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Executive Summary

Greenhouse gas limits are already in effect in parts of Europe and North America, and
more are expected in the near future. Electric power systems operating under these
restrictions are required to limit their production of green house gases. Limits are
implemented in one or more of several ways including a carbon tax, a carbon cap-and-
trade system, and renewable portfolio standards. In this research we investigate the
effects on an electric power system operating under such regulations.

Part 1: AC Optimal Power Flow Studies in Reduced-Carbon Electric Power System
Operations

As this is an initial investigation into a complex problem, the research proceeded under
three separate tracks. The first introduces a carbon tax into an ac optimal power flow
(OPF) model with an assumption of perfectly competitive greenhouse gas and electric
markets. The resulting emission-incorporated ac OPF is used to study the effects on
system dispatch and operating costs of increasing carbon prices and the introduction of
renewable energy (wind and solar) and storage into the system.

AC OPF results demonstrate the importance of congestion gre@@sion reductions.

The results of the OPF are significantly different from ordinary economic dispatch
calculations In addition. COreductions are sensitive to a number of other factors,
including congestion, load level and fuel price. Depending on natural gas and coal prices,
it may require a very high GQprice to reduce COemissions in existing systems by
switching from coal-fired generation to gas-fired generation

Renewable generation reduces system @issions, but the emissions of reserve units
required by lower renewable capacity factors must be included. The reductions in CO
emissions are a complex calculation that includes generation characteristics (ramp rates
and cost functions), transmission congestion, and the number of fossil-fired generators
online as reserve units. Conventional control of energy storage to minimize operating
costs tends to increase £émission because storage is charged by high-carbon coal off-
peak and offsets lower-carbon natural gas as it discharges on-peak.

Part 2: The Impact of Alternative Greenhouse Gas Regulation on the Performance of
Congested Electricity Markets in the Presence of Strategic Generators and
Demand Response

The second track employs an equilibrium model and dc OPF of an oligopoly electric
market where generators behave strategically in power but act as price-takers in CO
permit and other markets so as to maximize firms’ profits while the demand is price-
responsive. The model is first validated against the emission-incorporated ac OPF and is
subsequently used to study strategic interactions between generators in a transmission
constrained network, under the additional constraint of pollution regulation. The policies
studied in this work are renewable portfolio standards, taxing of emissions, and a cap and
trade approach.

The results of this work show that while a tightened cap might effectively constrain total
CO, emissions, market ownership concentration may interact with emissions policy and



lead to some unintended outcomes. In particular, a power market operating under tighter
cap-and-trade limits, coupled with a high degree of concentration of non-polluting
electricity supplies, is subject to a great degree of potential abuse of market power. A
more competitive market, together with a tight cap, can affect the distribution of profits
among producers. Finally, producers owning mostly pollution-intensive resources are
likely to suffer when emissions are capped at a low level, even if producers are allowed
to exercise market power.

Part 3: Generation Scheduling Problem Considering Carbon Dioxide Allowance Market

The third research track addresses the issue of generation scheduling under a CO
emission allowance market. A Cournot economic equilibrium model, in which each firm
maximizes profit taking as given what other firms' have decided on production quantity,

is used to study the effects of greenhouse gas policies on the current system operation and
corresponding adjustment of generation companies’ decision making. We analyzed the
sensitivity of generation companies’ bidding price, electricity price, and total amount of
CO, allowances to C@allowance price and dispatch. The model includes maintenance
scheduling and unit commitment in a cap-and-trade market environment.

Generators operating under a £€ap-and-trade market need to adjust their scheduling
strategies in the electricity market and bidding strategies in then@tket. Using the
model developed, generators will be able to determine their optimal mid-term operation
planning and short-time operation schedules participating in the electricity market and
CO; allowance market.

Next Steps in this Research

As a next step, we plan to apply the approaches developed in this project to examine the
economic and emissions impact of a more realistic western U.S. power market,
examining the policy proposals that are currently considered by both state and federal
governments. The research will next be extended to a validated model of the western U.S.
grid, with more detail in California, and then to a national model of the U.S. system. The
interactions among various emissions reduction strategies feraB@@®other pollutants

will be evaluated.
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1. Introduction

Worldwide, the United States accounted for one-fourth of the world’s greenhouse gas
(GHG) emissions in 2005. Within the United States, the electric power industry is a
major source of GHG and conventional air pollutant emissions. It is responsible for 38
percent of overall U.S. carbon dioxide (§@missions and one-third of the overall U.S.
GHG emissions [1]. Awareness of GHG and pollutant emissions in general is growing
continuously. The Kyoto Protocol was entered into force on February 16, 2005, and as of
May 2008, 182 parties have ratified the protocol, which is aimed at combating global
warming [2]. The European Union (EU) implemented the European Union Greenhouse
Gas Emission Trading Scheme (EU ETS) in 2005 in order to help its members achieve
compliance with their commitments under the Kyoto Protocol [3]. In the United States,
state and local governments are leading efforts to develop policy approaches to GHG
emissions management. As of September 2008, 39 states had developed state action plans
specifically targeting GHG emissions reductions [4]. The Regional Greenhouse Gas
Initiative (RGGI), for example, is a multi-state program to reduce €dssions from

power plants while maintaining reliability and reasonable costs [5]. California became the
first state to pass legislation designed to aggressively reduce its GHG emissions:
Assembly Bill 32 (AB32), the California Global Warming Solutions Act of 2006, and
Senate Bill 1368 (SB1368) [6]. Given its contribution to overall GHG emissions, the
electric power industry will undoubtedly be a target of any GHG regulations.

The effects of environmental concerns or emission constraints on the electric power
system are presented in previous research [7]-[13]. M. R. Gent, et al, [7] proposed a
method of minimum emissions dispatch (MED) which minimizes M@issions by

using an emission function to replace the fuel function in dispatch calculations. A. A. El-
keib, et al, [8] presented a method of environmentally constrained economic dispatch
(ECED) to meet the requirements of fl@nd SQ constraints. R. Ramanathan [9] used a
weights estimation technique to minimize the operating costs and also satisfy emission
constraints by incorporating the constraints into classical economic dispatch (ED). In
[10], J. W. Lamont, et al, presented a set of dispatch algorithms along with a solution
algorithm to minimize S@and NQ, emissions. T. Gjengedal [11] proposed a method to
determine the optimal generation dispatch subject to different assigned weights by
solving a multi-objective optimization problem. In [12], a short-term unit commitment
approach using a Lagrangian relaxation-based algorithm was presented to achieve daily
or weekly emission targets. J. H. Talag, et al, [13] minimizeg Bi@issions by

formulating an optimal power flow (OPF) that includes the minimum emission objective.
Most of these are focused on pollutant emissions such as sulfur dioxiglea(®sinitrous
oxides (NQ), which are the main components of 1990 U.S. Clear Air Act Amendments.

Generation units can reduce $S€nissions significantly by either switching to low sulfur
coal or retrofitting an S©scrubber at a relatively low cost. N@missions can similarly

be reduced by low-NOx burner retrofits. Unfortunately, no similar viable technologies
are economically available right now for utilities to meet current GHG regulations.
Furthermore, GHG regulations have the potential to significantly affect both dispatch and
transmission power flow soon, so the implications are significant enough to warrant in-
depth study. Although there is some commercial software available to investigate the



impacts of GHG regulations on the electric power system, most use dc power flow and
ignore ac aspects of the problems.

In this report, a method for inclusion of @@mission costs in ac OPF is introduced. This
method facilitates a reasonable tradeoff between emission constraints and operating cost
in the electric power system. To make this methodology compatible with power system
software, a C@emission incorporated cost model has been developed. Considering that
the introduction of C@costs may alter power system operation sufficiently that
approximate dc power flow models of voltage constraints and congestion no longer
apply, an ac OPF is used to provide realistic results regardingeg@ations.

1.1 Report Organization

Section 2 develops the G@mission incorporated cost model, which includes a fuel cost
function, CQ emission cost function, and fuel-and-emission cost function. In section 3,
the implications of C@emission cost on generation dispatch is studied using two fossil-
fired generation units, which includes generation cost variation and breakeven price of
CQO,. Section 4 introduces the methodology of @ission-incorporated ac OPF.
Simulation results are presented in section 5, and the results are discussed in section 6.
Section 7 compares results for conventional economic dispatch and ac optimal power
flow simulations.

In Section 8, the technique is extended to time-series simulations, which are needed for
simulations of renewable and energy storage. Simulation results are presented in Section
9 and discussed in Section 10. Finally, section 11 concludes the report and presents
further work that is needed.



2. CO, Emission Incorporated Cost M odel

Whether the GHG regulations are enforced as a tax or cap-and-trade, they will eventually
increase the operating costs of fossil-fired generation units by adding en@i€ion

cost. The fuel and emission costs for any given fossil-fired generation unit are determined
by the unit’s thermal efficiency, type of fuel, and the assignegZiCe.

2.1 Fud Cost Function

For a fossil-fired generation unit, the hourly fuel combusted is proportional to its real
power output. The expression is the input-output characteristic and is modeled as a
guadratic function, as shown in (2.1).

21 Pt )= g +in 1+ ka0

where kel j(P) is the fuel cost of generator i using fuel j in dollars per hour ($/lig, P

the real power output of generator i in MW,i€the price of fuel j in dollar per million

Btu ($/MBtu), and I, ki and k are polynomial heat rate coefficients generally obtained
from curve-fitting.

