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ABSTRACT

Increased scientific certainty about anthropogenic climate change coupled with the Obama
administration taking office has the United States poised to enact legislation to reduce greenhouse gas
emissions. Studies have suggested that a combination of policy instruments will be more economically
efficient than any single strategy in order to correct for multiple externalities in the market. This paper
employs a theoretical model of the electricity sector developed in Fischer & Newell (2008) to compare
the cost-effectiveness of individual and combinations of policy instruments. Despite many of the
parameter values changing significantly in the numerical application of the model, this analysis affirms
the relative rankings of the policy instruments in terms of economic efficiency found in Fischer & Newell
(2008). Beginning with the most cost-effective instrument, the order is as follows: emissions price,
tradable emissions performance standard, tax on fossil output, renewables portfolio standard,
renewables production subsidy, and R&D subsidy. Several policy portfolios are modeled and costs
compared to an emissions price. The results indicate that simultaneous policies for climate mitigation
tend to be more cost-effective than any single instrument. While combining an emissions price with a
renewables portfolio standard offers cost advantages over an emissions price alone, the best
complementary policy for an emissions price is an R&D subsidy. The sensitivity analyses show that this
is a robust conclusion for a broad range of parameter values. It is therefore recommended that
policymakers seriously consider a substantial R&D subsidy for renewable energy technologies in addition

to establishing a cap-and-trade system.
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1. INTRODUCTION

The United States is poised to enact policy for climate mitigation in the near future. A number
of factors indicate that action is eminent, beginning with increased scientific certainty about man’s role
in global warming. Each new round of IPCC reports on climate change has clearly indicated growing
confidence within the scientific community of anthropogenic forcing on the climate system. In 1995, the
IPCC Summary for Policymakers stated, “the balance of evidence... suggests a discernible human
influence on global climate.” In the 2007 Summary for Policymakers, the IPCC had strengthened the
language to read, “most of the observed increase in global average temperatures since the mid-20"
century is very likely due to the observed increase in anthropogenic greenhouse gas concentrations.” In
2005, Academies of Sciences from eleven nations, including the US, released a joint statement that, “the
scientific understanding of climate change is now sufficiently clear to justify nations taking prompt
action.” It went on to state that, “it is vital that all nations identify cost-effective steps that they can
take now, to contribute to substantial and long-term reduction in net global greenhouse gas emissions”

[38]. The science of climate change is providing significant impetus to address US emissions.

The US government has been considering policy intervention for climate mitigation for several
years. During the 106™ Congress, 1999-2000, only 30 bills, resolutions, or amendments focused on
climate change. This number increased to 235 bills, resolutions, or amendments in the 110" Congress in
2007-2008 [35]. Various policy instruments were discussed in these proposals, including policies to limit
greenhouse gas emissions and to support research and development (R&D) of climate friendly
technologies. Over the past few years, Congress has been inundated with proposals for a cap-and-trade
system. As of December 1, 2008, no less than ten proposals had been introduced in the 110" Congress
[36]. Inthe US Senate, the Lieberman-Warner Climate Security Act of 2008 received the majority of

attention. Despite the fact that none of these proposals succeeded in becoming law, all the time and



effort devoted to considering these bills was not wasted. Congress and the Senate have become well
informed on the subject of climate change in the process, setting the table for upcoming policy

proposals for climate mitigation.

With the Obama Administration taking office in 2009, climate change policy has become a
central goal for the US government. In a speech given on November 18, 2008 to the Global Climate
Summit in Los Angeles, President-elect Obama said, "few challenges facing America -- and the world --
are more urgent than combating climate change.” He went on to say, “Many of you are working to
confront this challenge...but too often, Washington has failed to show the same kind of leadership. That
will change when | take office." [30] After taking office, despite the current economic downturn,
President Obama continues to pursue climate change policy. In the February 24, 2009 address to
Congress, he directly asked for “legislation that places a market-based cap on carbon pollution and

drives the production of more renewable energy in America” [18].

It is always important to utilize the most economically efficient policy instrument available to
address a problem. However, the importance of minimizing costs goes well beyond economics in the
case of climate change policy. Cost-effectiveness is especially important to assist the US in maintaining
the policy for many years to come. For example, cap-and-trade systems generally extend through the
year 2050. If the costs of this policy intervention prove too high, the system would be likely be
abandoned long before the sunset date. A great deal of political capital has gone towards climate
change policy, and it is important that the most efficient option be chosen to make the most of this
investment. In addition, excessive policy costs are especially unacceptable given the current US

economic downturn.

The success of US policy for climate mitigation has international ramifications as well. Global

warming, as the name indicates, is a global issue that requires cooperation and unanimous intervention.



The US will not be able to address global warming in any significant way if it acts alone. The rest of the
world will be attentively watching the economic impacts of climate policy in the US. This is particularly
important in India and China, the other two of the top-three greenhouse gas emitting countries along
with the US. Both countries are significantly poorer per capita and would be sensitive to the costs of
climate mitigation. Every extra dollar of cost associated with US policy intervention, would lower the
odds of other countries taking similar action. By choosing the most economically efficient policy or set
of policies possible, the US will be improving the likelihood of the world successfully addressing climate

change.

The electricity sector is the subject of this analysis because it is expected to be the most affected
sector by policies for climate mitigation. In 2006, electricity generation accounted for roughly 40% of
annual CO, emissions in the US [11]. However, the potential emissions reductions from this sector are
much larger than its share of total emissions. Analysis of an economy-wide policy for climate mitigation
concluded that between 82% and 92% of emissions abatement would stem from the electric power
sector [9]. This is driven by the availability of lower-emitting alternatives, which are lacking in other

sectors.

Fossil fuel generators are the main source of emissions within the electricity sector. Climate
mitigation policies would encourage technological improvements to reduce emissions from fossil fuel
power plants. They would also encourage fuel switching to nonemitting options, including renewable
energy. In addition, emission reductions could stem from increased energy conservation driven by

electricity price increases associated with policy intervention.

Policy intervention is the appropriate manner to address climate change because carbon dioxide
and other unregulated greenhouse gas emissions are environmental externalities. They are byproducts

with costs to the environment and human health that do not appear in the market. The detrimental



effects of emissions can appear in the short term, such as the health risks posed by high mercury
concentrations in fresh water fish from power plant emissions. There may be long-term impacts as well,
such as the socioeconomic costs of global warming from increased atmospheric carbon dioxide
concentrations. The EPA’s Acid Rain Program is an example of successfully using policy intervention to
internalize environmental externalities. The program employs a market based cap-and-trade system to
reduce emissions of sulfur dioxide and nitrogen oxides. The cap resulted in a market price for these
pollutants, which then entered into rational business decisions. In 2007, emissions of sulfur dioxide
were 43% below 1990 levels and nitrogen oxides were less than half the level anticipated without the

program [13].

Knowledge spillover in the renewable energy sector is another externality in the electricity
market that might call for policy intervention. If firms within the sector are unable to capture all the
benefits of increased knowledge from research or experience, they are likely to underinvest in these
activities [25]. Policy intervention that corrects this underinvestment would result in a more efficient
market, lowering the costs associated with renewable energy. Depending on the size of the spillover
effect, it may be necessary to internalize this externality into the market to achieve the most cost-
effective policy option. Given multiple externalities in the electricity market, there is strong reasoning

for a portfolio of policies rather than any single instrument [25].

Endogenous technological change (ETC) is an important element in analyzing the impacts of
climate change. A literature has developed on this subject over the past two decades. It is important to
include technological change within the model for several reasons, stemming from the fact that
environmental policy interventions directly influence the process of technological change [24]. Research
has shown that the presence of ETC lowers the costs of climate policies, especially if pre-existing

inefficiencies due to knowledge spillover are serious [21]. Including ETC also has the affect of mitigating



the associated decrease in consumption due to the policy [3]. In addition, ETC can affect the time
profile of abatement, possibly shifting more abatement to the present if learning-by-doing is contained

in the model [19].

Prior to the complications introduced by including the knowledge spillover externalities,
economists regarded an emissions tax as clearly the most cost-effective policy instrument to address
climate change. Research was generally devoted to showing that a carbon tax was more efficient than a
cap-and-trade system [20,17]. However, with more than a single externality at play, research has

expanded to include a more diverse set of policy options.

