e (030)Climate_Damage_Frac - Fraction of Output fostombating Climat€hange
(1/Degrees C"2)

(033) Climate Feedback Param =1.41
Units: watt/meter/meter/DegreesC

Climate Feedback Parameter [lambda] (W-m”2/deg)eBh€ crucial climate sensitivity
parameter - determines feedback warming from teatpe increase. The Schneider-
Thompson 2-stock model uses 1.33 [Cowles, TabiB1ll [Managing Global Commons,

pg. 21]

Uses:

o (036)Feedback Heating - Feedback Heating (W/m”2ithahal heating of the
atmosphere/upper ocean system from feedback etieetarming. [Cowles, pg. 27]

(034) Deep_Ocean_Temp = INTEG(Chg_DO_Temp, 0.1)
Units: DegreesC

Temperature of the Deep Ocean [T*] (degrees C) [[€syvpg. 24]
Causes:

e (029)Chg_DO_Temp - Change in the Deep Ocean Tetuper@egrees C/yr)
[Cowles, pg. 30]

Uses:

e (043)Temp_Diff - Temperature Difference between &lpgnd Deep Oceddegrees
C)

(035) DO_Heat_Cap = Heat_Capacity Ratio*Heat_Trans_Coeff
Units: watt*year/DegreesC/meter/meter
Deep Ocean Heat Capacity per Unit Area [R2] (W-y&fdegrees C) Note: Managing

Global Commons uses .44*Heat_Trans_Coeff = 220;I€oveport uses 223.7 (page 30).
[Managing Global Commons, pg. 21]
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Causes:

e (037)Heat Capacity Ratio - Ratio of Thermal CapaaitDeep Ocean to Heat
Transfer Time Constant [R2/Taul2] [Managing GlodBammons, pg. 21]

o (038)Heat_Trans_Coeff - Heat Transfer CoefficieatiL2] (yearsoefficient of
heat transfer between the atmosphere & upper csdthe deep ocean. May be
interpreted as a mixing time constant. Schneid@h&mpson use a slightly higher
estimate of 550. [Cowles, pg. 31]

Uses:

e (029)Chg_DO_Temp - Change in the Deep Ocean Tetuper@egrees C/yr)
[Cowles, pg. 30]

e (039)Heat Transfer - Heat Transfer from the Atmespl& Upper Ocean to the
Deep Ocean

(036) Feedback Heating = Atmos_UOcean_Temp*Climate_Feedback Param
Units: watt/meter/meter

Feedback Heating (W/m”2) Additional heating of #timosphere/upper ocean system from
feedback effects of warming. [Cowles, pg. 27]

Causes:

e (027)Atmos_UOcean_Temp - Temperature of the Atmesphnd Upper Ocean [T]
(degrees C) [Cowles, pg. 24]

e (033)Climate Feedback Param - Climate Feedbackedea [lambda]w-
m”2/degree C) The crucial climate sensitivity paggen- determines feedback
warming from temperature increase. The Schneiderifison 2-stock model uses
1.33 [Cowles, Table 11I-B1]. [Managing Global Comn® pg. 21]

Uses:

e (028)Chg A UO Temp - Change in the Atmosphere &ésgpcean Temperature
(degrees Clyr) [Cowles, pg. 27]

(037) Heat_Capacity Ratio=0.44
Units: watt/(meter*meter*DegreesC)

Ratio of Thermal Capacity of Deep Ocean to Heah3iexr Time Constant [R2/Taul2]
[Managing Global Commons, pg. 21]

Uses:
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e (035)DO Heat Cap - Deep Ocean Heat Capacity parAsea [R2](W-
yr/m"2/degrees C) Note: Managing Global Commons uéé*Heat_Trans_Coeff =
220; Cowles report uses 223.7 (page 30). [Mana@iogpal Commons, pg. 21]

(038) Heat_Trans Coeff = 500
Units: year

Heat Transfer Coefficient [taul2] (years) Coeffitief heat transfer between the
atmosphere & upper ocean and the deep ocean. Miayepreted as a mixing time
constant. Schneider & Thompson use a slightly higsémate of 550. [Cowles, pg. 31]

Uses:

e (035)DO Heat Cap - Deep Ocean Heat Capacity parAsea [R2](W-
yr/m"2/degrees C) Note: Managing Global Commons uéé*Heat_Trans_Coeff =
220; Cowles report uses 223.7 (page 30). [Mana@iopal Commons, pg. 21]

o (039)Heat_Transfer - Heat Transfer from the Atmespl& Upper Ocean to the
Deep Ocean

(039) Heat_Transfer = Temp_Diff*DO_Heat Cap/Heat_Trans_Coeff
Units: watt/meter/meter

Heat Transfer from the Atmosphere & Upper Oceai¢oDeep Ocean
Causes:

e (035)DO Heat Cap - Deep Ocean Heat Capacity parAsea [R2](W-
yr/m”2/degrees C) Note: Managing Global Commons uéé*Heat_Trans_Coeff =
220; Cowles report uses 223.7 (page 30). [Mana@iopal Commons, pg. 21]

o (038)Heat Trans_Coeff - Heat Transfer CoefficieatiL 2] (yearsoefficient of
heat transfer between the atmosphere & upper coaédthe deep ocean. May be
interpreted as a mixing time constant. Schneid@h&mpson use a slightly higher
estimate of 550. [Cowles, pg. 31]

o (043)Temp_Diff - Temperature Difference between &lpgnd Deep Oceddegrees
C)

Uses:

e (028)Chg A UO Temp - Change in the Atmosphere &djgpcean Temperature
(degrees Clyr) [Cowles, pg. 27]

e (029)Chg_DO_Temp - Change in the Deep Ocean Tetuper@egrees C/yr)
[Cowles, pg. 30]

(040) Other_GHG_Rad_Forcing
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Units: watt/meter/meter

Radiative Forcing from Other GHGs (W/m”2) Additibsarface warming from
accumulation of other GHGs (NOx and Methane). [€a&bBB, Managing Global
Commons, pg. 73]

Uses:

e (041)Radiative Forcing - Radiative Forcing from SHGs (W/m”2) Additional
surface warming from accumulation of CO2 & CFC\es, Sec. lIl.F]

(041) Radiative Forcing = CO2_Rad_Forcing+Other GHG_Rad_Forcing
Units: watt/meter/meter

Radiative Forcing from All GHGs (W/m”2) Additionalirface warming from accumulation
of CO2 & CFCs. [Cowles, Sec. lII.F]

Causes:

e (009)CO2 Rad_Forcing - Radiative Forcing from C6@)] (W/m”2) Additional
surface warming from accumulation of CO2. [Cow|as, 22]

« (040)Other_ GHG_Rad_Forcing - Radiative Forcing filother GHGs (W/m”2)
Additional surface warming from accumulation of@tlGHGs (NOx and Methane).
[Table 4.9B, Managing Global Commons, pg. 73]

Uses:

e (028)Chg A UO Temp - Change in the Atmosphere &ésgpcean Temperature
(degrees Clyr) [Cowles, pg. 27]

(042) Reference Temperature= 3
Units: DegreesC

Reference Temperature for Calculation of ClimatenBges [part of Nordhaus' variable
thetal] [Managing Global Commons, pg. 18 and 21]

Uses:

o (030)Climate_Damage_Frac - Fraction of Output tostombating Climat€hange
(1/Degrees C"2)