2.2 CO, Emission Cost Function

According to the Intergovernmental Panel on Climate Change (IPCC) [14], the CO
emissions of fossil-fired generating units originate mainly from fossil fuel combustion
processes, during which most carbon in the fuel is emitted ag@@ediately. Some
carbon, however, is released as carbon monoxide (CO), methageofCtan-methane
volatile organic compounds (NMVOCs). Most of the emitted non-C®bon eventually
oxidizes to CQin the atmosphere. Therefore, £€nissions from fossil-fired generating
units can be estimated based on the amount of fuel combusted and the average carbon
content of the fuel. CQemissions from a fossil-fired generating unit can be expressed as
(2.2),
29 Ey(R)=of g+l R+ KB )

where E(P) is the CQ emissions of generation unit i using fuel j in tons oL, @€r hour
(tons/h), and gfs the CQ emission factor of fuel j in pounds of g@er million Btu

(Ib/MBtu). Table 1.1 shows the G@mission factors by type of fuel used in U.S. power
generating units [15]. Although the G@mission factors from different types of the same
fuel vary slightly, the emission factors from different fuels vary widely. For example,

coal contains almost twice the amount of carbon as natural gas. Bre@3ion factors

are assumed to be zero for nuclear, hydroelectric, and other renewable power generation.



Table 2.1 CQEmission Factors (gf) by Fuel Types [15]

Fuel Type CO; Emission Factor
(Ibs CQ/MBtu)

Coal

Bituminous 205

Subbituminous 213

Lignite 215

Anthracite 227

Oil

Distillate Oll 161

Jet Fuel 156

Kerosene 159

Petroleum Coke 225

Residual Oil 174

Gas

Natural Gas 117

Propane 139

The CQ emission cost function of a fossil-fired generation unit can be expressed as the
product of a given C@price and the total amount of @@mitted, as follows:

23 Fcnz_;(}j:}=q:'ﬂ2 ng(p;:'

54 Py, y(F) = Can, xef j(eq +Fg B+ Kp 7
where kcoz_j(P) is the CQ emission cost of generator i using fuel j in $/h, aad.G

the given CQ price in dollars per ton ($/ton), which is determined by regulations and
markets.



2.3 Fuel-and-emission Cost Function

The fuel-and-emission cost function of a fossil-fired generation unit is the sum of the fuel
cost function and the G@mission cost function, as follows:

25 Fnur_;(‘p;:' = FM_J(PI:I + Fm:_;(*p;:'

26 Frowt_g(F) = (€ +Co, %8f Mg + g Fy +a B')

where ko j(P) is the fuel-and-emission cost function of generator i using fuel j in $/h.



3. Implication of CO, emission costs on Generation Dispatch

In current market modes such as central day-ahead or real time energy markets, the
introduction of CQ emission costs, as shown in (5) and (6), changes fossil-fired
generation costs and therefore the generation dispatch order. Fig. 3.1 shows the cost
curves (fuel cost curve, G@mission cost curve and combined fuel-and-emission cost
curve) of a typical 400 MW coal-fired generation unit (left plot) and 400 MW gas-fired
generation unit (right plot) in relation to power output (MW), where the @{0e is

assumed to be 30 $/ton. Typical heat rate data of 400 MW fossil-fired generation units
[16] are used to curve-fit the polynomial heat rate coefficients, as shown in Table 3.1.
The fuel prices as of May 2008 (1.90 $/MBtu for coal and 10.35 $/MBtu for gas) are
used. It is evident from Fig. 3.1 that, with a Ofdice of 30 $/ton, the CCemission costs

of coal-fired generation unit are higher than that of gas-fired generation unit because coal
has a higher CQemission factor than that of gas (215 Ib/MBtu for coal and 118 Ib/MBtu
for gas in this case). However, the gas-fired generation unit has much higher fuel costs
than that of coal-fired generation unit because of the higher gas price. The result is that
the fuel-and-emission costs of gas-fired generation unit are much higher than that of coal-
fired generation unit. Meanwhile, if the given £@ice is high enough, the fuel-and-
emission costs of the coal-fired generation unit might be higher than that of gas-fired
generation unit. This C{price is called the breakeven price of £LO

x 10

T T

400 MW Coal Generation Uit
45F-1-----—- 4= 4= + —

l l l l
L ——

| | | |

| | | |
3.577\77,,,,,\,,,,,,J,,,,,,Lf
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100 200 300 400
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CoO, emission costs — c— — c—
fuelcosts @ = =0l eo e- on on o o o= -

Figure 3.1 Cost curves of two 400 MW fossil-fired generation units



Table 3.1 Typical Fossil-fired Generation Unit Heat rate Data [16]

400 MW Steam-coal 400 MW Steam-gas

%gzﬁ’/ﬁ\‘j\;ﬁ;‘t 10674 11267
‘(‘gzﬁ’lﬁ\‘j\fﬁ;‘t 9783 10327

0,
E(Sgtﬁ’ /E\‘/‘\}E‘;t 9252 9766

0,
s(sgtﬁ) /E\‘/‘\}E‘;t 9045 9548

0,
1(?32 lf;k‘\’/t‘lth‘;“t 9000 9500

As shown in (6), for a given fossil-fired generation unit, the fuel-and-emission costs are
sensitive to fuel price and G@rice. Natural gas prices have been extremely volatile
over the past few years, compared with relatively stable coal prices. Fig. 3.2 shows the
average U.S. monthly power generation fuel price from Jan. 2005 to Dec. 2008 [17].

30 Coal Matural Gas
= Residual Fuel Oil Distillate Fuel Oil
% 25
E
2
z
F 15
=
3
=]
10
2]
£ SR~
SR ~NJ
E
L: J—
0 . . ;
2005 2006 2007 2008

Year
Figure 3.2 Power Generation Fuel Prices [17]

A sensitivity analysis of different gas prices for the breakeven price pli€iig the
maximum (12.74 $/MBtu), minimum (5.51 $/MBtu), and median (9.11 $/MBtu) gas
prices over Jan. 2005 to Dec. 2009 period was performed. A constant coal price of 1.9
$/MBtu was used in the analysis. Fig. 3.3, Fig. 3.4 and Fig. 3.5 show the results. In each

7



figure, the two horizontal axes are the power output of the two units from 100 MW
(minimum) to 400 MW (maximum) and the @@rice from 0 $/ton (minimum) to 350
$/ton (maximum) respectively. The vertical axis is the units’ fuel-and-emission costs in
$/h.

Coal Price = 1.90 $/MBtu; Gas Price = 5 51 $MBLU

X 104 g

($ih)

“““““
,,,,,,,,
ey

I

I

I

I

I

I

I

i

I
I~
[
i

I

I

|

total

-

Total Cost, F,

1a0

CO, Price, C_,($/ton)

100
Output, P(My)y 408 7 &0

Figure 3.3 Sensitivity analysis of gas prices at 5.51 $/MBtu

Coal Price = 1.90 $/MEBtu Gas Price = 9.11 $/MBtu

% 10° RIS
15 . A f i 5
= S I
= wperent i
™ |
g1ﬂ t
L R N i
5 5 400 MW G-aé'Generat]Dn Unlt
U I
=
o
'_

Output, Py 400 7y &0

CO, Price, C_,($/ton)

Figure 3.4 Sensitivity analysis of gas prices at 9.11 $/MBtu



Coal Price = 1.90 $MBtu; Gas Price = 12.94 $/MEBtU

a --
o_a-=rT7 '

_________

($/h)

,,,,,
,,,,,,,
-

total

I

I

I

I

I

I

I

1

]

I
[
I "
i

I

|

4040 MW Coal Gane

400 WM Gag Generdtion Ui

Total Cost, F

,,,,,,,,,

150
(302 Price, C

100
Output, Pihiyy - 408 g 50

002($fton)

Figure 3.5 Sensitivity analysis of gas prices at 12.94 $/MBtu

Fig. 3.3, Fig. 3.4 and Fig. 3.5 clearly show how a variation in gas price will alter the
breakeven price of C@&nd therefore affect the dispatch order among fossil-fired
generation units (variable operating and maintenance costs are ignored).

e As shown in Fig. 3.3, when the gas price is 5.51 $/MBtu and coal price is 1.9
$/MBtu, the breakeven price of G@& 98 $/ton. At CQ@prices lower than this, the
coal-fired generation unit is more competitive. At gfices higher than this, the
gas-fired generation unit is more competitive.

e As shown in Fig. 3.4, when the gas price is 9.11 $/MBtu and coal price is 1.9
$/MBtu, the breakeven price of G@& 190 $/ton. At CQprices lower than this,
coal-fired generation is more competitive. At O®ices higher than 190 $/ton, gas-
fired generation is more competitive.

e As shown in Fig. 3.5, when the gas price is 12.94 $/MBtu and coal price is 1.9
$/MBtu, the breakeven price of G@& 285 $/ton. At CQprices lower than 285
$/ton, coal-fired generation is more competitive. At highep g@es, the gas-fired
generation unit is more competitive.



4. CO, Emission-incorporated AC Optimal Power Flow

The cost model developed in section Il can be built into optimal power flow (OPF)
methodology. The purpose of G@mission-incorporated ac OPF is to minimize a
combined objective function of fuel costs and @&mission costs by changing various
system control variables, subject to both equality and inequality constraints.

4.1 Objectivefunction

The objective function of the traditional OPF can take different forms, such as
minimizing generation costs, electrical losses, or control changes. The objective function
of the CQ emission-incorporated ac OPF is to minimize both fuel costs and CO
emission costs, as shown in (4.1).