Even with more alternative policies and multiple externalities, an emissions price has
consistently been found as the most efficient policy instrument. Goulder et al. (1999) found that an
emissions tax was more efficient than a tradable performance standard, a least-cost technology
mandate, and a fuel tax. Palmer & Burtraw (2005) concluded that a cap-and-trade policy is more cost-
effective at reducing carbon emissions than renewables portfolio standards (RPS) and renewable energy
production credits. Fischer & Newell (2008), which includes ETC, found that an emissions price is the
most cost-effective policy option compared to an emissions performance standard, output tax on fossil

power, renewables portfolio standard, renewables output subsidy, and R&D subsidy.

This paper follows directly from Fischer & Newell (2008) and first revisits the cost-effectiveness
of these policy instruments for climate mitigation with an updated numerical application of the same
theoretical model. It is important to re-examine the relative rankings of these policies often as the
renewable energy subsector is rapidly developing and contributes significantly to the results. Fischer &
Newell (2008) also constructed an optimal policy portfolio based on their theoretical model, which
includes an emissions price, a production subsidy, and an R&D subsidy. They found that the cost of

abatement is dramatically lower for this policy portfolio than for an emissions price alone. This is an



important conclusion, which this work revisits. This paper also extends the application of the model to

evaluate the cost-effectiveness of several other policy portfolios.

Analysis combining policy instruments has been limited to date, though this type of work has
been suggested by multiple researchers. Palmer & Burtraw (2005) noted that a cap-and-trade system
and an RPS were best suited for different goals, and suggested investigating the benefits of combining
them. Goulder et al. (1999) called for extending the application of their model to include both an
emissions tax and a R&D subsidy. Schneider & Goulder (1997) is one of the few instances where
multiple policies were combined, a carbon tax and R&D subsidy, and analyzed compared to individual
policies. They found that knowledge spillovers in the renewable energy industry made emissions

abatement through combining the policies less costly than through a carbon tax alone.

1.1 Policy Instruments

Several policy instruments would affect emissions in the US and address one or more of the
externalities present in the market. The establishment of an emissions price, directly through a carbon
tax or indirectly through cap-and-trade legislation, would internalize the cost of emissions into the
electric power sector. An output tax on fossil fuel-based electricity would do the same, although the
cost of carbon would be different for each emitting technology. Subsidies for renewables R&D and
renewable energy generation directly address the knowledge spillover externality. Renewable energy
portfolio standards (RPS) and tradable emission performance standards address both types of
externalities to some degree. It may prove that multiple policies are necessary simultaneously to most

efficiently correct for these externalities and reduce emissions in the electricity sector.



2. MODEL

The theoretical framework of this analysis was originally developed in Fischer & Newell (2008).
It is specific to the electricity sector and provides an apparatus for analyzing national level policies. The
model is capable of analyzing each of the six policy instruments and many of the combinations of these
policies. The model expressly calculates the costs of adopting policies, as well as emissions from the
electricity sector. In this model and paper, emissions refer only to carbon dioxide emissions. Originally
the model was programmed using the computer language “Mathematica”, | reprogrammed it using
“Matlab” to increase ease of access to the model and output capabilities. To obtain numerical results,
the function “fsolve” solves each system of nonlinear equations utilizing least-squares methods, in

particular the trust-region dogleg algorithm and Levenberg-Marquardt algorithm.

The model is a simplified version of the electricity sector, splitting generators into two broad
categories. The first subsector, fossil fuel generators, represents technologies that emit carbon dioxide
as a byproduct of electricity production. The second subsector consists of renewable energy

technologies that do not emit carbon dioxide as a direct result of power production.

In this stylized model, a few important assumptions are made to simplify the form. First, a long-
term view of electricity production is taken, allowing all resources to be substituted freely. Second,
electricity producers have full knowledge of prices in the present and the future. Third, reliability and
transmission issues in the electricity sector are ignored. While these are serious matters that deserve
attention, they are outside the scope of this paper. | assume that hydropower and nuclear power
remain constant across policies and stages in this analysis. Other analyses have shown hydropower to
be constant under climate policies [6,9]. Considerable uncertainty surrounds the future of nuclear
energy in the US, presenting little motivation to depart from the example set forth by Fischer & Newell

(2008).



Two stages are simulated to allow for the maturation and corresponding cost reductions of
renewable energy technologies. The first stage (n,) is five years long, followed by a twenty-year second
stage (n,). Actions taken in the first stage, investment in R&D and learning-by-doing, lower the costs of
renewables in the second stage. This representation of endogenous technological change is an

important element in analyzing the costs of climate change policies.

2.1 Fossil Fuel Sector

The fossil fuel sector is composed of coal-fired and natural gas-based power plants. Both types
of combustion plants produce greenhouse gas emissions with each kilowatt-hour they produce. Coal is
the most potent emitter of carbon dioxide, responsible for over 80% of annual emissions from the US

electricity sector in 2006, and therefore over 30% of total emissions in the US [11].

Natural gas and coal power plants are generally considered mature technologies. Both types of
plants have existed in their present form for many years. Over time, designs were improved, efficiencies
were gained, and costs were reduced to current levels. The development of carbon capture and
sequestration (CCS) technologies for coal and natural gas power plants is a dramatic technological
advance that may occur in the next twenty-five years. Unfortunately, modeling sudden structural shifts
such as this are difficult and any assumption made about the timing of CCS viability would drive the
results of this model. For these reasons, CCS technologies are outside the scope of this analysis. It
should be noted that is possible that learning-by-doing or R&D in the fossil fuel subsector will produce
cost reductions in the future. However, this paper assumes that the design of these power plants will

not improve significantly over the period of analysis.

A few key elements about the modeling approach are important to note. First, emissions (E;)
are the product of electricity generation from coal (x) and natural gas generation (y). Average emissions

rate (u) for each technology is assumed to be constant across all policy scenarios and both stages.
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Er = UyXe + uyy; (1)

Second, marginal costs are assumed to be increasing as generation levels increase. This fundamental
economic concept helps avoid a silver bullet answer, where one technology with the lowest initial cost

would be relied on heavily.

Two policies considered in this paper directly affect the costs of the fossil fuel subsector. An
emissions price (t) increases the marginal costs of producing electricity by a constant amount based on
the emissions rate. A fossil output tax () is represented as a reduction in the price received by fossil
fuel power plants. It is important to note that natural gas plants and coal plants would see the same
reduction in received electricity price under a fossil output tax even though natural gas emission rates

are roughly half that of coal plants.

Emissions performance standard and renewables portfolio standards interact with decisions in
this subsector by way of implicit subsidies and taxes. This will be further addressed in following

sections.

Coal and natural gas operators are assumed to be rational entities that maximize profits ().
They accomplish this by producing electricity up to the point that marginal costs (C(x)) are equal to the
market price of electricity (P;). The following equations represent these assumptions, where 6 is the

discount rate.

Fossil — n ((p1 — @)1 +y1) — Cp(xy) — Cy(yl) - Tl(uxx1 + uy)’l))

+6n,((P, — 02) (X2 + 2) — Co(x2) — €y, (2) — T2 (UnXz + Uy 7)) (2)
an.Fossil
3 =0: Pp=Celxe) + @ + TeuUy (3)
Xt
an.Fossil ,
P 0: P =C,(yp) + o + 701y, (4)
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2.2 Nonemitting Sector

Renewable energy technologies compose the nonemitting sector. Wind, solar PV, concentrated
solar, geothermal, tidal, and wave energy are examples of renewable energy technologies. These
generation sources utilize naturally occurring transfers in energy as a fuel input. These power
generators do not emit any appreciable amount of carbon dioxide as a direct result of power

generation.

Renewable energy technologies are not considered mature currently. Two types of projects
share the common purpose of reducing the cost per unit of output. Research efforts are devoted to
improve technologies, including efforts to raise the efficiency of photovoltaic cells and turbine designs
that would improve wind and hydropower. Learning-by-doing through test facilities and pilot projects

are being used to improve the operations and designs of these plants, thereby lowering costs.