(043) Temp_Diff = Atmos_UOcean_Temp-Deep_Ocean_Temp

Units: DegreesC
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Temperature Difference between Upper and Deep Ockgnees C)
Causes:

e (027)Atmos_UOcean_Temp - Temperature of the Atmesphnd Upper Ocean [T]
(degrees C) [Cowles, pg. 24]

e (034)Deep Ocean_Temp - Temperature of the DeepnJé&h(degrees C)
[Cowles, pg. 24]

Uses:

o (039)Heat Transfer - Heat Transfer from the Atmespl& Upper Ocean to the
Deep Ocean

.Control

(044) FINAL_TIME = 2105

Units: year

(045) INITIAL_TIME = 1965
Units: year

Uses: (000)Time - Internally defined simulation ¢éim
(046) SAVEPER =5

Units: year

(047) TIME_STEP =5

Units: year

.Data

(048) IPCC_CO2_CFC_Rad_Force
Units: watt/meter/meter

IPCC Scenario for Radiative Forcing from CO2 andCE€IRW/m”2) As interpolated by
Nordhaus. [Cowles, Table Ill.E-5]

(049) Nord_CO2_in_Atm

Units: GTonC
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Nordhaus' CO2 & CFC Concentrations (Gt Carbon Eajaitt) Uncontrolled scenario
[Cowles, Table 1V-4].

(050) Nord_CO2_Intensity
Units: GTonC/$

(051) Nord_Emiss

Units: GTonCl/year

Nordhaus' CO2 & CFC Emissions (Gt Carbon Equivalemicontrolled scenario [Cowles,
Table 1V-4].

(052) Nord_Output

Units: $/year

Nordhaus' Output ($/year) [Cowles, Table IV-1]
(053) Nord_Temp

Units: DegreesC

Nordhaus' Atmospher & Upper Ocean Temperature f2iffee (degrees C) Uncontrolled
scenario [Cowles, Table IV-5].

.Econ

(054) Behav_Invest_Frac =
Invest_Frac_Scale*(Marg_Return_Capital/Norm_RetQapital )*"Invest_Frac_Nonlin

Units: dmnl

A simple behavioral heuristic for investment; clgseplicates results of the optimal time
path.

Causes:

e (065)Invest Frac_Nonlin -

o (066)Invest Frac_Scale -

o (083)Marg_Return_Capital - Marginal Return to Calpiquals the margingroduct
of capital less depreciation.

e (071)Norm_Return_Capital -

Uses:
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o (068)Investment_ Frac - Fraction of Output Invedway be switched betwegrath
derived from optimization and Nordhaus' path

(055) Capital = INTEG(Investment - Depreciation, 1.6e+013)

Units: $

Capital ($) Capital stock in 1989 dollars. [Managt@lobal Commons, pg. 21]
Causes:

o (058)Depreciation - Depreciation ($/year)
e (067)Investment - Gross Investment ($/year)

Uses:

o (076)Capital_Labor_Ratio - Ratio of Capital Inptdd abor Inputg$/person)

o (077)Capital_Output Ratio - Capital per Unit Outffiper $/year)

e (079)CO2 And CFC Intens_Capital - CO2 and CFC Honssper Unit of Capital
(tons carbon equiv/year/$)

o (058)Depreciation - Depreciation ($/year)

e (081)Marg_Prod Capital - Marginal Productivity ofdital

e (075)Reference Output - Reference Output befoexeffof climate damagnd
emissions abatement are considered

(056) Capital_Elast_ Output = 0.25
Units: dmnl

Capital Elasticity of Output [alpha] (dimensionlgBserived from share of capital in
national income. [Cowles, pg. 17]

Uses:
¢ (081)Marg Prod Capital - Marginal Productivity ofyfital

o (075)Reference Output - Reference Output befoextsfof climate damagnd
emissions abatement are considered

(057) Consumption = Output-Investment
Units: $/year
Consumption ($/year) Output less investment (sajing

Causes:
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e (067)Investment - Gross Investment ($/year)
e (073)Output - Output [Q(1)] ($/year) Cobb-Douglapital-laborformulation.
[Cowles, pgs. 17 & 24]

Uses:

e (103)Consumption_per_Cap - Consumption per Capitgefson/year)

(058) Depreciation = Capital*Depreciation_Rate
Units: $/year

Depreciation ($/year)

Causes:

o (O55)Capital - Capital ($) Capital stock in 1989lais. [Managing Global
Commons, pg. 21]

e (059)Depreciation_Rate - Depreciation Rate [de]téltkyear) Note thaNordhaus
assumes a 10-year capital life, then chooses & wl0.065 to correct for the lack of
compounding in the 10-year time step he uses.i$tEgnply wrong, as the capital
stock has an inflow as well as an outflow, andg thie net rate (investment-
depreciation) that must be compounded. Also, ugiunglue of 0.065 results in an
average residence time of units in the capitalkstdd 5 years, even with the 10-year
time step. | have preserved the value 0.065 fdrcagpon; a 15-year capital life is
perfectly reasonable anyway. [Managing Global Comsnpg. 21]

Uses:

« (055)Capital - Capital ($) Capital stock in 1989ais. [Managing Global
Commons, pg. 21]
¢ (084)Net Investment - Net Investment Investmers tbpreciation

(059) Depreciation_Rate = 0.065
Units: 1/year

Depreciation Rate [delta-k] (1/year) Note that Nwds assumes a 10-year capital life, then
chooses a value of 0.065 to correct for the lackoofipounding in the 10-year time step he
uses. This is simply wrong, as the capital stockdrainflow as well as an outflow, and it is
the net rate (investment-depreciation) that mustdmepounded. Also, using a value of
0.065 results in an average residence time of imitse capital stock of 15 years, even with
the 10-year time step. | have preserved the vali@Sdor replication; a 15-year capital life
is perfectly reasonable anyway. [Managing Globain@mns, pg. 21]

Uses:
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o (058)Depreciation - Depreciation ($/year)
o (083)Marg_Return_Capital - Marginal Return to Calpiquals the margingiroduct
of capital less depreciation.

(060) Fact_Prod_Gr_Rt Dec Rt =0.011
Units: 1/year

Rate of Decline of Factor Productivity Growth Rptelta-A] (1/year/year) Factor
productivity growth rate declines 11% per deca@awles, pg. 18]

Uses:
e (004)CO2 Intens Dec Rt Decline Rt -

e (061)Fact Prod Gr Rt Decline Rt- Decline of FaBmductivity GrowthRate
(1/yearlyear)

(061) Fact_Prod_Gr_Rt Decline Rt = Fact_Prod_Growth_Rt*Fact Prod_Gr_Rt Dec_ Rt
Units: 1/year/year

Decline of Factor Productivity Growth Rate (1/ygaHdr)

Causes:

o (062)Fact Prod_Growth_ Rt - Growth Rate of FactadBctivity [gA(t)] (1/year)
Growth rate declines over time. Value reporteddowles, pg. 17]: .0152 for period
1965-1987, matches statement in [Science, pg. liBaThverage was 1.3% from
1965-1989, with an 11%/decade rate of decline. Wa@eNordhaus decompounds
the decadal rate of .150 to yield an annual rat@41; | have simply divided by 10
to convert the decadal rate to an annual rate. gy Global Commons, pg. 21]
[Managing the Global Commons, pg. 21]

o (060)Fact Prod _Gr Rt Dec_Rt - Rate of Decline aftéiaProductivity Growth
Rate [delta-A] (1/year/year) Factor productivitygth rate declines 11% per
decade. [Cowles, pg. 18]