"!
4.1 =

where the Ea_j(P) is the fuel-and-emission cost function expressed as (3.5) and (3.6),
Ng is the number of generators in the system.

4.2 Equality and Inequality constraints

These equality and inequality constraints represent power balance constraints and various
operating limits within the system. The equality constraints are system real and reactive
power balance, as shown in (4.2) and (4.3),

A
EP} = Fromi T Fion
4.2 -

N,
EQ: = thu’ +Qlw
4.3 =

where Ris the real power output from generator b,fis the system total real power

load, Rossis the system total real power loss,€xhe reactive power output from
generator i, Qaqis the system total reactive power load, angl{s the system total
reactive power loss. The inequality constraints are generator real and reactive power
limits, bus voltage and angle limits, and transmission branch loading limits, as shown in
(4.4), (4.5), (4.6), (4.7), and (4.8), respectively,

4.4 Freh=g
45 O <<}
46 E < E <E
47 I A
A8 MVA < MVA_ < MVA"
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where E is the magnitude of voltage at bus kj$the voltage phase angle at bus k, and
MVA nnis the power flow of the transmission branch between bus m and n.

There are several mathematical programming approaches available to solve the OPF
problem. Among these approaches linear programming (LP) is fully developed and in
common use. The G@mission-incorporated ac OPF can be solved using the LP method
by iterating between solving the power flow equations and then solving a LP to change
the system control variables to remove any constraint violations. The proposed CO
emission-incorporated ac OPF can be realized in commercial or research software, or as
stand-alone software. This paper uses commercial software, witbdSOmodel

developed in Section lll, to implement the £€nission-incorporated ac OPF.
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5. Numerical Studies

5.1 Test System and Simulation Cases

The 24-bus IEEE Reliability Test System (RTS) [18], with modifications, is used to
demonstrate and assess the proposegde@@ssion-incorporated ac OPF and its primary
impacts on power system dispatch and operations. The IEEE RTS system represents the
characteristics of a large power system. The topology is shown in Fig. 5.1 [19]. The IEEE
RTS has 24 buses, 38 transmission lines and transformers and a total load of 2850 MW.
The transmission lines are at two voltage levels: 138 kV and 230 kV. The generation
capacity consists of 300 MW of hydro, 800 MW of nuclear, 1274 MW of steam fossil

coal, 951 MW of steam fossil oil, and 80 MW of combustion turbines with total

generating system capacity equal to 3405 MW. In order to include the common steam
fossil natural gas generation, the simulations presented in this paper replace the 951 MW
of fossil steam oil with 951 MW of fossil steam gas.

G G G
BUS 18 BUS 21 BUS 22

L1 BUS 23
G
BUS 17 G
P . ®
BUS 16 * , )
BUS19 BUS 20 [~~~ | L1
L14 16 -
- BUS 13
iBUS 14
L13 L12
BUS 24 BUs 1
BUS 3 BUS 9 é BUS 10 BUS 6
| LY T L10
L3 * * BUS 5 .
L6
L4 LS BUS 8
BUS 4 _ -

L8

BUS 1 é-)*m Buszd}) *Ll é‘) * BUS 7

Figure 5.1 IEEE Reliability Test System [19]
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Using the IEEE RTS as the test system, the propose@i@idsion-incorporated ac OPF
was implemented in two cases representing typical situations of different load demand
levels, as shown in Table 5.1. The two cases represent medium gas price, based on
historical prices between January 2005 and December 2008. Case 1 represents normal
system load situations (70% of peak load and 59% of system generation capacity) and
Case 2 represents peak system load situations (100% of peak load and 84% of system
generation capacity) For simplicity, the operating and maintenance (O&M) costs are
ignored in these simulations. However, they could be easily included in future study and
research, if necessary.

Table 5.1 Simulation cases and description

Fuel Price System
Case# | Description | ($/MBtu) Load
Coal| Gas| oOil | (MW)
medium gas
1 |Priceand 1, gg1 909l 12.00| 1995
normal
system load
medium gas
p |Priceand 1, gg g 09 12 00| 2850
peak system
load

5.2 Economic Dispatch vs. Proposed OPF methodology

Case 1 was solved using conventional economic dispatch (ED), ignoring line limits, and
solved again using the OPF methodology presented in this paper. The OPF was solved
using commercial OPF software that uses a linear programming OPF implementation.
The results of ED solution is presented in Fig. 5.2. The results of OPF solution is shown
in Fig. 5.3. Fig. 5.4 shows the differences between the two solutions. Each curve in Fig.
5.4 is the results of the OPF minus the results of ED.
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Figure 5.3 CQemissions and costs in case 1 (OPF)

The ED results show that the gf@rices have no effect until $130/ton. From this, it

would be expected that the same price would affect dispatch between coal and gas units
in the OPF results. However, the OPF results show the redispatch from coal to gas starts
at $70/ton. This was because of the line congestion in the system regardlespat€0
From $0/ton to $70/ton, redispatch to relieve congestion was among coal units; some
were reduced in output, some were increased, while keeping the fuel use (andthus CO
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output) and fuel costs constant. Because the fuel use (and costs) was constant, and there
were no dispatch changes in the ED solution, the difference in fuel cost and CO
emissions were constant. The growing positive difference in emissions cost and total cost
between the ED and OPF solutions is because of increaseoriC&

Figure 5.4 Differences of C{&missions and costs between ED and OPF in Case 1.

At $70/ton, in the OPF solution, it became more economical to redispatch to gas units to
relieve congestion. This didn't happen until $130/ton in the ED solution. This difference
can only be explained by the fact that the constraints on line flows have changed the
nonlinear system to a system where the change to gas happens at a lpwec€O

This is confirmed by Fig. 5.5, which shows total dispatch by fuel type for varying CO
price. Between $0 and $50 (actually $70, but this graph changes in increments of $50)
total coal dispatch in the OPF stays the same, but individual coal units are still changing.
So up until $70 (Fig. 5.5) emissions and fuel costs in the OPF are constant, so the
difference in these values between OPF and ED stay about constant. Total costs rise in
the OPF because payments for Qxzrease, so the difference in total costs increases.
Beyond $70, redispatch to gas begins in the OPF, but not in the ED, so difference in fuel
costs increase, and difference in Qf@creases. Fig. 5.6 shows the loading of some
selected units in the OPF and ED cases, which confirms that loading was changing on
individual units below the $70/ton GQrice.

This continues until the Crice hits $130, which is where redispatch to gas begins in
the ED case, so the ED costs begin to rise and the EL@3sion begins to fall, and
the differences between the two in Fig.5.5 decrease.
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Beyond that, the comparison becomes a complicated function of system topology,
congestion, C@price, and other factors, and the results are shown on the Fig. 5.5.

Note that the total power generated in the OPF case is lower than in the ED case, and this
is because losses are lower. But the cost of operating (fuel cost) is still higher in the OPF
case.

Figure 5.5 Generation dispatch comparison between ED and OPF

Figure 5.6 Selected units loading in case 1(ED and OPF)
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6. Simulations. Economic Dispatch vs. Optimal Power Flow

6.1 Simulation Results of Case 1 and Case 2

Fig. 6.1 shows the changes in power output from the five generation types in relation to
varying CQ prices for the OPF case 1. The changes in system tota¢i@iSsions and

costs (CQ emission costs, fuel costs and fuel-and-emission costs) in relation to varying
CQO, prices are already shown in Fig. 6.1. The;@f@ices are increased from 0 $/ton to

450 $/ton in steps of 10 $/ton.

As illustrated in Fig. 6.1, without CG@missions constraints (G@rice is 0 $/ton), the
system load can be met most economically by hydro, nuclear, and coal-fired generation.
The gas-fired and oil-fired generation is not dispatched. As thep@€2 increases,
generation output starts to shift from coal-fired to gas-fired units at,g (2 of 70

$/ton. At a CQ price of 180 $/ton, the gas-fired generation output exceeds the coal-fired
generation output. The shifting between coal-fired and gas-fired generation continues
until the CQ price reaches 280 $/ton. At this point, most of the available 951 MW gas-
fired generation is operating (873 MW). Although there is still some gas-fired generation
capacity left (78 MW), the shifting between coal-fired generation and gas-fired
generation continues at a very small rate due to system congestion, regardless of how
high the CQ price rises.

Meanwhile, total system G@missions have changed due to shifting from coal-fired to
gas-fired generation, at the expense of increasing operating costs. As shown in Fig. 6.1,
the total system C{emissions decrease from 928 tons/h at a @@®@e of 0 $/ton to 514
tons/h at a C@price of 280 $/ton. The Gmissions decrease 44.6%. Although the
system fuel-and-emission costs increase from 18,595 $/h at pric® of 0 $/ton to

223,159 $/h at a Cprice of 280 $/ton, the system fuel costs increase from 18,595 $/h to
79,255 $/h and stay almost constant afterward. The system fuel costs increase 326%.

Fig. 6.2 shows the changes in power output from the five generation types in relation to
varying CQ prices for the OPF case 2. The changes in system tota¢i@GiSsions and

costs (CQ emission costs, fuel costs and fuel-and-emission costs) in relation to varying
CQO;, prices are shown in Fig. 6.3.