In the model, costs of renewable energy are related to the cumulative knowledge stock K(H,,Q,) .
This is a function of total knowledge from research, R&D (H;), and experience from learning-by-doing
(Q;). Let R&D performed in the first stage be h, and experience gained be directly related to output in
the first stage (q;). Recall that the first stage of the model is five years long and behavior is consistent
throughout the stage, therefore H, = H, + n;*h; and Q, = Q; + n;*g;. Knowledge from research is the
direct result of research expenditures R(h;), which are assumed to exhibit increasing marginal cost as
each additional unit of research knowledge is more expensive than the one before to attain.
Increasingly scarce research personnel and increasingly difficult technical challenges represent the cause

of increasing costs of knowledge from research.

The issue of appropriability is critical to the structure and application of this model. | will treat
the topic here because of its significance, further discussion can be found in Fischer & Newell (2008).
Appropriability (p) is the measure of an entity’s ability to capture the value of an innovation. For the

12



purposes of this paper, innovation might be thought of as improved designs which raise efficiencies and
lower costs. Perfect appropriability is unlikely if not impossible in the marketplace, as design
information for example is difficult to hide. Taking the value of p to be non-zero means that spillover of
technological knowledge, an externality, is also a given. This has important implications for optimal
policy choice. It is also very unlikely to have an appropriability of zero, where an entity captures no
benefits from an innovation. The degree of appropriability is factored into the model as it contributes to
the size of cost reductions in renewable energy in stage two stemming from knowledge production over
the course of stage one. The level of appropriability also affects the relative efficiencies of the policy

scenarios, as some address the knowledge spillover externality while others do not.

Production subsidies for renewables (s;) and an R&D subsidy (o) target the nonemitting sector.
Production subsidies appear in the model as an increase in the electricity price received by renewable

energy generators. An R&D subsidy reduces research expenditures by the appropriate portion.

Assumed rational renewable energy generators would act to maximize profits according the first
order conditions dn/dq,=01/dq,=01/dh,=0. Rearranging terms yields the forms below of these
equations as they appear in the model. Let G(K,q) be the marginal costs of producing g units of

electricity from renewable sources given the knowledge stock K.

aVonemit — n, (P + s1)q1 — G(K1,q1) — (1 — 0)R(hy)) + 61y (P, + 52)q2 — G (K2, q2)) (5)
Gq (K1, q1) = Py + 51— 8pna Gy (K2, 42) Ko (Hz, Q2) (6)
Gq(Kpq2) = P, + 5, (7)
Rp(hy) = =8(p/(1 = 0))ny Gy (K2, q2) Ky (Hz, Q2) (8)

13



Nuclear power was considered as an expansion to the original framework as there has been a
virtual rebirth in recent years. Where formerly nuclear power was not seen as a viable political option
for utilities, it is now being considered seriously. There has been a recent influx of applications for
licenses to build nuclear plants to the Nuclear Regulatory Commission [10]. There has also been
renewed federal support for nuclear energy via passage of loan guarantees and a production tax credit
in the Energy Policy Act of 2005 [29]. However, this rebirth has not come to fruition yet, as zero new
nuclear plants or reactors have been built in the US in the last decade. Modeling the appearance of
additional nuclear power is difficult due to this uncertainty. In this case, it is not a question of
technological advance, but whether it will become politically and socially viable to begin operation of
new nuclear reactors in the US. As with CCS, allowing nuclear capacity to expand is likely to drive the
results of the model. | avoid this danger by assuming that nuclear power remains constant across all

policies and stages.

2.3 Consumer Demand

Following Fischer & Newell (2008), all generation sources of electricity are substitutable for one
another. Consumer demand (D) for electricity can be met by any combination of electricity generators.
Demand is equal to the sum of coal, natural gas, renewables, and combined nuclear and hydro

generation (z,).

DP)=qr+x+y: + 2 (9)

2.4 Costs of Policy

In order to compare the cost-effectiveness of the six policy instruments, Fischer & Newell (2008)
established metrics within the model. Changes in consumer surplus (CS), producer surplus (), and
government revenues (V) are combined to form an estimate of total change to welfare (W) as described

in the equations below. Changes in total welfare are then compared amongst the policy instruments.
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ACS = —ny [, D(P)AP — §n, ([ D(P)dP) (10)
AV =ny (‘P1(x1 +y1) + T1(uxx1 + uy)’1) — 8141 — UR(hl))
+6n, (92 (02 + ¥2) + To(uexz + uy)’Z) — 529> (11)

AW = ACS + (ArFossit 4 pgNonemit 4 Apghydroy 4 Ay (12)

As noted in Fischer & Newell (2008), it is important to understand that cost-effectiveness is not the only

way to evaluate policy, but it is still useful for comparison purposes.
2.5 Optimal Policy Portfolio

The framework developed in Fischer & Newell (2008) indicates that the optimal manner to
achieve a given emissions abatement level is through a combination of policies. Multiple policy
instruments are needed to address the three externalities in the electricity market. As discussed earlier,
these are emissions and spillover of knowledge from learning-by-doing and R&D resulting from
imperfect appropriability. To correct for these externalities, optimal policy includes an emissions price,
an R&D subsidy, and a renewable energy production subsidy. The emissions price is determined in the

model, while production and R&D subsidies are determined from the following equations.

c=1-p (13)
51 = —(1 = p)én, Gy (K3, q2) Ko (Hz, Q2) (14)

3. POLICY INCENTIVES

Each of the six policy instruments included in this analysis creates specific incentives to alter
behavior. Policies that affect electricity prices to producers create incentives that change the

composition of the energy supply. Policies that affect electricity prices to consumers alter the level of
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energy demand. Any policy resulting in an increase in electricity price increases the avoided cost of
saved energy, creating an incentive for consumers to conserve energy, lowering demand. Conversely, if

a policy reduces electricity prices it would likely result in less energy conservation.

An emissions price establishes a cost for carbon dioxide emissions resulting from power
generation. It directly affects the emitting sector by increasing the costs per unit of electricity. Coal-
based electricity production is hit hardest by this policy, as it is the most carbon-intensive technology.
This creates incentives to lower the carbon dioxide intensity of fossil technologies and to switch to lower
emitting or nonemitting technologies. This policy directly raises electricity production costs and

increases electricity prices.

An emissions performance standard creates a maximum average emissions rate for all power
plants. It then allows permits to be traded in order to meet this requirement. If a power plant were
able to achieve a lower emissions rate than the target, it would be able to sell credits to other plants
that are not able to achieve this rate. In order to create supply and demand to establish a functioning
market, the target rate would have to occur below the highest average emissions rates, namely that
from coal plants. All technologies with an average emissions rate above the maximum would have to
purchase permits to meet this standard, acting as an implicit emissions price. For all technologies with a
lower emissions rate, including renewables, an emissions performance standard would act as a
production subsidy. Depending on the stringency of this policy, costs of natural gas-based electricity
may or may not increase. This policy is intended to create a clear incentive to reduce the carbon
intensity of fossil fuel power plants. As discussed in Fischer & Newell (2008), electricity prices may rise

or fall due to a tradable emissions performance standard.

An output tax also places an additional cost per unit of electricity produced from fossil fuel

technologies. An important distinction between an output tax and an emissions price is that natural gas

16



and coal generators would incur equal cost increases, despite higher carbon intensity for coal. Unless
emissions can be eliminated through an advance such as CCS, which recall is expressly assumed away in
this paper, fossil fuel plants would incur these costs. There is no incentive for incrementally lowering
carbon intensity, but an enormous incentive for completely removing emissions. The only incentive

created reliably by this policy is the energy conservation from increased electricity prices.

Instead of making fossil fuel production more expensive, another approach for reducing
emissions from the electricity sector is to reduce the costs of renewable energy directly. The most
direct way to do this is to establish a subsidy for renewable energy production. The subsidy would have
the immediate effect of making renewables more competitive in the market. Another method to
reducing the costs of renewables is to establish a subsidy for R&D. This subsidy directly reduces the
costs of knowledge creation through research, leading to expanding the knowledge stock and reducing
costs of renewables in the future. Renewable generation grows with lower costs, crowding out fossil

fuel generation. Table 1 indicates the incentives, implicit or explicit, from each policy instrument.