Uses:

o (062)Fact Prod_Growth_ Rt - Growth Rate of FactadBctivity [gA(t)] (1/year)
Growth rate declines over time. Value reporteddowles, pg. 17]: .0152 for period
1965-1987, matches statement in [Science, pg. liBaThverage was 1.3% from
1965-1989, with an 11%/decade rate of decline. H@eNordhaus decompounds
the decadal rate of .150 to yield an annual rat@ 41, | have simply divided by 10
to convert the decadal rate to an annual rate. gy Global Commons, pg. 21]
[Managing the Global Commons, pg. 21]
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(062) Fact_Prod_Growth_Rt = INTEG(- Fact_Prod_Gr_Rt_Decline_Rt, 0.015)
Units: 1/year

Growth Rate of Factor Productivity [gA(t)] (1/yed&yowth rate declines over time. Value
reported in [Cowles, pg. 17]: .0152 for period 19&87, matches statement in [Science, pg.
1317] that average was 1.3% from 1965-1989, with ¥¥b/decade rate of decline. Note that
Nordhaus decompounds the decadal rate of .15@ld &n annual rate of .0141; | have
simply divided by 10 to convert the decadal ratai@annual rate. [Managing Global
Commons, pg. 21] [Managing the Global Commons2ag.

Causes:

e (061)Fact Prod Gr Rt Decline Rt- Decline of FaBmductivity GrowthRate
(1/yearlyear)

Uses:

e (061)Fact Prod Gr Rt Decline Rt- Decline of FaBmductivity GrowthRate
(1/yearlyear)
e (063)Fact Prod Incr Rt - Change in Factor Proditgt{{L/year)

(063) Fact_Prod_Incr_Rt = Factor_Productivity*Fact_Prod_Growth_Rt
Units: 1/year

Change in Factor Productivity (1/year)

Causes:

o (062)Fact Prod_Growth_ Rt - Growth Rate of FactadBctivity [gA(t)] (1/year)
Growth rate declines over time. Value reporteddowles, pg. 17]: .0152 for period
1965-1987, matches statement in [Science, pg. liBaThverage was 1.3% from
1965-1989, with an 11%/decade rate of decline. H@eNordhaus decompounds
the decadal rate of .150 to yield an annual rat@ 41, | have simply divided by 10
to convert the decadal rate to an annual rate. §giaug Global Commons, pg. 21]
[Managing the Global Commons, pg. 21]

o (064)Factor_Productivity - Total Factor ProducipMi\(t)] (dimensionlessMay be
interpreted as level of technology. [Cowles pg. 17]

Uses:

o (064)Factor_Productivity - Total Factor ProducipMif\(t)] (dimensionlessMay be
interpreted as level of technology. [Cowles pg. 17]

(064) Factor_Productivity = INTEG(Fact_Prod_Incr_Rt, 1)



Units: dmnl

Total Factor Productivity [A(t)] (dimensionless) Mhbe interpreted as level of technology.

[Cowles pg. 17]
Causes:

e (063)Fact Prod Incr Rt - Change in Factor Proditgt{{L/year)

Uses:

e (063)Fact Prod Incr Rt - Change in Factor Proditgt{i/year)
« (075)Reference Output - Reference Output befoexesffof climate damagnd
emissions abatement are considered

(065) Invest_Frac Nonlin=1
Units: dmnl
Uses:

e (054)Behav_Invest_Frac - A simple behavioral heirisr investmentglosely
replicates results of the optimal time path.

(066) Invest_Frac Scale=0.2
Units: dmnl
Uses:

e (054)Behav_Invest_Frac - A simple behavioral heirisr investmentglosely
replicates results of the optimal time path.

(067) Investment = Output*Investment_Frac
Units: $/year
Gross Investment ($/year)

Causes:

o (068)Investment_ Frac - Fraction of Output Invedway be switched betwegrath

derived from optimization and Nordhaus' path
o (073)Output - Output [Q(t)] ($/year) Cobb-Douglapital-laborformulation.
[Cowles, pgs. 17 & 24]
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Uses:

« (0O55)Capital - Capital ($) Capital stock in 1989lais. [Managing Global
Commons, pg. 21]

e (057)Consumption - Consumption ($/year) Output iegestment (savings).

« (084)Net_Investment - Net Investment Investmers tspreciation

(068) Investment_Frac = if_then_else(Optimal_Invest_Switch=1,0ptimal_dst Frac ,
if_then_else(Optimal_Invest_Switch=2,Behav_InvesiciNord_Investment_Frac ))

Units: dmnl

Fraction of Output Invested May be switched betweath derived from optimization and
Nordhaus' path

Causes:

o (054)Behav_Invest Frac - A simple behavioral heigrier investmentglosely
replicates results of the optimal time path.

« (070)Nord_Investment Frac - Fraction of Outputcdied to Investment
(dimensionless) Time path derived from resultsgifroization reported in [Cowles,
Table IV-2, Optimal]. Intermediate points interp@d linearly. Points after 2075
estimated from [Cowles, Fig. IV-5].

« (095)Optimal_Invest Frac - Investment Fraction\gstifrom optimization.

e (072)Optimal_Invest Switch - Switches InvestmertcHietween Nordhausne
path and time path from optimization.

Uses:

e (067)Investment - Gross Investment ($/year)

(069) Net_CC_Impact = GHG_Red_Cost_Frac*Climate_Damage_Frac
Units: dmnl

Net Climate Change Impact [Omega(t)] (dimensiorl@$e fraction of output lost to GHG
emissions reduction and climate change damage. ¢Gstwles, pg. 13]

Causes:

o (030)Climate_Damage_Frac - Fraction of Output tostombating Climat€hange
(1/Degrees C"2)

e (014)GHG_Red_Cost_Frac - Fraction of Output devtdezbst of GHGemissions
reductions (dimensionless)

Uses:
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e (073)Output - Output [Q(t)] ($/year) Cobb-Douglapital-laborformulation.
[Cowles, pgs. 17 & 24]

(070) Nord_Investment_Frac

Units: dmnl

Fraction of Output allocated to Investment (dimenkss) Time path derived from results
of optimization reported in [Cowles, Table 1V-2, Dpal]. Intermediate points interpolated
linearly. Points after 2075 estimated from [Cowlesg,. 1V-5].

Uses:

o (068)Investment_ Frac - Fraction of Output Invedway be switched betwegrath
derived from optimization and Nordhaus' path

(071) Norm_Return_Capital = 0.08
Units: 1/year

Uses:

o (054)Behav_Invest Frac - A simple behavioral heigrier investmentglosely
replicates results of the optimal time path.