As illustrated in Fig. 6.2, without the G@mission constraint (CQorice is 0 $/ton), the

peak system load can be met by hydro, nuclear, coal-fired, and gas-fired generation. The
oil-fired generation is not dispatched. With increasing @fxe, the generation output

starts to shift from coal-fired generation units to gas-fired generation units at@i€C&©

of 80 $/ton. At a C@price of 180 $/ton, the gas-fired generation output almost equals the
coal-fired generation output. At this point, most of the available 951 MW of gas-fired
generation is operating (908 MW). Although there is still some gas-fired generation
capacity left (43 MW), the shifting between coal-fired and gas-fired generation continues
at a very low rate due to system congestion, regardless of how high hpi@rises.
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Figure 6.1 Changes in power output in case 1

Meanwhile, the total system G@missions have changed because of the shift from coal-
fired to gas-fired generation. As shown in Fig. 6.3, the total systesre@{3sions

decrease from 1,453 tons/h at a Qs@ice of 0 $/ton to 1,327 tons/h at a OWice of 180
$/ton. The CQemissions decrease 8.7%. Although the system fuel-and-emission costs
increase from 79,276 $/h at a £@ice of 0 $/ton to 335,155 $/h at a OWice of 180

$/ton, the system fuel costs only increase from 79,276 $/h to 96,329 $/h and stay almost
constant afterward. The system fuel costs increase 21.5%.
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7. Discussion of ED vs. OPF Results

Comparisons of optimal dispatch for this test system, which has significant transmission
congestion even at moderate load levels, show significant differences between
conventional dispatch calculations, in which congestion is not considered, and OPF
calculations, in which it is. This indicates that line congestion will have a significant
effect on reductions in GCemissions and must be considered. Therefore OPF must be
used in any simulations of redispatch to reduce €@issions. Some redispatch for
congestion relief, especially at low g@rices, will be among units of the same fuel,
resulting in little effect on system costs and,@missions. As Cgprices increase,

however, redispatch to relieve congestion will be from coal to natural gas, resulting in
lower costs but higher emissions.

Simulation results are sensitive to system load level. In the normal system load situation
(case 1), the load can be met by nuclear, hydro and coal-fired generation; the gas-fired
generation units are not needed. When a certain amount,afd30Ois added, the power

from coal-fired units starts to shift to gas-fired generation units. At a high enough CO
price, most of the coal-fired generation shifts to gas-fired. However, in the peak system
load situation (case 2), a large amount of gas-fired generation was already dispatched to
meet the load even without G@&mission constraints. When a £€st is added, the

system does not have enough gas-fired generation capacity left to replace the large
amount of coal-fired generation. For example, only 283 MW of coal-fired generation
was replaced by gas-fired generation in case 2, compared with 911 MW in case 1. The
result is that the C£emissions were reduced by 8.7% only in case 2, but were reduced
by 44.6% in case 1. Higher load levels results in lessr€fuction because of limited
gas-fired capacity.

The results are based on the IEEE RTS, modified for this project, which has specific
generation mix and transmission constraints. The results will be different in other systems
with different generation mix and transmission constraints. The resultip@@iSsion
reduction is restricted to gas-fired generation capacity in the existing generation mix that
is available to be dispatched in place of coal-fired generation, as well as the transmission
constraints that determine the possibility of such generation redispatch.
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8. Time Series Simulations

Performing OPF gives one “snapshot” of the power system conditions at an instant in
time. To better represent variable characteristics of renewable generation, the charge and
discharge of energy storage, and the €Qissions from a system over a period, a series

of OPF simulations are run with time-varying inputs. Simulated output of renewable
generators are specified based on historical or simulated profiles of renewable resources.
Hydroelectric generation and energy storage are scheduled outside the OPF and input as
time series data. Electrical load demand also varies with time depending on time of day,
season, and year. Load data are also represented as a set of points in time. This
dissertation utilizes a time series of renewable generation output, hydroelectric and
energy storage, and system load as input data to the OPF. Finally, a set of solutions for
the specified time period will be obtained.

8.1 Renewable Energy Simulation Cases

Various study cases are designed based on different renewable generation profiles,
system load profiles, C(prices, solution types, and length of time simulated. The

average fuel prices in the year 2008 [20] are used as the fuel costs for each generator in
the IEEE RTS system (2.06 $/MBtu for coal, 9.34 $/MBtu for gas, and 16.56 $/MBtu for
oil, according to average fuel prices from January 2008 to November 2008). Fuel cost for
nuclear is 0.44%$/MBtu, as per the average U.S. nuclear fuel price in 2006 [21]. The CO
emission factors are 215 Ib/MBtu, 117 Ib/MBtu, and 161 Ib/MBtu for coal, gas, and oil,
respectively [22]. Assumed GQ@rices of zero and 50 $/ton are studied in the proposed
cases. Capacity credits are calculated when wind or solar are integrated into the test
system. In this research, capacity credit is assumed to be 25.2 percent for wind and 89.5
percent for solar, based on the calculated capacity credits in [23].

Renewable generators are added into the IEEE RTS in cases 1-9 to study their effect on
GHG emissions. Three renewable generators, 100 MW capacity each, are connected to
bus no. 8 of the IEEE RTS system through a new transmission line. The IEEE RTS with
renewable generation is shown in Figure 8.1.
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Figure 8.1 Modified IEEE reliability test system with renewable generation, adapted from
[24]

In order to calculate the system operating cost with renewable generation, a system
forecasting fee is assumed to be 0.10 $/MWh, based on [25]. This research also applies
0.010 $/MWh of net deviation charge for electricity produced from renewable generation.

An energy storage system rated 10MW is added into the IEEE RTS in case 11 and
located at the same bus as renewable generation. An annualized fixed operation and
maintenance cost for the storage unit is assumed to be 15 $/kWh [26]. The storage is
assumed to charge and discharge one time in each 24-hour period. The number of
operating days for this storage is approximately 250 days per year.

The methodology solves the OPF solution for cases 1-9 and 11 to determine the MW
dispatched output, locational marginal prices for each node, and total operating cost.
Meanwhile, the security constrained optimal power flow (SCOPF) is run for case 10 to
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address security issue by considering contingencies. In this case, three contingencies are
specified and included in the analysis. Each contingency is the loss of a transmission line
in the power system. The three contingencies include loss of a transmission line from bus
15 to bus 24, a transmission line from bus 13 to bus 23, and a transmission line from bus
14 to bus 11.

The time series of renewable generation and system load are applied in each case. The
simulation runs 24 time steps (hours) for daily load and generation profiles, and 8,784
time steps (hours) for year-round profiles. Table 8.1 summarizes the simulation cases and
their detailed descriptions, including generation and load profiles, solution type, and CO
prices.

Table 8.1 Simulation Cases and Description

Renewable Generation CO, | Number
Case : ; Solution | of Time
Load Profile Price :
No. Type Profile ($/ton) Type Point
(hour)
1 Wind Low varying Typical summerday O OPF 24
2 Wind | Medium varying| Typical summer day O OPF 24
3 Wind High varying Typical summer day O OPF 24
4 Wind Low varying Typical summer day 50 OPF 24
5 Wind | Medium varying| Typical summer day 50 OPF 24
6 Wind High varying Typical summer day 50 OPF 24
7 Solar Summer day Typical summer day 0 OPF 24
8 Solar Summer day Typical summer day 50 OPF 24
9 Wind Year 2004 Scaled year 2004 50 OPF 8784
10 Wind Year 2004 Scaled year 2004 50 SCQPF 8784
Wind/ , , ,
11 Medium varying| Typical summerday O OPF 24
Storage
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The three different daily wind profiles listed in Table 5.1 are based on generation output
data [27] from ERCOT’s wind generation resources and are used as the MW output of
the new added wind power plants. The three daily wind patterns include low varying
generation output, medium varying output, and high varying output.

The load profile that is used is a typical summer day load based on the ERCOT historical
load data [28] for a summer day in 2008 and scaled down to the system load of the IEEE-
RTS. Figure 5.22 shows plots of the typical summer day load profile versus the three
wind-generation output profiles.

Figure 8.2 Typical summer day load profile and three wind generation output profiles.

Solar generation is added to the IEEE RTS in cases 7 and 8. The output of a solar power
plant is much more predictable than that of a wind generator, because meteorological
models predict clouds and sunlight much more accurately than wind. The solar power
plant always generates output between sunrise and sunset unless there is a significant
amount of clouds or other extreme weather conditions. In this research, a solar generation
output profile is developed and scaled, based on the output profile of a solar array in the
ERCOT control area on a summer day, as described by [29]. Figure 8.3 presents the
typical summer day load profile versus the solar profile.
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Figure 8.3 Typical summer day load profile and a solar generation output profile

Besides single-day simulations, simulations are also performed for a one-year span. In
these annual simulations, the OPF and SCOPF are run for 8,784 time points, which
represent the 8,784 hours of the year 2004. ERCOT’s 2004 historical load data [28] is
scaled down and applied as a year-round load pattern, including MW and MVar load for
each load bus of the IEEE RTS. Figure 5.24 presents the annual scaled MW load profile
that is used in this dissertation. Wind generation hourly output data recorded in the year
2004 [27] is applied as the MW output of added wind generation resources.
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9. Renewable Simulation Results

9.1 Resultsfor Base System

Generation dispatch for the modified IEEE RTS with no renewable generation and no
CO, price is presented in Figure 9.1. Nuclear power plants are dispatched as base load
units, which always run at the rate of their maximum output. Thus the output of nuclear
plants are seen as constantly flat during the day. Hydro plants, however, are committed
usually only on peak-load hours of the day due to the limitation of the amount of water
available to generate. In this model, the hydro units start to operate at 3 PM and continue
running until 8 PM. Coal-fired power plants follow daily load demand by raising their
output during on-peak hours and reducing their output during off-peak hours. The coal-
fired power plants, however, slightly drop their output due to congestion caused by the
hydro plants. The combustion turbine plants are not dispatched due to the high fuel price
of petroleum oil.