Table 1
Incentives from policy instruments
Tradable Output tax  Renewables Renewables  Renewable
Emissions emissions on fossil portfolio production research
price perform.std. generation standard subsidy subsidy
Increase energy efficiency of
fossil fuels Yes Yes No No No No
Energy conservation from
increased electricity price Yes Maybe Yes Maybe No No
Direct subsidy for renewable
energy output No Yes (implicit)  No Yes (implicit)  Yes No
Direct subsidy for R&D No No No No No Yes

(Source: Fischer & Newell, 2008)

Emissions reductions achieved through support of the renewable energy subsector can also be
achieved by setting direct goals for production through an RPS. An RPS sets goals for renewables share

of electricity generation. Generally, the goals of RPS increase over time, allowing for technology
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development and the avoidance of large impacts on electricity price. In fact, it may be the case that an
RPS would result in lowering electricity prices due to lower costs of renewables resulting from greater
experience in the near term [14]. If this were the case, an RPS would reduce the incentive to conserve

energy.

4. NUMERICAL APPLICATION

This section applies the theoretical model described to US electricity production. First, | provide
explicit versions of the general equations described above. Second, | parameterize the model from

recent studies of this sector. The process of deriving these parameter values is described as well.

As this portion of the paper is an update of Fischer & Newell (2008), it is useful to compare
respective parameter values. Table 2 presents the parameters used in the numerical application as well
as those from Fischer & Newell (2008). Despite only a few years separating these studies, there are
significant differences in the reference case. The magnitude of the elasticity of aggregate electricity
demand is twice as large, increasing the effect of any changes in electricity prices resulting from the
policies. The estimate for the slope of renewables supply is much lower, which should serve to allow
greater renewable energy generation at lower cost. In addition to this, renewables are more
competitive because the supply slopes for coal and natural gas are higher than in the previous analysis.
The baseline price of electricity is 1.4 cents/kWh, again likely aiding the adoption of renewable energy
generation. Not all parameter values have changed significantly, for example carbon dioxide intensity
for natural gas and coal are close to the original parameter values. The values for several other

parameters are the same here as in Fischer & Newell (2008), such as the learning parameters.
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Table 2

Parameter values and assumptions

Parameter symbol unit Base value Fischer & Newell (2008)
Baseline price of electricity PO S/kWh 0.087 0.073
Intercept of coal-based electricity supply cxl S/kwh 0.026 0.023
Slope of coal-based electricity supply cx2 $/kWh2 2.8E-14 2.2E-14
Intercept of natural gas electricity supply cyl S/kwh 0.067 0.061
Slope of natural gas electricity supply cy2 $/kWh? 2.5E-14 1.8E-14
Intercept of renewables electricity supply gl S/kWh 0.083 0.059
Slope of renewables electricity supply g2 $/kWh? 5.3E-14 1.2E-13
CO, intensity of coal-based electricity Uy kg CO,/kWh 0.95 0.96
CO, intensity of natural gas electricity Uy kg CO,/kWh 0.45 0.42
Electricity demand elasticity el -0.40 -0.20
Learning parameter k1 0.15 0.15
R&D parameter k2 0.15 0.15
R&D investment cost parameter YO 6.41E+09 3.9E+09
R&D investment cost parameter Y1 1.2 1.2
Degree of appropriability p 0.5 0.5

4.1 Specific Function Forms

From the general characteristics described earlier, specific cost equations for the generation

technologies are presented below.

(cx2)x?

Cy(xy) = (cx1)x; + . (15)
¢, () = (eyD)y, + @22 (16)
G(Ke, qr) = K ' (914¢ + 9292/2) (17)

This paper projects the electricity generation mix and costs under different policy scenarios for
the next twenty-five years. The first stage is from 2010 to 2015, and the second stage is 2015 to 2035.
To best represent the two stages, | chose representative years that fall in the middle of these spans,
2013 and 2025 respectively. In all cases, dollar amounts are given in 2006 dollars. For comparison, it
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should be noted that Fischer & Newell (2008) use data for the years 2010 and 2020 to parameterize the

model, as well as 2004 dollars.

| use a recent analysis of the Lieberman-Warner Climate Security Act developed from the Energy
Information Administration’s (EIA) National Energy Modeling System (NEMS) [9] to calibrate values for
cx1, cx2, cyl, and cy2. Carbon dioxide emission intensities for coal and natural gas-based electricity are
also derived from this study. It is important to remember that these intensities are assumed to remain
constant in all policy scenarios for climate mitigation. This assumption is supported by the limited

alternatives scenario in the EIA study.

An estimate for the slope of renewable energy production is derived from the most recent
studies of national renewables portfolio standards [7,8]. Looking to the year 2025, a credit price of 1.9
cents/kWh is estimated to meet a fifteen-percent RPS. When adjusted for special provisions, including
triple credits for solar PV, this is equivalent to a renewables share of 12%. In order to meet a stated RPS
of twenty-five percent by 2025, a credit price of 4.8 cents/kWh is required. The implied slope of
renewables based on these studies is then g2 =5.3 x 10 $/kWh?. The estimate derived from the EIA
study of the Lieberman-Warner bill is similar for the year 2025 using the limited alternatives scenario,
with a value of 5.0 x 10 $/kWh?. Solving for the intercept of renewables to equal projected

renewables supply in the year 2013 of 1.56 x 10" yields g1 = 0.083 $/kWh.

Many of the estimates derived in Fischer & Newell (2008) are based on extensive literature that
changes slowly over time. For this reason, | use the same estimates for parameters related to
knowledge stock, the R&D investment function, and appropriability. The explicit form of cumulative
knowledge from experiential knowledge (Q;) and R&D-based knowledge (H,) is K{(Q;, H:) =
(Q/Q1)*k1*(H/H.)Ak2 (18). The learning parameters k1 and k2 are set to 0.15. | follow the reasoning

and literature that generation contributes 10% annually to the stock of experiential knowledge, setting
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Q; equal to 1.56 x 10" Research investments (R) follow the functional form R(h;) = YO*h,AY1  (19),
where Y1 =1.2. This parameter value for Y1 guarantees that the cost of knowledge production is
increasing. Once the model is calibrated to all assumptions, | find that YO = 6.41 x 10%in the central
scenario. The level of appropriability p is set to 0.5 in the central scenario, with a range of values tested
in the sensitivity analysis. Further discussion and support of these variables can be found in Fischer &

Newell (2008).

The elasticity of aggregate electricity demand is assumed constant over the years considered,
and takes the value of -0.40, derived from same EIA study as above [9]. Based on projections for the
year 2013, | set baseline energy demand to 4.21 x 10" kWh. In the calibrated model, this first stage
demand breaks down into coal generation of 2.17 x 102 kWh, natural gas generation of 0.79 x 10> kWh,
renewables generation of 0.15 x 10*> kWh, and nuclear and hydro combined generation of 1.1 x 10™
kWh. There is no assumed demand growth between the stages. The first stage is undiscounted to
present consistent behavior. The second stage stretches over two decades, requiring attention to the
discount rate (8). Using the private rate of return, 10%, years in the second stage are discounted
directly, making the stage effectively 8.5 years long in terms of costs accumulated. Total emissions

abatement is calculated without discounting for the second stage.

4.2 Baseline Simulation

The first step of the numerical analysis is running the model without any policy. This establishes
a baseline of electricity generation from each source as well as electricity prices in equilibrium. In this
scenario, all policies are set to zero: ¢ =s=1t=0=0. The results of the scenario provide estimates for
other parameters within the model, such as an R&D learning parameter (Y0) and the intercepts of the
marginal cost curves for coal (cx1), natural gas (cyl1), and renewables (g1). Table 3 displays the model

results without any policy.
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Table 3

Model results without policy intervention

Stage 1 Stage 2 Unit

Price of electricity 0.087 0.086 S/kWh

Electricity Demand 4.21E+12 4.24E+12 kWh/yr

Coal generation 2.17E+12 2.12E+12 kWh/yr

Natural gas generation 7.90E+11 7.31E+11 kWh/yr

Renewables generation 1.50E+11 2.91E+11 kWh/yr

Nuclear & Hydro generation 1.10E+12 1.10E+12 kWh/yr

Renewables share of generation 3.6 6.9 %

CO, emissions 2.42E+09 2.34E+09 billion metric tons CO2/yr
Rate of renewables cost reduction 13 0 %

4.3 Policy Simulations

The central policy scenario in the model includes an emissions price. This scenario represents
the cost of emissions that might result from a cap-and-trade system. | set the emissions price to be 18.5
dollars per ton of carbon dioxide in order to achieve 18.2% emissions abatement over twenty-five years.
This is in accordance with the domestic abatement achieved for the limited alternatives scenario in the
EIA analysis of the Lieberman-Warner bill [9]. | use the limited alternatives scenario because it matches
my assumptions that nuclear power will not increase and CCS will not appear in the market. This
scenario establishes the benchmark for emissions reductions that must be equaled by the other policy
scenarios. In addition, this scenario establishes a baseline of costs for policy intervention, against which
all other scenarios will be matched. While an emissions price in this analysis is conceptually the result of

a cap-and-trade system, it would be no different if it represented an emissions tax.