(072) Optimal_Invest_Switch =1

Units: dmnl

Switches Investment Frac between Nordhaus' time goad time path from optimization.
Uses:

o (068)Investment_ Frac - Fraction of Output Invedway be switched betwegrath
derived from optimization and Nordhaus' path

(073) Output = Reference_Output*Net_CC_Impact
Units: $/year
Output [Q(1)] ($/year) Cobb-Douglas capital-laborrhulation. [Cowles, pgs. 17 & 24]

Causes:
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« (069)Net_CC Impact - Net Climate Change Impact [@afB] (dimensionlessyhe
fraction of output lost to GHG emissions reductiom climate change damage costs.
[Cowles, pg. 13]

o (075)Reference_Output - Reference Output befoeresffof climate damagnd
emissions abatement are considered

Uses:

o (077)Capital_Output Ratio - Capital per Unit Outffiper $/year)

e (002)CO2_Emiss - Greenhouse Gas Emissions [E¢Nk(tarborequivalent/year)
[Cowles, pg. 20]

(057)Consumption - Consumption ($/year) Output iegestment (savings).
(067)Investment - Gross Investment ($/year)

(080)Labor_Output_Ratio - Ratio of Labor to Outfpgrsons/$)
(081)Marg_Prod_Capital - Marginal Productivity chital
(085)Net_Savings_Rate - Net Savings Rate Equéigadtio of netnvestment to
output.

(074) Output_in_1965 = 8.519e+012

Units: $/year

Output in 1965 ($/yr) [Managing Global Commons, pgj
Uses:

o (075)Reference Output - Reference Output befoextsfof climate damagnd
emissions abatement are considered

(075) Reference_Output = Output_in_1965*Factor_Productivity*(Capital/INlCapital
))"Capital_Elast_Output *(Population/INIT(Populati(1-Capital_Elast_Output)

Units: $/year
Reference Output before effects of climate damageemissions abatement are considered
Causes:

o (O55)Capital - Capital ($) Capital stock in 1989lais. [Managing Global
Commons, pg. 21]

o (064)Factor_Productivity - Total Factor ProductMif(t)] (dimensionlessMay be
interpreted as level of technology. [Cowles pg. 17]

» (108)Population - Population [L(t)] (persons) [Cew] pg. 16]

o (056)Capital_Elast_Output - Capital Elasticity afitut [alpha](dimensionless)
Derived from share of capital in national inconf@oyles, pg. 17]

e (074)Output_in_1965 - Output in 1965 ($/yr) [ManagiGlobal Commons, p@1]
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Uses:

o (078)Climate_Damages - Flow of damages from clinchnge.

e (082)Marg_Prod_Carbon - Marginal Productivity of Z&missions

e (073)Output - Output [Q(t)] ($/year) Cobb-Douglapital-laborformulation.
[Cowles, pgs. 17 & 24]

e (086)Reduction_Costs - Flow of greenhouse gas aleatecosts.

o (087)Reference CO2 Emissions - Reference CO2 Eonsg&imissions at normal
CO2 intensity, with no abatement.

Indices
(076) Capital_Labor_Ratio = Capital/Population
Units: $/person
Ratio of Capital Inputs to Labor Inputs ($/person)
Causes:
« (055)Capital - Capital ($) Capital stock in 1989las. [Managing Global

Commons, pg. 21]
e (108)Population - Population [L(t)] (persons) [Cew|] pg. 16]

(077) Capital_Output_Ratio = Capital/Output
Units: $/($/year)
Capital per Unit Output ($ per $/year)
Causes:
« (055)Capital - Capital ($) Capital stock in 1989las. [Managing Global
Commons, pg. 21]

e (073)Output - Output [Q(1)] ($/year) Cobb-Douglapital-laborformulation.
[Cowles, pgs. 17 & 24]

(078) Climate_Damages = Reference_Output*(1-Climate_Damage_Frac)
Units: $/year
Flow of damages from climate change.

Causes:
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o (030)Climate_Damage_Frac - Fraction of Output tostombating Climat€hange
(1/Degrees C"2)

e (075)Reference Output - Reference Output befoexeffof climate damagand
emissions abatement are considered

(079) CO2_And_CFC _Intens Capital = CO2_Emiss/Capital
Units: TonCl/year/$
CO2 and CFC Emissions per Unit of Capital (tonbcarequiv/year/$)
Causes:
« (055)Capital - Capital ($) Capital stock in 1989las. [Managing Global
Commons, pg. 21]

e (002)CO2_ Emiss - Greenhouse Gas Emissions [E@E(tarborequivalent/year)
[Cowles, pg. 20]

(080) Labor_Output_Ratio = Population/Output
Units: person/($/year)
Ratio of Labor to Output (persons/$)
Causes:
e (108)Population - Population [L(t)] (persons) [Cew|] pg. 16]

e (073)Output - Output [Q(1)] ($/year) Cobb-Douglapital-laborformulation.
[Cowles, pgs. 17 & 24]

(081) Marg_Prod_Capital = Capital_Elast_Output*Output/Capital
Units: 1/year

Marginal Productivity of Capital

Causes:

» (O55)Capital - Capital ($) Capital stock in 1989lais. [Managing Global
Commons, pg. 21]

o (056)Capital_Elast_Output - Capital Elasticity afitut [alpha](dimensionless)
Derived from share of capital in national inconf@oyles, pg. 17]

« (073)Output - Output [Q(t)] ($/year) Cobb-Douglapital-laborformulation.
[Cowles, pgs. 17 & 24]

Uses:
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o (083)Marg_Return_Capital - Marginal Return to Calpquals the margingroduct
of capital less depreciation.

(082) Marg_Prod_Carbon =
Reference_Output/Reference_CO2_Emissions*Red_Coale SRed Cost_Nonlinearity
*if_then_else(GHG_Reduction_Frac&gt0,(GHG_Reductierac)*(Red_Cost_Nonlinearity
-1),0)

Units: $/TonC
Marginal Productivity of CO2 Emissions
Causes:

e (015)GHG_Reduction_Frac - Fraction of Greenhouse E3nissions Abatepinu(t)]
May be switched between path from optimization Bioddhaus' path.

o (023)Red_Cost_Nonlinearity - Nonlinearity of GHGdRetion Cost [b2]
(dimensionless) [Cowles, pg. 13 & 24]

e (024)Red_Cost_Scale - Scale of GHG Reduction @Gddt(HimensionlesgCowles,
pg. 13 & 24]

o (087)Reference_CO2_Emissions - Reference CO2 Eons&missions at normal
CO2 intensity, with no abatement.

« (075)Reference Output - Reference Output befoexesffof climate damagnd
emissions abatement are considered

(083) Marg_Return_Capital = Marg_Prod_Capital-Depreciation_Rate

Units: 1/year

Marginal Return to Capital Equals the marginal picicbf capital less depreciation.
Causes:

o (059)Depreciation_Rate - Depreciation Rate [de]tétkyear) Note thaNordhaus
assumes a 10-year capital life, then chooses & @l0.065 to correct for the lack of
compounding in the 10-year time step he uses.i$tEsnply wrong, as the capital
stock has an inflow as well as an outflow, and thie net rate (investment-
depreciation) that must be compounded. Also, uaiaglue of 0.065 results in an
average residence time of units in the capitalkstdd 5 years, even with the 10-year
time step. | have preserved the value 0.065 fdrcagon; a 15-year capital life is
perfectly reasonable anyway. [Managing Global Comsnpg. 21]

o (081)Marg_Prod_Capital - Marginal Productivity cfgital

Uses:
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o (054)Behav_Invest_Frac - A simple behavioral heirisr investmentglosely
replicates results of the optimal time path.

(084) Net_Investment = Investment-Depreciation
Units: $/year

Net Investment Investment less depreciation
Causes:

o (058)Depreciation - Depreciation ($/year)
e (067)Investment - Gross Investment ($/year)

Uses:

o (085)Net Savings Rate - Net Savings Rate Equdéildadtio of netnvestment to
output.