Figure 9.2 shows the marginal price at the bus where renewable generation will be
installed in later simulations. As seen from this plot, the congestion occurred during the
peak period from 3 PM to 8 PM. Congestion costs in the locational marginal price are
about zero for most of the day until hydro plants start to operate. Congestion costs
increased to about $50 per MWh when hydro units are committed. In this lossless model,
the locational marginal price consists of marginal congestion price and marginal energy
price. Locational marginal prices are about $18.93 to $24.91 per MWh during the off-
peak period and increase to $110.43 per MWh during the on peak period because of
congestion caused by the hydro units.
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Figure 9.1 Generation dispatch without renewable generation installed
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Figure 9.2 Marginal price at renewable generation bus before renewables are installed

9.2 Resultsfor Case 1: Low Varying Wind Pattern, CO, Price=$0/Ton

Simulation results for case 1 are presented in Figures 9.3 to 9.6. Changes in system
operating cost as installed wind capacity is increased are shown in Figure 9.3. Numbers
specified along the plot of total system operating cost in Figure 9.3 are changes in the
operating cost in U.S. dollars as each 100 MW of wind is integrated into the existing
system. A minus sign indicates that the integration of wind generators reduces the system
operating cost. The total system operating cost consists of the fuel-emission cost and
renewable cost. In this case, the fuel-emission cost indicates only fuel cost of fossil-fired
generators and nuclear generators since thee@ssion cost is set at zero.
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200000 -
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Figure 9.3 Changes in system operating cost in case 1

Figure 9.4 shows changes in £émissions in the same case. Numbers shown in the plot
are changes in G&missions as each 100 MW of wind is connected to the system.
Figure 9.5 shows generation dispatch versus time period when 300 MW of wind are

27



installed in the system. Figure 9.6 presents marginal price with 300 MW installed wind in
case 1. This figure includes plots of locational marginal price, marginal energy price, and
marginal congestion price. The marginal loss price is zero as this system is assumed to be
a lossless system.
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Figure 9.4 Changes in G@missions in case 1
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Figure 9.5 Generation dispatch with 300 MW installed wind in case 1
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Figure 9.6 Marginal prices with 300 MW installed wind in case 1

Detailed results for the remaining cases are available in [30]. Results for all cases are
summarized in Tables 9.1 and 9.2.
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Table 9.1 Total CQEmissions and Change

Total CO, Emissions (tons)

Change of CO, Emissions (tons)

2nd 3I’d
1§
C2%| oMw | 100MW | 200MW | 300MW | jogqy | OOMW | 10OMW
" | Renewable | Renewable | Renewable | Renewable R abl
enewable
Installed Installed I nstalled Installed ingalled | Renewable | Renewable
I nstalled Installed
1 30,832 29,503 28,250 27,037 1,329 1,251 1,21
2 30,832 30,217 29,646 29,089 615 571 557
3 30,832 30,456 30,097 29,741 376 360 356
4 30,818 29,456 28,175 26,974 1,362 1,28] 1,20
5 30,818 30,200 29,620 29,060 619 580 560
6 30,818 30,441 30,078 29,724 378 363 354
7 30,832 30,554 30,223 29,872 279 331 350
8 30,818 30,536 30,213 29,867 283 323 345
9 7,701,588| 7,356,303 7,037,439 6,736,920 345,285 318,844 300
10 7,728,278| 7,374,059 7,050,174 6,746,032 354,219 323,885 304
11 30,869 30,244 29,671 29,116 625 574 554

,539

,142
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Table 9.2 System Operating Cost and Change

System Operating Cost () Change of &/Qe(rg)Opaatlng Cost
Case 1% 2nd 3
No. | OMW | 100MW | 200MW | 300MW | oo\ | 100MW | 100MW
Renewable | Renewable | Renewable | Renewable
Installed | Installed | Installed | Installed | Renewable | Renewable | Renewable
Installed Installed Installed
1 1,351,283 1,337,318 1,319,185 1,315,103 13,966 18,163 4,052
2 1,351,283 1,340,967 1,332,659 1,316,205 10,316 8,309 16,453
3 1,351,283 1,342,395 1,333,257 1,328,747 8,889 9,137 4511
4 2,872,811 2,852,572 2,835,404 2,829,446 20,239 17,168 5,958
5 2,872,811 2,858,361 2,847,017 2,839,298 14,450 11,284 7,179
6 2,872,811 2,860,381 2,848,784 2,841,974 12,430 11,597 6,810
7 1,351,283| 1,330,587 1,312,033 1,309,308 20,696 18,555 2,124
8 2,872,811 2,846,217 2,821,432 2,805,262 26,594 24,185 16,170
9 649556225 643887780 639363928 636796507 5,668,446 4,523,851 2,567,422
10 | 662455004 656954096 651740065 648247222 5,500,908 5,214,031 3,492,843
11 1,347,216 1,336,524 1,328,462 1,312,356 10,692 8,062 16,105
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10. Interpretation of Renewable Results

Results of the simulations demonstrate how integration of low carbon emission
generation affects the test system. Effects include system dispatch, emissions, cost, and
reliability. Effects of energy storage are also discussed in this section.

10.1System Dispatch

When renewable generators are integrated into the system, they generate inconstant
output based on available fuels from nature such as wind and sunlight. These low carbon
generation outputs can change at any time. Their output is considered a must-take
resource and are unavailable for the automatic generator control (AGC) to adjust.

Output from nuclear power plants is almost always constant, and nuclear plants have
relatively low operating costs. Nuclear units are assigned to run at full capacity all the
time, with an occasional exception of coast down at the end of a fuel cycle. As a result,
the generation dispatch of nuclear power plants is constantly flat throughout the day.

Hydro power plants are normally scheduled outside the system dispatch. Unlike nuclear
power plants, hydro plants cannot run all day long due to limitations in the amount of
water, depending on seasonal climate and geography. Hydro plants in the system
simulated for this dissertation operate only during on-peak load, which is from 3:00 PM
to 8:00 PM.

Due to their high fuel price, combustion plants burning petroleum oil are never
dispatched in this model. The outputs of these generators are zero all the time. For some
control areas, generators with oil as fuel will be dispatched only when gas-fired
generators are not available.

As renewable generators (wind generators or solar plants) are integrated into the IEEE
RTS, the system dispatch of coal-fired power plants and gas-fired power plants is
reduced. Coal-fired power plants usually run as base load units but follow changing load
as needed. In the simulation results, coal-fired generators drop their output during off-
peak load when all gas-fired generation has been reduced to low or zero output. The coal
units then raise their output to follow load as it increases. In Figure 5.7, when no wind
generation is installed, coal-fired plants drop their total output slightly below 800 MW at
6:00 AM. With integration of wind, coal-fired power plants lower their output even more
during off-peak load because of the additional energy contributed to the system by the
wind generators. According to Figure 5.54, dispatched generation of coal plants drop to
677 MW, 603 MW, and 503 MW at off-peak load with integration of wind at 100 MW,
200 MW, and 300 MW, respectively. Although it is unusual to reduce the output of a
coal-fired generator below 50 percent of its rated capacity, some power plants can go
below 50 percent using special operating procedures and plant designs.

As load increases during the day, coal-fired power plants increase their output to meet the
demand. These units, however, slightly drop their outputs during the on-peak period due
to congestion caused by hydro plants. The MW output of coal-fired generation units at
peak load are flattened due to the integration of low varying wind output in case 1 and
case 4. In these cases, wind generation relieves some of the congestion caused by hydro
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units. Wind generation is low during the congestion period in the medium-varying and
high-varying wind profiles, however, much less congestion relief is provided, and coal
output is still reduced during peak load in these cases. The generation dispatch of coal
responds differently with each generation output profile of renewable generation. Figure
10.1 presents the generation dispatch of coal-fired generation units with different wind
capacity installed for case 1. Plots for other cases are shown in [30].

Figure 10.1 Generation dispatch for coal-fired power plants in case 1

Gas-fired generating units in this simulation are used to support other generators to meet
load demand. Based on their fuel price, which is higher than coal or nuclear units, they
are dispatched at peak demand of the day, after all lower-cost gas and coal units are
already operating at full capacity. With the integration of renewable generators, gas-fired
generating units lower their output during the peak period. Figure 10.2 shows generation
dispatch for gas-fired power plants in case 1. Each additional unit of renewable
generation further reduces the output of the gas fired plants. Similar to the economic
dispatch of coal-fired power plants, system dispatch responds differently with each output
profile of renewable generation. Generation dispatch of gas fired generation units for
other cases are shown in [30].
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Figure 10.2 Generation dispatch for gas-fired power plants in case 1

10.2Emissions

Based on the previous plots of changes in €@issions, an integration of low carbon
emission generators certainly reduces, @dissions. The reduction of G@&missions,
however, is not proportional to each MW capacity of renewable generators installed. As
shown in the simulation results, the change i €Qissions for each step of 100 MW
installed wind or solar is not linear. This phenomenon is explained by several factors that
affect system dispatch. These factors include fossil-fired generating plant design, the
need for more operating gas-fired reserve units as renewable penetrations increase, and
changes in transmission congestion.