A policy scenario is devoted to each of the remaining five individual policies. In each scenario,
the appropriate level of the policy is found which achieves the same emissions reductions as those
under an emissions price. Producer surplus, consumer surplus, and transfers are calculated to compare
cost-effectiveness across policies. Change in surplus is equivalent to change in welfare. Table 4 contains
the results of these policy simulations.
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Table 4

Annual effects of alternative policies relative to base case

Tradable
Emissions  emissions  Output tax Renewables
price perform. on fossil Renewables  production Renewable
(S$/ton std. (ton generation portfolio subsidy research
Stage co2) CO,/GWh) (cent/kWh) standard (cent/kWh)  subsidy
Policy for 18.2% abatement 1 18.5 678 1.6 12.2% 23 96%
2 18.5 579 1.6 24.8% 23 0%
Electricity Price 1 (%) 9.4 -3.3 12.1 -2.1 -5.0 -1.2
2 (%) 6.6 -5.3 8.6 -4.7 -10.8 -11.7
CO2 emissions 1 (%) -13.4 -11.1 -12.3 -9.5 -9.4 -2.2
2 (%) -19.4 -20.0 -19.7 -20.4 -20.5 -22.3
Renewable generation 1 (%) 131.2 194.1 165.0 246.7 279.0 66.2
2 (%) 147.2 212.1 183.3 267.7 307.3 335.6
Coal generation and emissions 1 (%) -15.5 -15.0 -9.5 -7.3 -7.2 -1.7
2 (%) -20.2 -21.9 -15.0 -15.5 -15.5 -16.9
Gas generation and emissions 1 (%) -1.0 11.7 -29.1 -22.3 -22.1 -5.3
2 (%) -14.8 8.4 -48.6 -50.4 -50.4 -55.0
Total electricity generation 1 (%) -3.5 1.4 -4.5 0.9 21 0.5
2 (%) -2.5 2.2 -3.3 2.0 4.7 5.1
Renewable R&D increase (%) 292 431 369 555 647 18697
Additional renewable cost reduction (%) 12 16 14 18 19 37
AConsumer surplus (SB/yr) -28.4 15.9 -36.8 12.7 29.6 24.6
AProducer surplus ($B/yr) -10.4 -18.3 -3.8 -15.4 -13.0 -12.7
ATransfers (SB/yr) 36.8 0.0 38.1 0.0 -20.4 -57.2
ASurplus (excluding env benefits) (SB/yr) -2.08 -2.38 -2.52 -2.72 -3.86 -45.30
ASurplus relative to emissions price 1.00 1.14 1.21 1.30 1.85 21.75

The policy portfolio scenarios are modeled in the same way, having to equal the emissions

abatement from an emissions price. The first scenario containing multiple policies modeled is the

optimal portfolio policy described earlier, involving an emissions price, a renewable production subsidy,

and an R&D subsidy. | also model an emissions price in conjunction with an RPS, an R&D subsidy, and a

renewable production subsidy. The cost-effectiveness of these portfolios is compared to an emissions

price alone for consistency.
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4.3 Central Policy Scenario

Figure 1. Policy costs relative to emissions price
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The policy instruments are presented in Table 4 in order of cost-effectiveness. In accordance
with previous studies, an emissions price is the most efficient single policy instrument. A tradable
emissions performance standard of 678 tons CO, per GWh in the first stage and 579 in the second stage
is the second best choice, with costs only fourteen percent higher. An output tax on fossil fuel
generators of 1.6 cents per kilowatt-hour is third best at twenty-one percent higher costs. An RPS of
12.2% in stage 1 and 24.8% in stage two is thirty percent more costly than an emissions price. A
production subsidy for renewables of 2.3 cents per kilowatt-hour is eighty-five percent more costly. A
96% subsidy for renewables R&D is required to achieve 18.2% emissions abatement. The high subsidy
results in an explosion of research and subsidies paid by the government. Total costs are nearly twenty-
two times as large as achieving the same emissions reductions with an emissions price. Figure 1 shows
that the relative rankings of the policies are the same as earlier work by Fischer & Newell (2008), while

exact magnitudes of relative costs are different with the new parameter values.
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There are other insights gained from modeling the individual policy instruments besides relative
cost-effectiveness. The varying distribution of costs incurred across producers, consumers, and the
government indicates that there may be something to be gained by combining policies. An emissions
price and an output tax on fossil fuel electricity production spread the costs amongst producers,
consumers, and the government differently than the other available policies. They both reduce
consumer surplus by tens of billions of dollars, whereas it is increased for all other policies. They also
cause smaller reductions in producer surplus and increase government net revenues where the other
policies either have no effect or decrease net revenues. Tradable emissions performance standards and
renewables portfolio standards increase consumer surplus less than a renewables production subsidy or

an R&D subsidy, as well as producing no change in government revenues.

Table 5
Explicit and implicit taxes and subsidies of alternative policies
Policy Explicit and Implicit taxes and subsidies
Price received
Output tax on Renewables by renewables
Emissions price fossil gen subsidy (cent/kWh)
(S/ton CO2) (cent/kWh) (cent/kWh)
Emissions Price 18.5 - - 9.5
Output tax - 1.6 - 9.7
Renewables production subsidy - - 2.3 10.6
Emission performance standards 22.9 -1.6 1.6 10.0
Renewable portfolio standards - 0.3 1.8 10.3

Table 5 presents the explicit and implicit taxes and subsidies produced from various policies. An
emissions price, output tax, and renewables production subsidy represent singular explicit taxes or
subsidies. Alternatively, emission performance standards institute an implicit emissions price as well as
an equal and opposite fossil output tax and renewables subsidy. Interestingly, the implicit emissions
price is larger than the explicit emissions price needed to achieve the same level of emissions
reductions. Renewables portfolio standards employ an implicit small output tax on fossil generation and
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a significant subsidy for renewable energy output. The price received by renewables directly affects the

level of renewable energy penetration under each policy, with a renewables production subsidy leading

to the largest increase in renewable energy generation.

4.4 Sensitivity Analyses for Individual Policies

Six groups of parameters are the source of most of the uncertainty in the model and are tested

in the sensitivity analysis. Table 6 contains the results in terms of change of surplus relative to emissions

price for varying learning parameter values and the length of the second stage. Figures 2 through 5

display relative policy costs when varying the elasticity of aggregate electricity demand, appropriability,

natural gas supply slope, and renewables supply slope. Figure 6 investigates the effect of altering the

average emissions abatement target.

Table 6

Sensitivity analyses: Change in surplus relative to emissions price for individual policy instruments

Tradable
emissions Output tax Renewables  Renewables Renewable
Emissions  perform. on fossil portfolio production research
price standard generation standard subsidy subsidy
Core scenario 1.00 1.14 1.21 1.30 1.85 21.75
No learning, high R&D (k1=0, k2=0.19) 1.00 1.30 1.27 1.59 2.22 7.66
High learning, low R&D (k1=0.2,k2=0.13) 1.00 1.10 1.20 1.23 1.77 37.65
Baseline learning, high R&D
(k1=0.15,k2=0.20) 1.00 1.04 1.18 1.13 1.67 10.78
Baseline learning, low R&D
(k1=0.15,k2=0.10) 1.00 1.23 1.24 1.46 2.04 86.96
Shorter second stage (T=10, n2=6.1) 1.00 1.21 1.24 1.42 2.01 33.62
Longer second stage (T=80, n2=10) 1.00 1.08 1.18 1.18 1.68 14.55

The parameter values associated with the production of knowledge from learning-by-doing and

R&D are a source of uncertainty and are critical to the determination of cost reductions of renewables in

the second stage. As discussed in Fischer & Newell (2008), there is a well-defined range for these values

that is tested here. In all cases, an emissions price remains the most cost-effective policy. Both

variations where R&D learning is higher lead to the relative costs of an R&D subsidy falling, though still
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eight and eleven times as costly as an emissions price. The case of baseline learning and higher R&D has
the interesting result of making tradable emissions performance standards nearly equal to an emissions
price in terms of efficiency. This can be attributed to the fact that both of these policies employ an
implicit R&D subsidy. Baseline learning and low R&D also reinforce an emissions price as the clear
winner as measured by economic efficiency. The costs of an R&D subsidy explode in this variant, making

it a riskier policy compared to the others when varying learning parameter values.