(085) Net_Savings Rate = Net_Investment/Output
Units: dmnl
Net Savings Rate Equal to the ratio of net investrie output.
Causes:
o (084)Net_Investment - Net Investment Investmers tepreciation

e (073)Output - Output [Q(1)] ($/year) Cobb-Douglapital-laborformulation.
[Cowles, pgs. 17 & 24]

(086) Reduction_Costs = (1-GHG_Red_Cost_Frac)*Reference_Output
Units: $/year
Flow of greenhouse gas abatement costs.
Causes:
e (014)GHG_Red_Cost_Frac - Fraction of Output devdetbst of GHGemissions
reductions (dimensionless)

o (075)Reference Output - Reference Output befoextsffof climate damagnd
emissions abatement are considered

(087) Reference_CO2_Emissions = Reference_Output*CO2_Intensity_of Output
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Units: TonClyear
Reference CO2 Emissions Emissions at normal C@2sitty, with no abatement.
Causes:

e (006)COZ2 Intensity of Output - Greenhouse Gas sitenf Output[sigma(t)]
(tons carbon equivalent/$) [Managing Global Commaugs 21] Conflicts with value
reported on Cowles, pg. 24: .5368*.9875TIME-192090 = .7352/1000

e (O75)Reference_Output - Reference Output befoecesffof climate damagend
emissions abatement are considered

Uses:

¢ (082)Marg Prod Carbon - Marginal Productivity of ZBmissions

.Optimization
Structures for allowing optimization of decisiorssan arbitrary time path.

(088) GHG_Red_Fracg[T] = INTEG(Zero,Init. GHG_Red_Fracs[T])
Units: dmnl

GHG Reduction Fractions at policy time T

Causes:

e (089)Init GHG Red Fracs - GHG Reduction Fractidnsodicy time T
e (102)Zero - Dummy variable to provide a 0 with sgrifyear.

Uses:

e (094)Optimal GHG Reduction Frac - GHG Reductiorcfoa derived from
optimization.
« (098)Shift Red - Shifts reduction stack values.

(089) Init_ GHG_Red_Fracs[T] = 0,0,0,0,0,0,0,0,0,0
Units: dmnl

GHG Reduction Fractions at policy time T

Uses:

e (088)GHG Red Fracs - GHG Reduction Fractions atyptime T
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(090) Init_Invest_Fracs[T] =0.17,0.17,0.17,0.17,0.17,0.18,0.19,0.2,0.21,0.22
Units: dmnl

Investment Fractions at policy time T

Uses:

e (093)Invest Fracs - Investment Fractions at pdiite T

(091) Init_Policy_Times[T] = 2305,2205,2105,2050,2025,2005,2000,1995,1985,196
Units: year

Year of implementation of Tth policy

Uses:

e (096)Policy Times - Year of implementation of Tthlipy

(092) Interpolation_Frac = max(0,zidz(Time-Policy_Times[T10],Policy_Time§ T
Policy_Times[T10]))

Units: dmnl

Fraction of interval between policy times elapg€@0)Time - Internally defined simulation
time.

Causes:

e (096)Policy Times - Year of implementation of Tthlipy

Uses:

e (094)Optimal GHG Reduction Frac - GHG Reductiorcfoa derived from
optimization.
e (095)Optimal Invest Frac - Investment Fractionwtifrom optimization.

(093) Invest_Fracg[T] = INTEG(Zero,Init_Invest_Fracs[T])
Units: dmnl
Investment Fractions at policy time T

Causes:
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e (090)Init Invest Fracs - Investment Fractions dicgdime T
e (102)Zero - Dummy variable to provide a O with srityear.

Uses:

e (095)Optimal Invest Frac - Investment Fractionwtifrom optimization.
o (097)Shift Invest - Shifts investment stack values.

(094) Optimal_GHG_Reduction_Frac = GHG_Red_Fracs[T10] + (GHG_Red_Fracs[T9]-
GHG_Red_Fracs[T10])*Interpolation_Frac

Units: dmnl
GHG Reduction Fraction derived from optimization.
Causes:

e (088)GHG_Red_Fracs - GHG Reduction Fractions atptime T
o (092)Interpolation_Frac - Fraction of interval beem policy time®lapsed.

Uses:

e (015)GHG_Reduction_Frac - Fraction of Greenhouse E3aissions Abatefinu(t)]
May be switched between path from optimization Bieddhaus' path.

(095) Optimal_Invest_Frac = Invest_Fracs[T10] + (Invest_Fracs[T9]-Invest dsra
[T10])*Interpolation_Frac

Units: dmnl
Investment Fraction derived from optimization.
Causes:

e (093)Invest Fracs - Investment Fractions at pdiite T
o (092)Interpolation_Frac - Fraction of interval beem policy time®lapsed.

Uses:

o (068)Investment_ Frac - Fraction of Output Invedway be switched betwegrath
derived from optimization and Nordhaus' path

(096) Policy_Timeg[T] = INTEG(O,Init_Policy_Times[T])

Units: year



108

Year of implementation of Tth policy
Causes:

e (091)Init Policy Times - Year of implementationTah policy

Uses:

o (092)Interpolation_Frac - Fraction of interval beem policy time®lapsed.
o (099)shift_switch -
« (100)Shift Times - Shifts time stack values.

(097) Shift_Invest =
SHIFT_IF_TRUE(Invest_Fracs[T1],shift_switch=1,T1M®est Fracs [T1])

Units: dmnl
Shifts investment stack values. (000)T10 -
Causes:

e (093)Invest Fracs - Investment Fractions at pdiltye T
o (099)shift switch -

(098) Shift_Red =
SHIFT_IF_TRUE(GHG_Red_Fracs[T1],shift_switch=1,T0,GHG_Red_Fracs [T1])

Units: dmnl
Shifts reduction stack values. (000)T10 -
Causes:

e (088)GHG Red Fracs - GHG Reduction Fractions atyptime T
o (099)shift switch -

(099) shift_switch = if _then_else(Time > Policy_Times[T9],1,0)
Units: dmnl

(000)Time - Internally defined simulation time.

Causes:

e (096)Policy Times - Year of implementation of Tiblipy
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Uses:

¢ (097)Shift Invest - Shifts investment stack values.
o (098)Shift Red - Shifts reduction stack values.
¢ (100)Shift Times - Shifts time stack values.

(100) Shift_Times=
SHIFT_IF_TRUE(Policy_Times[T1],shift_switch=1,T10f®licy_Times [T1])

Units: dmnl
Shifts time stack values. (000)T10 -
Causes:

e (096)Policy Times - Year of implementation of Tiblipy
e (099)shift switch -

(101) T : (T1-T10) Subscript for policy optimization arsay
(102) Zero=0

Units: 1/year

Dummy variable to provide a 0 with units 1/year.

Uses:

e (088)GHG Red Fracs - GHG Reduction Fractions atyptime T
e (093)Invest Fracs - Investment Fractions at pdiite T

.Population

(103) Consumption_per _Cap = Consumption/Population
Units: $/person/year

Consumption per Capita ($/person/year)

Causes:

e (108)Population - Population [L(t)] (persons) [Cew] pg. 16]
o (057)Consumption - Consumption ($/year) Output iegestment (savings).