According to the results, the reduction in £#nissions decreases for every 100 MW
increase in wind generation. In case 1, reductions ofédissions are 1,329 tons, 1,253
tons, and 1,214 tons for 100 MW, 200 MW, and 300 MW wind installed, respectively.
For each increasing one hundred megawatts of wind, case 2 shows 615 tons, 571 tons,
and 557 tons of C£emission reduction while case 3 shows 376 tons, 360 tons, and 356
tons, respectively. For the system costing $50/top, C&e 4 shows 1,362 tons, 1,281
tons, and 1,201 tons of G@duction, while C@emission reductions in case 5 are 619
tons, 580 tons, and 560 tons when the system is integrated with 100 MW, 200 MW, and
300 MW of wind, respectively. Case 6 shows reductions of 378 tons, 363 tons, and 354
tons. Running the simulation for a whole year confirms this trend. Thee@{3sion
reductions of case 9 are 345,285 tons, 318,844 tons, and 300,539 tons further reduction
for each additional 200 MW wind installed. Case 10 shows 354,219 tons, 323,885 tons,
and 304,142 tons, for 100 MW, 200 MW, and 300 MW wind installed, respectively.
Variations among the cases are due to the varying amounts of energy produced by the
different wind profiles.
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Integration of solar power plants, however, produces a different trend cér@i@sion
reduction. CQemission reductions for case 7 are 279 tons, 331 tons, and 350 tons, while
case 8 shows a reduction of 283 tons, 323 tons, and 345 tons for 100 MW, 200 MW, and
300 MW of solar power plants, respectively. For this system, each 100 MW of solar
produces more CQeductions than the previous 100 MW. This is because as more solar
generation is added, natural gas generators can be turned off, because of the higher
capacity credit of solar energy. The reductions obtained from solar differ from those of
wind cases because the total energy produced is different in each case.

Figure 10.3 shows the total G@missions of a zero G@rice system with different

installed renewable types and profiles. According to this plot, the existing power system
with low varying wind emits the lowest GONhen integrated with solar or the high

varying wind profile, the test system emits higher,CSimilar trends can be observed in
the case with a $50/ton G@rice, as shown in Figure 10.4. Little change is seen when a
CO, price of $50/ton is added because the solar and wind energy do not change, and
$50/ton is not high enough for this system to significantly shift from coal- to gas-fired
generation. Not shown in this simulation, however, is the incentive that thpric®

presents to build new solar and wind generators. This is reflected in higher LMPs paid to
renewable generators.

Figure 10.3 C@emissions in a zero G@rice system
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Figure 10.4 C@emissions in a $50/ton G@rice system.

Case 11 analyzes how energy storage combined with renewables affects system
operations and C{emissions. Storage rated 10 MW and 120 MWh is added to the
medium-varying profile wind generation case, case 2. Figure 10.5 compares tptal CO
emissions in case 11 and case 2. Both cases utilize the same conditions, but there is no
energy storage applied to case 2. In case 11, storage charges from 9:00 PM to 9:00 AM
and then discharges electricity back to the system from 9:00 AM to 9:00 PM. According
to Figure 5.53, C@emissions in case 11 are slightly higher than the emissions in case 2.

In case 11, more MW capacity of coal-fired generating units, which have higher CO
emissions factors, are dispatched to charge the battery energy storage unit at night.
Energy storage then is reducing gas-fired generation during the day as it discharges
electricity back to the grid. As a result, a net increase ingdassions is observed. If it

is desired to use storage to reduce €Rissions, its charge and discharge cycles will
have to be optimized for that purpose. To obtain more accurate results, efficiency of the
energy storage unit should be considered into the analysis.
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Figure 10.5 Total C@emissions in case 2 and case 11

10.3System Operating Cost

System operating cost in this research consists of two major components: fuel-emissions
cost, which is the total cost of fuel and emissions charges, and renewable generation cost,
which only includes payments to the renewable generator, not the capital cost of the
generator. As the MW capacity of installed renewable generation increases, the fuel-
emission cost decreases due to less MW capacity of the conventional generation
dispatched. The renewable generation cost increases when renewable generators produce
more electricity. Overall, the system operating cost decreases as the amount of renewable
generators installed increases. Similar to, @@issions, the changes in system operating

cost are not linear with installed capacity. The factors involved in this issue are the same
factors that affect C£emissions.

The type of renewable resources and availability of wind or solar resources, which
determines the generation output profiles, influences the system operating cost. Figure
10.6 illustrates the system operating with different renewable generators. The operating
cost of the solar-integrated system is the lowest, because gas-fired generators were shut
down because of solar’s high capacity factor. The system with a low-varying wind profile
has a lower operating cost than the systems with medium-varying and high-varying wind
profiles, because the low-varying profile results in the most energy produced by wind.
The operating cost for the system with high varying wind profile is the highest, because it
produced the least energy.

With the high capacity credit of solar, fewer gas-fired generators are committed as
reserves, and as a result, lower overall operating costs are observed in case 7 and case 8.
Operating costs with wind are affected by the amount of energy generated, when it is
generated, and what types of generation it offsets. The low-varying wind profile in case 1
and case 4 has the highest energy production of the three wind cases, so it offsets a large
amount of fossil-fired generation, giving the greatest reduction ine@tssions and
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operating costs of the three cases. Considering the time when wind energy is generated,
the low-varying wind profile also relieves congestion from 3:00 PM to 8:00 PM when
hydro power generators operate, further reducing operating costs by reducing congestion
costs. The medium-varying wind profile in case 2 and case 5, and the high-varying wind
profile in case 3 and case 6, however, provide little congestion relief because there are
very low wind outputs during the congestion period.

Higher system operating costs are seen in the system with a $50/4qmi€0wvhen

compared to those of the system with $0/ton, @@e, because that GQrice must be

paid on coal and gas generation, and because wind and solar are paid the higher LMP that
results from the C@price. Figure 10.7 shows system operating cost for a $50/tgn CO

price system. Based on this figure, the system with solar has the lowest operating cost,
while the systems with higher-varying profiles have higher system operating costs.

The operating cost of the system integrated with energy storage is analyzed in case 11.
Figure 10.8 compares system operating costs in case 11 and case 2 to illustrate the
difference in the system with and without energy storage. According to the results, the
system operating cost in case 11 is lower than the operating cost in case 2. This is
because the storage is charged at night from low-cost coal-fired generation, and when it is
discharged during the day, it reduces the higher-cost gas-fired generation. Operation and
maintenance of storage is calculated and added into the generating costs of some
generating units dispatched to charge it during the charge cycle.

An alternative way of calculating the operating cost of energy storage, in which storage
pays the LMP for energy as it charges, and then is paid the LMP as it discharges, is
proposed in Chapter 4. If the storage unit is charged during low-cost times and
discharged during high-cost times, this method will result in higher income for the
storage owner but lower benefits for the system. System costs will still decrease,
however, if LMPs are reduced by the discharging storage during high-cost times.

To calculate system operating costs of storage, the status of ownership is a very important
issue. If energy storage is owned by a generator, the generation owner can decide when to
charge the storage from its own generation. It can then bid stored energy into the market
and be dispatched by the independent system operator as another generator, for which it
will be paid the market price. Alternately, if energy storage is owned by a third party,
independent of other generation, the owner will pay for energy used to charge the unit

and be paid as the system operator schedules it to discharge, both at market rates.
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Figure 10.6 System operating cost for zero, @fice system for 24-hour period.

Figure 10.7 System operating cost for $50/tor, fize
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Figure 10.8 System operating cost in case 2 and case 11

10.4Re€liability and Security

Although GHG policies and standards encourage the power industry to reduce GHG
emissions, maintaining the reliability of an electric power system is a must. A big
challenge in power system operation is to continuously balance generation and load
demand, because a power system has almost no storage of electricity. Committing more
variable generators into a power system requires more generating units to run as a
reserve. This research considers different capacity credits for wind and solar energy. The
methodology can utilize various capacity credits and other reliability factors.

Contingency analysis is a tool to evaluate the reliability of system operations. A system
operator may perform the contingency analysis for some particular contingencies to
ensure security of the system. In case 10, three contingencies are considered in addition
to the base case. Case 9 applies the same conditions, except there is no consideration of
contingencies. If any of the contingencies result in outages or overloads, the generation is
redispatched to bring all components into compliance. Figure 5.48 compares system
operating costs of the base case and the security-constrained case that can survive
contingencies. According to the figure, the system with contingencies built into its
optimization solution (SCOPF) has a higher system operating cost than that of the system
using normal OPF. The extra cost is to ensure a secure system.

Considering contingencies in system operations also affecte@idsions. Figure 5.49
compares plots of CQemissions in case 9 (OPF) and case 10 (SCOPF). Based on these
graphs, C@emissions in case 10 are slightly higher than the emissions in case 9. In case
10, more generation units with higher £€nissions factors are dispatched to withstand
contingency conditions.
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10.5 Renewable Pricing and L ocational Marginal Price

Renewable generators are paid the locational marginal price at the bus where it is
connected. LMPs are relatively low during the off-peak period and then start to increase
when load demand increases. Congestion prices are close to zero in the morning and then
increase when hydro power plants are committed into the system, thus causing
congestion. Installation of wind generation helps relieve this congestion, especially in the
low-varying wind profile, which provides a large amount of wind generation during the
congestion period. As a result, LMPs are significantly lower on peak in case 1 and case 4.
Solar generation at 200 MW and 300 MW, however, raises LMPs during the peak period.
This is because a different set of generating units are committed for solar due to its higher
capacity credit than wind, and these have not relieved congestion and resulted in higher
LMPs. This limitation of the methodology can be improved by incorporating optimal unit
commitment to generate an optimal resource allocation for the available generators.
Figure 10.8 shows LMPs with various MW capacities of wind integration in case 1. The
graphs for other cases are shown in [30].