Another source of uncertainty is the length of the second stage in the model structure. |vary
the original assumption of the second stage lasting 20 years (T=20) to a minimum of 10 years (T=10) and
a maximum of 80 years (T=80). This alters the period where cost reductions for renewables are enjoyed.
In both cases, an emissions price remains the most cost-effective single policy. When the second stage
is 10 years long, costs for all the policy instruments are greater, with costs for a tradable emission
performance standard and fossil output tax converging. When the second stage is modeled for 80 years,
costs are lower for all policies. This change reduces the costs of tradable emissions performance
standards to only 8% higher costs than an emissions price. The lengthening of the second stage also

causes the costs of a fossil output tax and RPS to converge.

Next, | vary the elasticity of aggregate demand over a wide range from zero to -0.8, double the
central policy scenario value. A larger magnitude for elasticity of aggregate electricity demand makes
alternative policies relatively more expensive than an emissions price. A fossil output tax responds less
to changes in the elasticity of electricity demand because this policy raises the cost of electricity, as does
an emissions price. The other policies lower electricity prices as seen in Table 4. Lowering the
magnitude of elasticity reduces the difference in costs amongst the policy instruments, again minimally
affecting the efficiency of a fossil output tax. Shown in Figure 2, as the elasticity approaches zero, costs

converge for an emissions price and a tradable emissions performance standard. In addition, the costs

27



for a fossil output tax, an RPS, and renewable production subsidy converge. Whether the policy
instrument creates an incentive to improve efficiency in fossil generators determines to which point
costs approach. The slopes of the curves for each policy stem from the impact on electricity prices. For
the policies that lower the costs of electricity, greater elasticity of demand drives increased electricity

consumption, greater emissions, and thus larger costs to decrease overall emissions.

| vary appropriability over the range from a low value of 0.25 to perfect appropriability, a value
of 1. As shown in Figure 4, the results begin to break down at values near 0.25. Low appropriability is
the first occasion where an emissions price is not the most efficient instrument. The relative costs of
renewables portfolio standards and tradable emissions performance standards fall below the cost of an
emissions price in this case. Low appropriability means that the market failure of knowledge spillover is
larger than the central scenario, and therefore policies to correct this externality are critical for the
market to function properly. Perfect appropriability increases the costs of all policy instruments relative
to an emissions price with the exception of a fossil output tax. Lower research expenditures and a
smaller increase in renewable energy under a fossil output tax explain why a change in appropriability

has little effect on the costs of this policy.

| also vary the slopes of the energy supply curves for natural gas and renewables. These slopes
are critical to the cost estimates calculated in the model. These are difficult values to pin down in
general, varying across years in the EIA study used for calibration [9] and amongst EIA studies conducted
over the past few years [6,7,8]. Without the options of CCS and nuclear power to lower the carbon
intensity of electricity, natural gas must be relied on heavily to supplement increases in renewable
energy generation. Therefore, in the EIA study [9], the slope of natural gas-based electricity can

approach zero. Even with a flat natural gas supply slope, an emissions price remains the most cost-
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effective policy instrument. Alternative policies switch orders, with policies supporting the renewable

energy sector directly becoming more attractive.

Figure 2. Policy costs relative to an emission price varying
elasticity of electricity demand.

Change in Surplus Relative to an Emissions Price

Emissions price

1.6— Tradable emissions perf. std.
Fossil output tax
150 RPS
— Renew. production subsidy
141
1.3F
1.2F T T
| Central Scenario T

1.1 \ ~

1
og L L L L L L

-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1

Elasticity of Aggregate Electricity Demand

Figure 4. Policy costs relative to an emission price varying
appropriability.
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Figure 3. Policy costs relative to an emission price
varying natural gas supply slope.
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Figure 5. Policy costs relative to an emission price
varying renewables supply slope.
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The slope of the renewable energy supply is a particular challenge to any modeling exercise of

the electricity sector. This is due to the immaturity of the technology and the rapid expansion expected
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over the next few decades. | vary the slope of renewable energy supply over a large range, with a low
value of 3.0 x 10™ and a high value of 10.0 x 10™**. The low value approaches the supply slope of natural
gas, which is highly unlikely without significant technological advances. The high end of the range is
more likely, as marginal costs are likely to increase rapidly as optimal renewable energy sites are used
first. The extreme low value makes tradable emission performance standards less expensive than an
emissions price for the second time. Output tax on fossil generation and renewables production subsidy
are still more expensive than an emissions price, but the difference is smaller. A higher slope for the
renewable energy supply curve has little affect, other than to raise the costs of all policies and make a

fossil output tax slightly less expensive than a tradable emissions performance standard.

Figure 6. Policy costs relative to an emissions price varying emissions abatement.
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Up to this point, all scenarios have been simulated for 18.2% average emissions abatement,
consistent with the Lieberman-Warner Climate Security Act. However, the stringency of a cap-and-trade
system is another variable in the policy discussion. Therefore, | vary the level of emissions abatement

from a low value of 15% up to 33%. This range represents all of the policy proposals that had been
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presented to the 110" Congress as of December 8, 2008 [39]. As seen in Figure 6, the relative rankings

of the individual policy instruments are consistent across the entire range.

Three important conclusions can be made from these sensitivity analyses. First, an emissions
price consistently remains the most cost-effective policy instrument for achieving the prescribed
emissions abatement level. There are two exceptions, though somewhat extreme, that appear in the
analyses. Where appropriability approaches the low level of 0.3 and 70% of the value of an innovation
would go to the public, an RPS and a tradable emissions performance standard are more efficient. In
this case, it is more urgent for policy to address the knowledge spillover externality than the emissions
externality. Also, when the supply slope for renewables is below 4.0 x 10e-14, approaching values seen
for coal or natural gas, a tradable emissions performance standard is the most cost-effective choice.
Here, incentives to increase renewables are more efficient because each unit of capacity has lower

costs.

The second insight yielded by the sensitivity analyses is that an R&D subsidy and a renewables
production subsidy are consistently the most expensive single policy instruments. This reflects the
importance of correcting the emissions externality present in the electricity market. The relative costs
of an R&D subsidy are so large as not to appear on the scale of other policies in all but the most extreme

cases, such as an appropriability nearing zero.

The third insight is that the relative rankings by cost-effectiveness for tradable emissions
performance standards, renewables portfolio standards, and a fossil output tax are inconsistent. Put
another way, the relative rankings of these three policies are sensitive to the parameter values assumed
in the model. In Table 6, both high R&D learning parameter cases rearrange the order of these three
policies. In the figures, changes in relative rankings can be identified by the intersections of curves. In

all four figures, intersections occur amongst these three policy instruments, representing switches in
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cost-effectiveness rankings. Based on this, little confidence should be placed on the rankings of these

three policies relative to each other.

4.5 Policy Portfolios

Based on the results of modeling individual policy instruments, an emissions price is generally
the most economically efficient policy instrument available. A cap-and-trade system, which appears as
an emissions price in this analysis, is also the most favored option politically. For these reasons, all
policy portfolios that follow are built on the foundation of an emissions price. All policy portfolios
achieve the same level of emissions reductions, 18.2%, as the baseline emissions price scenario. Results

for the policy portfolios are presented in Table 7.