Uses:
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e (116)Utility - Current Utility [U(t)] (utiles/yearReduces to Logarithmiar
Bernoullian utility function: Population*(Log(Consption_per_Cap)) when the
Rate of Inequality Aversion -&gt 1 Note that doulgjiyour population with half the
consumption per capita is an improvement with thisula. [Cowles, pg. 16]

(104) Decline Pop_Gr_Rt = Pop_Growth_Rate*Pop_Gr_Rt Decline_Rt
Units: 1/year/year

Decline of Population Growth Rate (1/year/year)

Causes:

e (107)Pop_Growth_Rate - Population Growth Rate [@pb(l/year) Note that
Nordhaus decompounds the decadal rate of .224ld gnh annual rate of .0203; |
have simply divided by 10 to convert the decadt ta an annual rate. [Managing
Global Commons, pg. 21]

e (106)Pop_Gr Rt Decline_Rt - Rate of Decline of Rapon Growth Ratgdelta-
pop] (1/year) 19.5 % per decade. [Cowles, pg. JIRata looks closer to 10 % per
decade before 1990. Note that Nordhaus decompdhadtecadal rate of .195 to
yield an annual rate of .02; | have simply dividsd10 to convert the decadal rate to
an annual rate. [Managing Global Commons, pg. 21]

Uses:

e (107)Pop_Growth Rate - Population Growth Rate [@pb(l/year) Note that
Nordhaus decompounds the decadal rate of .224kb gnh annual rate of .0203; |
have simply divided by 10 to convert the decad ta an annual rate. [Managing
Global Commons, pg. 21]

(105) Net_Pop_Incr = Population*Pop_Growth_Rate
Units: person/year
Net Population Increase (persons/year)
Causes:
e (107)Pop_Growth_ Rate - Population Growth Rate [@pb(l/year) Note that
Nordhaus decompounds the decadal rate of .224kb gnh annual rate of .0203; |
have simply divided by 10 to convert the decad ta an annual rate. [Managing

Global Commons, pg. 21]
e (108)Population - Population [L(t)] (persons) [Cewl pg. 16]

Uses:
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e (108)Population - Population [L(t)] (persons) [Cew] pg. 16]

(106) Pop_Gr_Rt_Decline Rt = 0.0195

Units: 1/year

Rate of Decline of Population Growth Rate [deltg]od/year) 19.5 % per decade. [Cowles,
pg. 16] Real data looks closer to 10 % per decadlerd 1990. Note that Nordhaus
decompounds the decadal rate of .195 to yield anamate of .02; | have simply divided

by 10 to convert the decadal rate to an annual [fsli@naging Global Commons, pg. 21]

Uses:

e (104)Decline_Pop_Gr_Rt - Decline of Population Gitowate (1/year/year)

(107) Pop_Growth_Rate = INTEG(- Decline_Pop_Gr_Rt, 0.0224)

Units: 1/year

Population Growth Rate [gpop(t)] (1/year) Note tNardhaus decompounds the decadal
rate of .224 to yield an annual rate of .0203;uéhaimply divided by 10 to convert the
decadal rate to an annual rate. [Managing Globah@ons, pg. 21]

Causes:

e (104)Decline_Pop_Gr_Rt - Decline of Population Gito®ate (1/year/year)

Uses:

e (104)Decline_Pop_Gr_Rt - Decline of Population Gitowate (1/year/year)
o (105)Net_Pop_Incr - Net Population Increase (pess@ar)

(108) Population = INTEG(Net_Pop_Incr, 3.369e+009)
Units: person

Population [L(t)] (persons) [Cowles, pg. 16]

Causes:

e (105)Net Pop Incr - Net Population Increase (pess@ar)

Uses:

o (076)Capital_Labor_Ratio - Ratio of Capital Inptdd abor Inputg$/person)
e (103)Consumption_per_Cap - Consumption per Capitsefson/year)




112

e (080)Labor_Output Ratio - Ratio of Labor to Outfparsons/$)

e (105)Net_Pop_Incr - Net Population Increase (pess@ar)

« (075)Reference Output - Reference Output befoeresffof climate damagnd
emissions abatement are considered

e (116)Utility - Current Utility [U(t)] (utiles/yearReduces to Logarithmiar
Bernoullian utility function: Population*(Log(Consption_per_Cap)) when the
Rate of Inequality Aversion -&gt 1 Note that doulgjiyour population with half the
consumption per capita is an improvement with thisula. [Cowles, pg. 16]

Utility
(109) Base_Year = 1989
Units: year

Base Year for Discounting (year) Model is denonedah 1989 dollars, and discounting is
performed relative to 1989.

Uses:

e (111)Discount Factor -

(110) Cum_Disc_Utility = INTEG(Discounted_Utility, 0)
Units: utiles

Cumulative Discounted Utility (log$) This is Nordls objective function. The results in
[Science, Table 1] apparently accumulate only #rgopl from 1990-2045. [Cowles, pg. 15]

Causes:

e (112)Discounted_Utility - Discounted Current Utlilog$/year) Currenttility
discounted to 1989.

(111) Discount_Factor = EXP(-Rate_of Time_Pref*(Time-Base_Year))
Units: dmnl
(000)Time - Internally defined simulation time.
Causes:
e (109)Base Year - Base Year for Discounting (yeaoy® is denominated 989
dollars, and discounting is performed relative $89.

e (114)Rate of Time Pref - Pure Rate of Social TimefdPence [rho] (1/yeaflhe
social discount rate. [Cowles, pg. 15]
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Uses:

e (112)Discounted_Utility - Discounted Current Utililog$/year) Currenttility
discounted to 1989.

(112) Discounted_Utility = Utility*Discount_Factor
Units: utiles/year
Discounted Current Utility (log$/year) Current ltgldiscounted to 1989.
Causes:
e (111)Discount_Factor -
e (116)Utility - Current Utility [U(t)] (utiles/yearReduces to Logarithmiar
Bernoullian utility function: Population*(Log(Consption_per_Cap)) when the

Rate of Inequality Aversion -&gt 1 Note that doulgjiyour population with half the
consumption per capita is an improvement with thisula. [Cowles, pg. 16]

Uses:

e (110)Cum_Disc_Utility - Cumulative Discounted Utli(log$) This isNordhaus'
objective function. The results in [Science, Tabl@pparently accumulate only the
period from 1990-2045. [Cowles, pg. 15]

(113) Rate of Inequal_Aversion =1
Units: dmnl

Rate of Inequality Aversion [alpha] (dimensionleBBasure of marginal utility or social
valuation of different levels of consumption. [Cew) pg. 16]

Uses:

o (116)Utility - Current Utility [U(t)] (utiles/yearReduces to Logarithmiar
Bernoullian utility function: Population*(Log(Consption_per_Cap)) when the
Rate of Inequality Aversion -&gt 1 Note that doulgjiyour population with half the
consumption per capita is an improvement with thisula. [Cowles, pg. 16]

(114) Rate of Time Pref =0.03
Units: 1/year

Pure Rate of Social Time Preference [rho] (1/y@&a® social discount rate. [Cowles, pg.
15]
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Uses:

e (111)Discount Factor -

(115) Ref_Cons _per_Cap = 1000
Units: $/person/year
Reference Consumption per Capita
Uses:
e (116)Utility - Current Utility [U(t)] (utiles/yearReduces to Logarithmiar
Bernoullian utility function: Population*(Log(Consption_per_Cap)) when the