Figure 10.9 Locational marginal price in case 1.
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11. Optimization M ethodology to Implement CO, Emission-
I ncor porated AC Optimal Power Flow

This chapter gives an optimization methodology to implement the proposed CO
emission-incorporated ac optimal power flow (OPF) in order to meet the anngial CO
emission limits. The same IEEE RTS has been used in this chapter and the optimization
methodology is realized by integer programming.

11.1 Problem Formulation

The load of an electric power system experience cycles; for example, the loads will
generally be higher during day time and early evening due to high industrial and
residential load and lower during late night and early morning when people are sleeping.
Also, the system load has weekly cycles; the load is lower on weekend days than
weekdays. Furthermore, the system load is normally higher in summer and winter
seasons when more heating and air-conditioning equipment is used.

The load data for the IEEE RTS during a one-year period are given in [31]. The total load
of IEEE RTS during this period can be represented in a diagram that plots system load as
a function of time, as shown in Figure 11.1. The chronological load data in Figure 11.1
can be converted into a load-duration curve, as shown in Figure 11.2. In Figure 11.2, the
x-axis shows how many hours the load was equal to or greater than the load level shown
on the y-axis.
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Figure 11.1 Chronological annual load curve of IEEE RTS
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Figure 11.2 Load-duration curve of IEEE RTS

To simplify the optimization, six representative load levels were chosen from the load-
duration curve of IEEE RTS to represent system load var@syshown in Figure 11.3.

The six representative load levels, the corresponding load ranges, and the number of
hours are summarized in Table 11.1. All loads in one range are assumed as this range’s
representative load level. For example, all load levels between range of 966 MW and
1350 MW are assumed as representative load 1225 MW. For each representative load
level, the CQ emission-incorporated OPF developed in chapter 4 was implemented,
using the same assumed fuel prices (1.88 $/MBtu for coal, 9.09 $/MBtu for gas and 12.00
$/MBtu for oil). The variations of CQemissions and fuel costs before and after
implementing the C@emission-incorporated OPF, and the resultant €®@ission costs,

are summarized in Table 11.2. Table 11.2 shows that the higher the representative load
level, the higher the average €f@duction costs. For example, in the lowest
representative load level (1225 MW), the average @@uction costs will be 109 $ in

order to reduce 1 ton of G@missions. But in the highest representative load level (2495
MW), the average C&£reduction costs will be 178 $ in order to reduce 1 ton of CO
emission. It has to be note that this variation trend of averageedQction costs is only
valid for this system and cannot represent other systems, which will have different
results.

Simulation results in Table 11.2 have shown that the costs for reducign@€sions in
IEEE RTS system are different in terms of various representative load levels. Climate
change regulations most likely will limit the G@missions from the electric power

industry at an annual level. For a given power system such as IEEE RTS, therefore, the
annual CQ emission cap could be met by implementing the proposec@sion-

! In real situation, the more representative load levels are chosen, the more accurate the results are.
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incorporated optimal power flow (OPF) optimally such that the annuale@(ssion

reduction costs could be minimized.
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Figure 11.3 Annual load-duration curve and representative load levels

Table 11.1 Representative Load Levels, Load Ranges and Number of Hours

# Representative load level (MW)  Load range (MW) Number of hg
1 1225 966-1350 1636
2 1475 1350-1600 1899
3 1725 1600-1850 1684
4 1975 1850-2100 1534
5 2225 2100-2350 1241
6 2475 2350-2850 742

urs
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Table 11.2 Average C{Reduction Costs

Representative EtZOOnzslir]r;issionS Fuel Costs ($/h) g\gcejruagtieor? (Ca:osts ($/ton)
load (MW)
Before After Before After

1225 220 100 4422 17500 109

1475 460 225 9217 39425 129

1725 675 341 13532 59539 137

1965 909 497 18210 77970 145

2225 1102 768 31318 83180 155

2475 1263 1003 45355 91770 178

11.2 Optimization M ethodology

The optimization methodology can be realized using integer programming [32]. An
integer program is a linear program in which some or all of the variables are required to
be nonnegative integers. In this work the nonnegative integer is the number of hours to or
not to implement the C{Qemission-incorporated ac OPF.

The objective function in this optimization methodology is the system total fuel costs, as
shown in (11.1).

Ay
£ =min Z(Xa! KT(IE- +ﬁi XTE!-:':|
11.1 =

where Z is the system total fuel costs which need to be minimized, N is the number of
representative load levels, Xa the fuel cost when the G@mission-incorporated ac
OPF was implemented at representative load leve| isTae number of hours to
implement the C@emission-incorporated ac OPF at representative load levelis Xie
fuel cost when the C{emission-incorporated ac OPF was not implemented at
representative load level i, and; T®the number of hours not to implementCO
emission-incorporated ac OPF at representative load level i.

The first constraint is that the G@®missions in one year should be lower than a cap
value, as shown in (11.2).

I
> (BayxTa, +Eb xTh) = B
il

11.2
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where E is the annual G@missions cap in tons per year (tons/yr),i&the amount of
CO, emissions when the G@mission-incorporated ac OPF was implemented at
representative load level i, and;Ebthe amount of COemissions when the GO
emission-incorporated ac OPF was not implemented at representative load level i. In
normal situations (6.2) is an equal equation because it is economic for utilities to just
meet the cap.

It has to be noted that the annual &&issions cap should be within achievable limits,

as shown in (11.3). The minimum annual £e@nission, Ein, is the amount of CO
emissions when the G@mission-incorporated ac OPF was implemented throughout the
entire year, as shown in (11.4). Any annual cap set bejgnc&nnot be met by
implementing the C@emission-incorporated ac OPF only. The maximum annual CO
emission, Eax is the amount of COemissions when the G@mission-incorporated ac
OPF was not implemented throughout entire year, as shown in (11.5).

A
11.3 ni mx

A
By, = 3, (Ba xT)
11.4 il

Iy
Emm{ = Z (Ebz KT::I
11.5 i1

The second constraint is that for each representative load level, the sum of the number of
hours to implement the G@mission-incorporated ac OPF and the number of hours not

to implement the C@emission-incorporated ac OPF is equal to total number of hours of
the representative load level, as shown in (11.6).

where Tis the total number of hours of the representative load level i.

11.3 Simulation Results

The optimization methodology developed in section 6.2 was implemented by
“What'sBest!” software [33]. “What'sBest!” is an Excel add-in that allows users to build
large scale optimization models within a spreadsheet.

The minimum annual C&mission Ej,and maximum annual G@mission Eaxwere
determined first. When the G@mission-incorporated ac OPF was implemented
throughout the entire year, the amount of,@@issions was 3624831 tons/yr. When the
CO, emission-incorporated ac OPF was not implemented throughout the entire year, the
amount of CQ emissions was 6069294 tons/yr. The maximum systeme@ssion

reduction is 2444463 tons/yr, or 40.3%.

11.4 10% Annual CO, Emission Reduction

If the IEEE RTS is required to reduce 10% of its annual €@issions, or the annual
CO, emissions cap was 5462364 tons/yr, all hours during load level 1 plus 1747 hours of
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load level 2 have to be implemented with nission-incorporated ac OPF, while the
remaining hours can be omitted from the OPF optimization, as shown in Figure 11.4.
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Figure 11.4 10% annual G@mission reduction

11.5 20% Annual CO, Emission Reduction

If the IEEE RTS is required to reduce 20% of its annual @@issions, or the annual

CO, emissions cap was 4855435 tons/yr, all hours during load level 1, load level 2 and
load level 3, plus 22 hours of load level 4 have to be implemented witleGiSsion-
incorporated ac OPF, while the remaining hours can be omitted from the OPF
optimization, as shown in Figure 11.5

2000 -+
1800 +

1600 -
1400
1200
1000 - B Without CO2 Emission
800 - Control
600 B With CO2 Emission Control
400
200
0 T T T T T

1225 1475 1725 1965 2225 2475

Number of Hours

Representative Load Levels (MW)

Figure 11.5 20% annual G@mission reduction
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11.6 30% Annual CO, Emission Reduction

If the IEEE RTS is required to reduce 30% of its annual @@issions, or the annual

CO; emissions cap was 4248505 tons/yr, all hours during load level 1, load level 2 and
load level 3, plus 1495 hours of load level 4 have to be implemented witkr@i€sion-
incorporated ac OPF, while the remaining hours can be omitted from the OPF
optimization, as shown in Figure 11.6.

2000 -+
1800 -

1600 -
1400
1200 A
1000 B Without CO2 Emission
800 - Control
600 B With CO2 Emission Control
400
200
0 - . . . . .

1225 1475 1725 1965 2225 2475

Number of Hours

Representative Load Levels (MW)

Figure 11.6 30% annual G@mission reduction

11.7 40% Annual CO, Emission Reduction

If the IEEE RTS is required to reduce 40% of its annual @@issions, or the annual

CO;, emissions cap was 3641576 tons/yr, all hours during load level 1, load level 2, load
level 3, load level 4, and load level 5, plus 678 hours of load level 6 have to be
implemented with C@emission-incorporated ac OPF, while the remaining hours can be
omitted from the OPF optimization, as shown in Figure 11.7.
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Figure 11.7 40% annual G@mission reduction

11.8 CO, Emission Reductions and Fud Costs

The annual C@emission reduction will increase the annual fuel costs. Table 11.3
summaries the fuel costs in terms of various annualéd@ssion reduction

requirements.