4.5.1 Optimal Policy Portfolio

Fischer & Newell (2008) detail the optimal combination of policies to correct for externalities
present in the electricity market. An R&D subsidy, a renewables production subsidy, and an emissions
price address the environmental externality of emissions and knowledge spillover externalities. The
optimal R&D subsidy in the central policy scenario is easily identified as 0 = 1-p = 0.5. The optimal
production subsidy and emissions price are found numerically within the model. The solution contains a
production subsidy for renewable energy of 0.6 cent/kWh and an emissions price in both stages of 9.8
S/ton CO,. The production subsidy is small, though necessary to correct for the knowledge spillover
from learning-by-doing. The emissions price has been reduced by 47%, which would make policy
intervention more politically viable. The emissions price is the most easily observed cost of regulation in
the market, any mechanism that helps to lower this price would represent a significant political
advantage. The overall cost of the optimal portfolio of policies is 53% less than the costs of an emissions

price by itself. Given the lower emissions price and the lower overall costs, it is clear that this scenario is
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more attractive politically and economically. This reaffirms the findings of Fischer & Newell (2008) that

multiple policy instruments are more efficient than any single policy.

4.5.2 Cap-and-Trade and RPS

For many reasons, policy is not often constructed in the optimal manner. Economic efficiency is
usually just one of a number of inputs that produces the final form of legislation. With this in mind, it
may not be feasible to implement the optimal portfolio of policies. An implicit goal in cap-and-trade
legislation is to help support the development of renewable energy. However, without specific
requirements for renewables, there is the possibility that emphasis will be placed on CCS technologies
or building nuclear reactors to meet abatement targets. To address this directly, a national renewables
portfolio standard may be enacted in addition to cap-and-trade legislation. Studies have shown that an
RPS and a cap-and-trade system are complementary, with overlapping interests and few negative
interactions [27]. Studies have also shown that an RPS can actually reduce electricity prices over time

[14], one of the main concerns of a cap-and-trade system.

The first policy portfolio containing both a cap-and-trade and an RPS is solved numerically for
the optimal levels of both policies. The results tell us that an RPS of 9.5% in the first stage and 19.4% in
the second stage reduces the necessary emissions price to 13.9 $/ton CO, in both stages. Importantly,
the costs of this policy portfolio are 16% less than an emissions price alone to achieve the same level of
emissions abatement. The reduced emissions price witnessed in the market would also make this set of
policies more politically viable. Based on these results, an RPS is a good companion policy for an

emissions price.

Currently the US economy is struggling through a significant economic downturn. This situation
reduces the likelihood that sweeping climate change policy will be enacted in the near future.
Specifically, the role of Wall Street in the economic downturn has led to doubt in the strength of market-
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based mechanisms, like a cap-and-trade system. An RPS would avoid this stigma, presenting an
alternative policy in the near term. For this reason, | construct a scenario consisting of an RPS in the first
stage followed by an emissions price in the second stage. A 7.1% renewables portfolio standard coupled
with an emissions price of 22.2 S/ton CO, achieve 18.2% abatement of emissions for 33% lower costs
than an emissions price alone. This comparison is not perfect because an emissions price alone is held
constant in both stages, where an RPS then an emissions price allows for greater flexibility in the timing
of emissions reductions. The appropriate comparison is to no policy in the first stage followed by an
emissions price in the second stage, which creates costs ten times higher than having an RPS in the first

stage. This clearly provides impetus for policymakers to take action as soon as possible.

4.5.3 Cap-and-Trade and Components of Optimal Portfolio

Without ties to optimality, public policy would likely favor simpler combinations of policies than
the optimal portfolio. This scenario assumes that the R&D subsidy portion of the optimal policy
portfolio is not politically feasible, modeling a renewables production subsidy in combination with an
emissions price. Solving numerically for the optimal levels of each, | find a production subsidy of 1.1
cent/kWh and an emissions price of 9.1 S/ton CO, achieve the necessary emissions abatement. These
reductions are achieved for 9% lower total costs than an emissions price alone. Since this scenario costs
nearly double the optimal policy portfolio, the results suggest that the R&D subsidy is responsible for a

larger portion of the cost reductions in the optimal policy portfolio.

To explore the contribution of an R&D subsidy to the optimal policy portfolio, a scenario models
an emissions price in conjunction with an R&D subsidy. The optimal R&D subsidy is 50% from equation
13, and | solve numerically for an emissions price. The necessary emissions price is 22% lower in this
scenario than an emissions price alone, at 14.4 S/ton CO,. The majority of emissions reductions are

taken in the second stage to take advantage of cost reductions from a 116.8% increase in renewable
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generation and a 923% increase in R&D in the first stage. Interestingly, total costs are only marginally

higher than the optimal policy portfolio, and roughly half of an emissions price alone. This proclaims the

R&D subsidy to be responsible for the lion’s share of the cost reductions in the optimal scenario. It also

establishes an R&D subsidy as the best complementary policy for a cap-and-trade system.

Table 7
Annual effects of alternative policy portfolios relative to base case
RPSin 1st  Renewables R&D
Optimal Policy  Optimal RPS stage, production Subsidy
Portfolio and Emissions  subsidy and and
Emissions (w/ 50% R&D Emissions price in Emissions Emissions
Stage price subsidy) Price 2nd stage  Price Price
Emissions Price ($/ton CO2) 18.5 9.8 13.9 22.2 9.1 14.4
Policy for 18.2% abatement 1 - 0.6 9.5% 7.1% 1.1 50%
2 - 0.6 19.4% - 11 0
Electricity Price 1 (%) 9.4 3.4 6.3 -1.4 2.0 7.0
2 (%) 6.6 -1.8 3.4 8.6 -2.3 2.5
CO2 emissions 1 (%) -13.4 -9.9 -12.4 -3.5 -11.4 -11.0
2 (%) -19.4 -20.3 -19.7 -22.0 -19.9 -20.0
Renewable generation 1 (%) 131.2 151.1 160.5 99.0 203.6 116.8
2 (%) 147.2 2254 178.1 157.7 2255 186.0
Coal generation and emissions 1 (%) -15.5 -10.4 -13.5 -2.7 -11.3 -12.5
2 (%) -20.2 -18.3 -19.0 -23.2 -17.8 -19.5
Gas generation and emissions 1 (%) -1.0 -7.2 -6.3 -8.4 -11.8 -2.0
2 (%) -14.8 -32.6 -23.7 -14.5 -33.0 -23.6
Total electricity generation 1 (%) -3.5 -1.3 -2.4 0.6 -0.8 -2.7
2 (%) -2.5 0.7 -1.3 -3.2 0.9 -1.0
Renewable R&D increase (%) 292 1089 357 321 461 923
Additional renewable cost reduction (%) 12.1 20 14 12 16 18
AConsumer surplus (SB/yr) -28.4 -2.7 -17.4 -13.2 0.7 -17.0
AProducer surplus (SB/yr) -10.4 -12.5 -12.0 -9.0 -11.8 -11.4
ATransfers (SB/yr) 36.8 14.2 27.7 20.8 9.2 27.4
ASurplus (excluding env benefits) (SB/yr) -2.08 -0.98 -1.75 -1.39 -1.90 -1.05
ASurplus relative to emissions price 1.00 0.47 0.84 0.67 0.91 0.51

Four important points emerge from the analysis of the policy portfolios. First, for each
combination of policy instruments, the costs of emissions abatement are less than the most efficient

single policy. Second, an R&D subsidy is the best additional policy to be added to an emissions price,
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achieving almost the same cost levels as the optimal policy portfolio. Third, an RPS is a good
complementary policy for an emissions price. Fourth, an RPS is also a good substitute for an emissions
price in the first stage, helping to lower overall costs if an emissions price is not able to be established

until the second stage.

4.6 Sensitivity Analyses of Policy Portfolios

| now vary the same parameter values for the policy portfolios as were explored for individual
policy instruments: elasticity of electricity demand, learning parameters and appropriability, the length
of the second stage, energy supply curve slopes, and level of emissions abatement. The results of the
sensitivity analyses for the learning parameters and second stage length appear in Table 8. Figures 7

through 11 display the relative costs of portfolios varying the other parameter values.