Rate of Inequality Aversion -&gt 1 Note that doulgjiyour population with half the
consumption per capita is an improvement with thisula. [Cowles, pg. 16]

(116) Utility = Utility_Coeff*Population*if_then_else(Rate_of dqual_Aversion
=1,LN(Consumption_per_Cap/Ref _Cons_per_Cap ),
((Consumption_per_Cap/Ref_Cons_per_Cap)*(1-Raténedual _Aversion)-1)/(1-
Rate_of_Inequal_Aversion ))

Units: utiles/year

Current Utility [U(t)] (utiles/year) Reduces to Lagthmic or Bernoullian utility function:
Population*(Log(Consumption_per_Cap)) when the Rétaequality Aversion -&gt 1

Note that doubling your population with half thensamption per capita is an improvement
with this formula. [Cowles, pg. 16]

Causes:

e (108)Population - Population [L(t)] (persons) [Cew|] pg. 16]

e (103)Consumption_per_Cap - Consumption per Capitsefson/year)

o (113)Rate_of Inequal_Aversion - Rate of Inequaiitersion [alpha]
(dimensionless) Measure of marginal utility or sb&aluation of different levels of
consumption. [Cowles, pg. 16]

e (115)Ref _Cons_per_Cap - Reference Consumption ggitaC

o (117)Utility Coeff - Reference Rate of Utility Genaéion (utiles/person/year)

Uses:

e (112)Discounted_Utility - Discounted Current Utililog$/year) Currenttility
discounted to 1989.

(117) Utility_Coeff = 1
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Units: utiles/person/year

Reference Rate of Utility Generation (utiles/pergear)

Uses:

(116)Utility - Current Utility [U(t)] (utiles/yearReduces to Logarithmiar

Bernoullian utility function: Population*(Log(Consption_per_Cap)) when the
Rate of Inequality Aversion -&gt 1 Note that doulgjiyour population with half the
consumption per capita is an improvement with thisula. [Cowles, pg. 16]

Your Title/Your Name/Your e-mail
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Appendix B

Thesis Defense Presentation
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A study on the Impact of Nuclear Power Plant
Construction Relative to Decommissioning
Fossil Fuel Power Plants in Order to Reduce
Carbon Dioxide Emissions Using a Modified
Nordhaus Vensim DICE Model

Presented by:
Jason Colpetzer
Master's Thesis Defense Presentation
Advisor: Akira Tokuhiro

Co-futhors:
‘foung Gi Min
Hyejin Lee
Surmin Kwaon
‘fomgjin Park
Minsu Gu
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Problem

The amount of CO, emissions from human
activities and subsequent accumulation of CO,
in the atmosphere is increasing at alarming
rates that have climate scientists concerned.

CO, levels in the atmosphere are greater than
the agreed upon “safe upper limit” of 350
PPM.

Most climate scientists agree that action must
be taken to control these levels and attempt
to return them to below the safe upper level.

Is nuclear power a part of the solution?

Universityer idanhc
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The Greenhouse Effect

Some solar radiation
Is reflected by the Some of the Infrared radiation
Earth and the passes through the atmosphere.
| atmosphere. Some is absorbed and re-emitted
' in all directions by greenhouse
‘ gas molecules.The effect of this
Is to warm the Earth's surface
and the lower atmosphere.
Most rad|arlon Is abiﬂl"hed

Infrared radiation
is emitted by the

‘Melting of arctic sea lce

15 ]
*Rising sea levels
e e g sIncreased rainfall
= : Yk '-,"-,II.' sAtmospheric temperature
T increase
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Global Warming- Impact

* Loss of entire ecosystems

« Negative effect on crop yields

+ Increase in heat-related and storm-related deaths
* Floods and droughts will become more common

+ Spread of diseases, such as malaria carried by
mosquitoes

* Hurricanes and other storms will become larger
» Reduction in the availability of fresh water

» Collapse of the thermohaline circulation,
potential for Ice Age

7

Why Nuclear?

Anmual
Cperating ton CO2
Plant i TerAh funit : T (Output of COF ton O0:/MWh % of CPP
ety {tons)
Coal Power Plant
ICPF 1356 1,300,000 | E260,000 |1,:898 560,000 105 100%
Petroleum Power Plant
(PPl __37ma 24896 | 19,000 | 71,801,000 0.73 T4%
Matural Gas Power
Plant {NGFP) 5515 189,522 B4, 000 464,436,000 (44 aA2%
{NFR) 104 7,590,000 500,940 52,097,760 007 6%




How can the effects of nuclear power be evaluated?

Use the Dynamic Integrated Climate Economy Model (DICE).
Predicts climate change based on available climate and
economic data.

Modify the DICE model to predict the effects on climate change
due to simulated increased nuclear power plant (NPP)
construction rates.

* The model developed for this study automatically

decommissions fossil fuel power plants (FFPPs) based on
equivalent new power output of the NPPs.

* The model will then calculate the reduction in CO, emissions

resulting from the decommissioning of FFPPs.

* The reduced amount of CO, is then fed into the standard DICE

model to model climate change with the reduced amount of
CO, emissions.

Universityor idaho
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What is the DICE Model?

Dynamic Integrated Climate Economy Model.

The DICE model “integrates in an end-to-end
fashion the economics, carbon cycle, climate
science, and impacts in a highly aggregated model
that allow[s] a weighing of the costs and benefits of
taking steps to slow greenhouse warming”.

Developed over the past 30 years at Yale University
by William Nordhaus and other colleagues.

Developed through the use of numerous reports,
peer reviewed articles and books.
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Features of DICE Model

Model views the economies of climate change from the
standpoint of neoclassical growth theory. Economic growth
determined using Labor, Capital, and Technology.

Emissions are estimated based on the economic output.
Climate change is evaluated based on the increased
emissions.

A global model that aggregates different countries into a
single level (data from all major countries is used).

The energy input involves both carbon-based fuels and non-
carbon based technologies.

The functions use available data and are used to determine
CO, emissions and the associated climate change and
environmental damages. i s
Callege o Englnesring Uiniversityeridaho

11

How is the DICE model being utilize?

Pizer (1999) used DICE to compare carbon tax and a cap
and-trade-style policies under uncertainty.

Popp (2005) modified DICE to include endogenous
technical change.

« Baker et al. (2006) used DICE to examine the effects of

technology research and development on global
abatement costs.

» Hoel and Sterner (2007) moedified the utility function in
DICE to include a form of non-market environmental
consumption that is an imperfect substitute for market
consumption.

* Yang (2008) used RICE in a cooperative game theory
framework to examine strategies for international
negotiations of greenhouse gas mitigation policies and

targets. - "d
Culleite o Ergdrieeig Univer ﬁll,':,-.;-'f:'_!,'i ho -.-""-'
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i T b 5% wee  DICE Model

Sections:
Climate
Carbon

Economy

Modification to the DICE Model

Vensim Standard and Vensim Professional software were

used to recreate the DICE model. The DICE model was

_rre;r?_le!ted by Korea West interns working for Dr. Akira
okuhiro.

Vensim software is a modeling tool that allows you to
conceptualize, document, simulate, analyze, and
optimize models of dynamic systems.

Model replicated for Vensim by Tom Fiddaman of MIT.