Table 8
Sensitivity analyses: Change in surplus relative to emissions price for policy portfolios
Optimal RPS in 1st Renewables
Optimal  RPS and stage, production R&D Subsidy

Emissions Policy Emissions Emissions price  subsidy and and Emissions

price Portfolio  Price in 2nd stage Emissions Price  Price
Core scenario 1.00 0.47 0.84 0.67 0.91 0.51
No learning, high R&D
(k1=0, k2=0.19) 1.00 0.42 0.90 0.62 1.10 0.38
High learning, low R&D
(k1=0.2,k2=0.13) 1.00 0.49 0.82 0.66 0.86 0.55
Baseline learning, high R&D
(k1=0.15,k2=0.20) 1.00 0.13 0.77 0.59 0.77 0.19
Baseline learning, low R&D
(k1=0.15,k2=0.10) 1.00 0.70 0.89 0.71 1.01 0.72
Shorter second stage
(T=10, n2=6.1) 1.00 0.56 0.87 0.67 0.97 0.58
Longer second stage (T=80,
n2=10) 1.00 0.38 0.81 0.58 0.85 0.44

The results of varying the learning parameter values for learning-by-doing and research supports
the general points made about policy portfolios. In all cases, combining an R&D subsidy or an RPS with

an emissions price is more cost-effective than an emissions price alone. An R&D subsidy is a better
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complementary policy than an RPS, even with low returns for R&D activities. This sensitivity analysis
also shows that adding a production subsidy for renewable energy may be less cost-effective than an
emissions price alone in certain cases: no learning/high R&D and baseline learning/low R&D. For no
learning/high R&D, an R&D subsidy and emissions price appear more cost-effective than the optimal
policy portfolio. This result is likely due to the nonlinearity of the model, as conceptually and
analytically, the optimal portfolio here should include a zero production subsidy.

Altering the length of the second stage produces the expected affects on costs of policies.
Shortening the length of the second stage shortens the period where cost reductions for renewable
energy are enjoyed, thereby increasing the costs of all policy portfolios. However, all policy portfolios
are still more cost-effective than an emissions price alone. Lengthening the second stage to 80 years

(T=80) lowers the costs of all policies relative to an emissions price further.

Appropriability represents the greatest source of volatility in the model results, displayed in
Figure 9. Over the central range, 0.4 to 0.6, combining an RPS or R&D subsidy with an emissions price
continues to be more cost-effective than an emissions price alone. Beyond this range, results vary
widely. Low appropriability produces the first negative costs, for both the optimal policy portfolio and
the combination of an R&D subsidy and an emissions price. Fischer & Newell (2008) also found negative
costs for the numerical application of the optimal policy portfolio. In these cases, the costs associate
with the market failure being corrected is larger than the costs of policy. Moving to perfect
appropriability (p=1.0) has the effect of making all policy portfolios except an RPS in the first stage then
an emissions price in the second stage more expensive than an emissions price alone. This matches
intuition, as without externalities from knowledge spillover there is no reason for policy intervention in
support of renewables production or R&D. An RPS followed by an emissions price maintains lower
costs, as it enjoys greater timing flexibility as discussed earlier. Overall, the relative rankings of the

policy portfolios are inconsistent over the wide range of appropriability values tested.
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Figure 7. Policy portfolio costs relative to an emission price
varying elasticity of electricity demand.
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Figure 9. Policy portfolio costs relative to an emission price
varying appropriability.

Figure 8. Policy portfolio costs relative to an emission price
varying natural gas supply slope.
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Figure 10. Policy portfolio costs relative to an emission price
varying renewables supply slope.
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Reducing either the natural gas or renewable energy supply slope dramatically lowers the
relative costs of the optimal policy portfolio as well as an R&D subsidy with an emissions price. In these
cases, the optimal policy portfolio has costs less than 20% of an emissions price alone. Other portfolios
of policies have reduced costs in this situation as well. Figures 8 and 10 show that relative rankings tend
to hold for both parameters, with an R&D subsidy maintaining its position as the best complementary
policy for an emissions price. Increasing the slope of the renewable energy supply, that is making it
more responsive to electricity prices, closes the gap between costs for all policy portfolios relative to an
emissions price alone. This is the second time that the optimal policy portfolio does not appear as the
lowest cost, likely due to the nonlinearity of the model. In this case, combining a renewables production

subsidy with an emissions price produces higher costs than an emissions price alone.

Last, | vary the level of emissions abatement as | did for individual policy instruments. It is clear
that as the abatement target increases, the efficiency gains of multiple policies diminish. At the high
end of the tested range, with an average emissions abatement of 33%, only an RPS paired with an
emissions price and an R&D subsidy coupled with an emissions price are better than just an emissions
price. An R&D subsidy with an emissions price has 20% lower costs than an emissions price alone,
whereas it had 53% lower costs in the central scenario. As abatement targets increase, it becomes less

important to address the knowledge spillover externality in addition to the emissions externality.

The sensitivity analyses for the policy portfolios lead to several important conclusions. The first
is that portfolios that address both the emissions externality and the knowledge spillover externality
tend to be more cost-effective than an emissions price alone. High appropriability and production
subsidies for renewables when the slope of the supply curve is high are the only exceptions to the rule.
The optimal policy portfolio containing an emissions price, R&D subsidy, and renewables production

subsidy has costs of less than half an emissions price alone in many of the simulations.
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The second conclusion is that an R&D subsidy and an emissions price is consistently a close
second to the optimal policy portfolio. This combination dominates over combining an emissions price
and renewables portfolio standards in terms of cost-effectiveness in nearly all cases. Only high
appropriability would support that argument that an RPS is a better complementary policy to an
emissions price. This finding suggests that policymakers should focus less on instituting an RPS and

more on supporting R&D activities through a subsidy.

The sensitivity analyses also indicate that relative rankings of policy portfolios tend to hold for
most parameters. However, varying appropriability and levels of emissions abatement creates
significant volatility in the results. With increasing appropriability and emissions abatement targets, it

becomes less important to have policies that address the knowledge spillover externality.

5. CONCLUSION

This paper has compared the cost-effectiveness of six policy instruments individually and in
combination with one another. The model of the electricity sector has allowed us to see that a cap-and-
trade system, represented as an emissions price, is almost always the most economically efficient
individual policy instrument. This conclusion is in agreement with earlier cost-effectiveness comparisons
across policies, including Fischer & Newell (2008). The sensitivity analyses of individual policy choices
indicated that renewables portfolio standards and tradable emissions performance standards could be

more economically efficient given somewhat unlikely assumptions.

The analysis also revealed that portfolios of policies tend to be more efficient than any single
instrument. This finding agrees with earlier work by Fischer & Newell (2008), Schneider & Goulder
(1997), and supports the intuition of others [20,25,31]. Combining a renewables portfolio standard with
an emissions price leads to more renewables in the short- and long-term, lower emissions prices in the
market, and costs less than an emission price by itself. However, an R&D subsidy is the best single
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complementary policy for a cap-and-trade system, reducing the associated costs by 53% in the central
scenario. The sensitivity analyses of policy portfolios indicate that the conclusions are stable across a
broad range of assumptions. While this model is an abstraction from reality, the results suggest that
policymakers should give further consideration to R&D subsidies for the renewable energy sector.
Based on the analysis, | recommend that a cap-and-trade system be combined with an R&D subsidy,
RPS, or a renewable production subsidy, in descending order of choice, to minimize the costs of

emissions abatement from the electricity sector in the United States.

This paper abstracts from a few important issues. Electricity reliability and transmission
challenges in the US are assumed not to be binding constraints in the generation mix. The long-term
view of the electricity sector allows for all resources to be perfect substitutes. The difficult propositions
of modeling the development of carbon capture and sequestration technologies and the expansion of
nuclear power are also outside the scope of this paper. Including any of these factors in future work

would improve the proximity of the results to reality.

Two other limitations of this policy analysis are the restriction to the electricity sector and the
inability to model the combination of tradable emission performance standards with an emissions price.
By only analyzing the electricity sector, the advantages of applying an economy-wide policy, such as a
cap-and-trade system, are lost. Economy-wide coverage provides greater flexibility in meeting emission
reductions goals, and likely improves economic efficiency. This would only strengthen the conclusion
that an emissions price is the most cost-effective single policy instrument. A cap-and-trade system and
a tradable emissions performance standard may have complementary characteristics. Unfortunately,
analyzing the presence of both policies is not possible in this paper. In the model, an emissions
performance standard appears as a combination of an implicit emissions price, an output tax on fossil

power, and a renewables production subsidy. Therefore, it is not possible to add an explicit emissions
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price. This combination is of interest, as the policies address separate market failures, and should be

analyzed in the future.

The analysis of policy in this paper is devoted solely to cost-effectiveness. In public policy, the
distributional impacts are often as important as efficiency measures. An analysis of the incidence of the
costs of these policies to various income levels would be a useful analysis, providing social context for

policymakers.
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