Added features to model to simulate the amount of CO,
emissions avoided when a selected manufacturing rate
ﬂl: NEP; is used to replace the existing fleet of FFPPs in

the U.5.

Climate change is then modeled using the reduced
emissions values.

Universityor idaho
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Features of the Modified DICE Model

Input is desired NPP/year construction rate.
Model will then determine how many FFPPs to decommission
based on the amount of power produced by the new NPPs.
Total power capacity from the FFPPs will be maintained.

The model will then calculate the amount of CO, emissions
avoided as a result of the determined FFPPs not operating
each year.

The model decommissions CPPs then NGPPs then PPPs based
on amount of CO, emissions from highest to lowest.

The total amount of CO, emissions avoided is then subtracted
directly from the standard DICE model CO, emissions
variable.

The model will then simulate future climate change using the
reduced CO, emissions.

The effect of decommissioning FFPPs as the NPP
construction rate is increased can be evaluated.

Colbegs o Erghnaseig Universityor idaho
15

This data is fed into the DICE model

Modification
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*Number of years until all of NPP Construction Time to Replace
the FFPPs in the U.S. have ey g
been replaced by NPPs based
on the different production g "‘;"“
1 M
rates. ; , - = PP =
*Model will not continue to 7 130
further reduce CO, emissions 4 o7
after all of the FFPPs have 3 78
S 10 39
been decommissioned, 5 E
*Model only calculates CO, 50 8
reduction from E ‘;
decommissioned FFPPs. 500 :
1000 1

10704 FFPPs Total
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LWR Reactors
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Figure 2. U.S. Greenhouse Gas Emissions and Sinks by Economic
Sector, 1290-2011
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Figure 1. U.S. Greenhouse Gas Emissions by Gas, 1990-2011
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Analysis Performed

+ Different NPP production rate inputs were used to simulate a
range of FFPPs decommissioning and associated CO, emission
reduction.

* The fleet of FFPPs was eliminated at faster rates based on
increased NPP construction.

» (0, emissions are avoided in less time with higher production
rates eliminating a greater amount of CO, over time.

= After the current fleet of FFPPs has been decommissioned,
further production of NPPs will have no affect on the model.
Model only calculates the reduction per each FFPP
decommissioned.

* Slow production rates will take many years to replace the FFPP
fleet, while high production rates will only take a couple of
years.

* Model is designed to simulate until the year 2300.

B Cullege s Enginessing Universityesldaho
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CO, Emissions V. Time
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Upper OceanfAtmospheric Temperature versus Time
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Deep Ocean Temperature versus Time
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Ceat of Climate Damages [Trillions of 5)
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Climate Damages
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Results-1

Using the Vensim model developed as [:art of this study
it can be determined that replacing all of the FFPPs
with NPPs will reduce CO, emissions by 630 million tons
or 2.5% per year in 2300.

This in turn reduces the cumulative amount of CO;in
the atmosphere by 44.5 billion tons or 2% in 2300.
Unfortunately this still results in 1055 ppm CO; in the
atmosphere in 2300.

This is only a 21 ppm reduction from the 1076 ppm
value determined from the DICE model if no action is
taken.

Results overwhelmingly indicate that CO, from
transportation as well as from the rest c:% the world will
need to be addressed.

Univers

Results-2

The increase in Atmospheric/ Upper Ocean
temperature or Global Warming will be reduced by
0.068 " C (1.3%) in 2300.

The DICE model predicts atmospheric temperature
could increase as much as 5.2° C by 2300 if no
action is taken.

Deep ocean temperatures will also see a small
reduction of 0.024"C in 2300. DICE predicts Deep
Ocean temperatures could increase as much as
1.8°C by 2300.

Univers
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Modeling Uncertainties

* Model assumes immediate start of NPPs and shut down
of FFPPs. NPP construction is -5 years.

« Limitations may also exist with the electrical grid and
where the NPPs are sited. Will NPPs need to be
constructed where the FFPPs were decommissioned.
Different obstacles may exist in each state/county in
regards to new NPP construction.

* Recreation of DICE model from MIT uses available data
from 1994. Emissions data in the modified version is
from 2011. Differences may exist from input from the
modified portion compared to the DICE prediction.

« Changes will occur over time with technology and
policy, etc. that will effect how the actual data will
compare to the predicted.

Cullege o Enghiasing Universityor idaho
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Limitations/Future Work

» Current modification of DICE model only allows for the
simulation of replacing the existing fleet of fossil fuel
power plants.

— The DICE model predicts future CO, emissions based on

historic rates of CO, emissions growth regardless of source
based on a fraction of emissions per economic output.

— Model may be able to be further modified using a number of
assumptions in order to model future power growth output
beyond the current fleet of FFPPs(% nuclear, etc.).

— Present study alsc only models decommissioning of U.5. fleet
of FFPPs and does not consider the remainder of the waorld.

- ILikflly the first use of Vensim DICE model at the University of
daho.




The Inconvenient Truth
{of Muclear Power)

» The United States is in no position to increase construction of NPPs
anytime in the near future,

Following a 30-year period in which few new reactors were built, it
is expected that 4-6 new units “may™ come on line by 2020¢

» The U.5. currently has not identified a location for permanent
disposal of spent nuclear fuel.

+ Even if Yucca Mountain was approved for use, the 104 operating
nuclear reactors in the U.5, are expected to produce enough spent
fuel to consume the entire capacity of waste storage by 2014,
Availability of nuclear fuel is limited. Reprocessing of spent nuclear
fuel does not occur in the LS. due to nuclear proliferation
concerns,

* Management of radioactive waste is not considered. With high
production rates, these will present significant challenges.

* Muclear power alone will not do much to control climate change.

College o Enghnasing Universityor idaho
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Conclusions-1
Replacing the current fleet of FFPPs with NPPs will have a
beneficial effect, however small on controlling climate
change.

In the year 2300 the amount of CO, in the atmosphere will be
reduced by 44.5 billion tons and the predicted temperature
increase will be reduced by 0.068° if all of the FFPPs are
replaced with NPPs at a construction rate of 50 NPPs/yr or
greater.

This results in 1055 ppm of CO, in the atmosphere in 2300. If
no action is taken, the DICE model predicts the amount of CO,
in the atmosphere will be 1076 ppm in 2300. Most scientists
agree that 350 ppm is the safe upper limit and levels need to
be maintained below this level to prevent runaway climate §
change. 1

Universityor idaho
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Conclusions-2

» The cost of climate change damages predicted from the DICE
model is expected to reach 56 Trillion/per in 2300,

» This value is almost twice current annual spending budget of
the U.5.

« This study shows the potential to reduce this value by $150
Billion per year. Although this number is large, It is small
compared to what will be spent annually. Governments will
need to take action in order to cover these costs.

37

Conclusions-3

Replacing the entire fleet of FFPPs in the U.S with NPPs will not
be enough to have a significant effect on climate change.

*  Muclear power is only part of the solution.

Additional reduction in global warming could be seen if future
FFPP construction, or global FFPPs are replaced with NPPs.

* Some countries and environmentalists predict higher NPP
construction rates will reduce CO, emissions as a means to
combat climate change. However correct, the low construction
rates currently in progress will not be enough to curb climate
change. Further action is required.

* In addition, the construction rates needed for the greatest
advantage are not currently feasible based on the political and
economic climate associated with nuclear power, availability of
nuclear fuel and the considerable increase in radioactive waste
that will be generated as a result,