1600 -
1400 +
1200 -
1000 +
800 -
600 -
400

200

0 - . . . . .

2225

B Without CO2 Emission

Control

B With CO2 Emission Control

Table 11.3 Annual CE&Emission Reductions and Fuel Costs

CO; emissions (million 6.07 5.46 4.86 4.25 3.64
tons/yr)
CO, emission reduction (%) N/A 10% 20% 30% 40%
Fuel costs (million $/yr) 147.98 222.16 305.49 393.53 49170
Fuel COStsé;‘;;ease (milion \ya | 50.1% | 106.4%| 165.90 232.3%
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12. Conclusions and Future Work

The technique to include a price on 20 power system dispatch simulations has been
developed and demonstrated on the modified IEEE reliability test system. Conventional
economic dispatch and ac optimal power flow (OPF) studies were both run, with
generation dispatch and operating costs as outputs. OPF results are significantly different
from ordinary economic dispatch calculations, showing that congestion is an important
consideration in C@emission reductions. The results further indicate that high carbon
prices will be required to accomplish significant Z@ductions using only existing
generation, especially when natural gas prices are high. When the price of new generation
is considered in planning studies, the lower cost and higher efficiency of combined-cycle
gas-fired units, when compared to coal-fired or nuclear units, lowers the carbon price
required for reductions.

The method is extended to studies of renewable energy and energy storage through time-
series simulations, which allow time-varying generation and loads through any period of
interest. Solar, wind, and battery storage are all simulated on daily and annual schedules.
Lack of unit commitment algorithms within the OPF technique limit the usefulness of the
time-series simulations, and addition of unit commitment is a future research objective.
Some conclusions are still possible without unit commitment:

Renewable generation reduces &missions since it offsets fossil-fired generators in an
electric power system. Fossil-fired generation, however, is still required to provide
reserve capacity for the variable renewable generation. Such units still eméveo if

at no output. The emissions of reserve units must be considered in the overall emissions
of an electric power system. Each increment of additional capacity of renewable
generation installed reduces £€émnissions. However, the change of emissions and

system operating cost are not linear with renewable capacity due to complexities of the
interconnected electric power system. These complexities include the renewable
resource availability and variability characteristics, conventional generation
characteristics (ramp rates and cost functions), transmission congestion, and the number
of fossil-fired generators online as reserve units for renewables.

Wind generation has a significantly lower capacity credit than solar, because wind is
more variable and less predictable than solar. Solar’s higher credit reduces the need for
other reserve units, which can lower costs and emissions, and produces significantly
different results between solar and wind generators. Any energy generated by wind or
solar generators is almost always purchased by the power systeny pade®have no

effect on the operation of installed wind and solar generation. A price p@&s,

however, provide an incentive to build new solar and wind generators, because increased
generating costs from fossil-fired generators results in higher payments to renewable
generators.

Energy storage is traditionally dispatched to minimize operating cost over a daily or
weekly period, which results in its being charged off-peak and discharged on-peak. This
tends to increase G@missions because the storage is charged by coal-fired generation
and offsets gas-fired generation at discharge. New storage control algorithms are needed
to dispatch storage for G@r other emission reduction.
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The techniques developed can be realized in commercial or research software or
developed as a stand-alone application, and has potential to be utilized for investigating
and assessing the effects, including costs and reliability, of GHG limits on the electric
power industry.

A verified model of the Western Electricity Coordinating Council (WECC) system, with
additional detail in California, is almost ready for use. The techniques developed in this
project will be applied to the California system to study how existing and new generation,
transmission, and storage can be operated to reduce carbon emissions.
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1. Introduction

The United States are moving fast towards regulating greenhouse gas (GHG) emissions.
The electricity sector accounted for 40.6% of US energy consumption in 2007 and 70%
of this energy was supplied by fossil fuel energy sources, namely natural gas, coal and
oil. Therefore, the regulation of emissions is expected to have a major impact in the
electric power industry.

One way of reducing GHG emissions is by promoting renewable generation. Due to the
high long-run average costs of these resources, as well as the costs resulting from their
variable and nondispatchable nature, regulatory intervention is required for integrating a
significant capacity of these resources. For example, coal fired generation typically costs
less than gas fired generation which costs less than renewable resources such as wind
power and solar power. Therefore, introducing these resources at a large scale in power
systems will inevitably impact the wholesale price of electricity, as well as electric power
production costs and the distribution of social surplus [1]. It is also possible that
emissions regulations will affect the strategic interaction between power generating
firms, enhancing the market power of certain producers in the expense of others.

In this section we examine three policies for regulating emissions by promoting
renewable energy: renewable portfolio standards (RPS) taxing of emissions and a cap and
trade approach. RPSs require that a certain fraction of the energy which is generated or
sold within a state be generated by renewable energy sources other than hydro power,
such as wind, solar or geothermal power [1]. In some states, suppliers are allowed to
purchase RECs (renewable energy credits) to fulfill their obligation. As of June 2007,
RPS is implemented in more than half of the US states. For example the RPS targets in
California require that 20 % of the energy sales originate from clean energy sources [2].
Unlike RPS which directly stipulates a requirement for electricity mix, taxes target
emissions by making polluting technologies less competitive. Sweden, Denmark, Finland
and Norway have CO2 taxes with tax rates ranging widely [3]. For example, the Swedish
tax rate is currently around 70%$/ton while Norway rates differ for different sectors

ranging from 12 to 47$/ton.

The analysis of the impacts induced by alternative regulatory mechanisms is complicated
by the presence of a transmission network. The effect of transmission constraints on
strategic interactions in transmission networks have been studied extensively but the
research on the impact of emissions regulation in power markets mainly consists of
empirical studies [4,5], with the exception of Chen and Hobbs [6]. In their work, Chen

and Hobbs modeled how generators could manipulate the power market by using NOx
emissions permits. In the spirit of [7] and [8] who focus on small scale networks in order
to gain insight on firm interactions, we first focus on a three node network and derive
analytic results that shed light on the impacts of emissions policies on nodal prices and
generator output in a congested network with strategic generators.

There is an increasing consensus for the implementation of emissions trading in many US
states. For example, California Assembly Bill 32 will mark the launch of an emissions
trading program in California with the objective of reducing GHG emissions to 1990

levels by 2020. We study the implication of a Cap and Trade approach in the presence of



congestion and strategic generators’ behavior using an equilibrium model applied to an
IEEE 24 Bus test case.

The analysis in this section complements the work presented in other parts of this report
which emphasizes the accurate modeling of AC network characteristics but ignores
strategic generators’ behavior and demand response by assuming that the market is
perfectly competitive and can be simulated by means of an Optimal Power Flow (OPF)
model while the demand is inelastic. By contrast we employ an equilibrium model of an
oligopolistic market where generators behave strategically so as to maximize firms’
profits while the demand responds to prices. To make such a model computationally
tractable we must employ a DC approximation of the network. We validate this
approximation by comparing the AC OPF results for emissions and generators output
obtained for an IEEE 24 bus test case with the corresponding results obtained from a DC
approximation under perfect competition.



2. Strategic Generator's Behavior and Demand Elasticity Matter

When externalities of carbon emissions are imposed on firms by permits (quantity) or
taxes (prices), firms will face higher energy generation costs. They will alter their
production schedules by considering heterogeneity in both fuel and emissions costs. This
change in outputs from plants in different locations might alleviate transmissions
congestion and alter congestion patterns, possibly leading to some unintended
consequences under the framework of Locational Marginal Prices (LMPs). For example,
it has been shown by Downward [11] that when coal firms are subject to a CO2 tax,
cleaner firms can behave in a more competitive manner. Depending on the location of
plants, this could lead to no congestion, thereby reducing overall LMPs. As a result,
energy consumption can increase, which lead to an increase in overall CO2 emissions
compared to no tax case. We reproduce this example in Figure 2.1, below.

MO GOz Tax
NODE 1 73 MY 262 MY NODE 2
[~ [~]
Pio=250 - o2 T o Pigi=125 - 50i1 6
MIC= 4 00 MY b 198 M 137 MW e ga b
D=1 Tk = 125N D=0 4 TAAh
P1:$1 DE"MWI"I 125 MW P2:$119.|'MW|”|
Social Welfare= $41,927ih 0z = 253 Tih
CO2 TAX=$26/T
a1 W —, 300 MW —,
) :~-/|
MG + TAX T ' MC + TaxX
N 176 by 206 MW | Zer 0 e

e —
95 My
Social Welare = §44, 304/h

Social Welfare = Consumer Surplus + Producers Profit + Congestion Rents + Tax

F1=P2=5100/m4h
G0z =258 Tih

Figure 2.1 Perverse Effect of CO2 Tax in the Presence of Demand Elasticity, Congestion,
and Strategic Generators

We note that in the absence of a Carbon tax (top panel) the “dirty” generator at node 1 is
significantly cheaper that the “clean” generator at node 2. This results in the connecting
line being congested due to imports from the cheap to the expansive node. However, the
congestion splits the market and facilitates two local monopolies which result in loctional
marginal prices of $102/MWh and $119/MWh, significantly above the corresponding
marginal costs of $40/MWh and $50MWh. Imposing a carbon tax of $26 per ton
increases the marginal cost of the dirty generator to $66/MWh making it more expansive
than the clean generator whose marginal cost is only $60.4/MWh. As a result the export
from node 1 to node 2 goes down so that the connecting line is no longer congested and
the two nodal markets merge into a single duopoly market. The increased competition
causes the prices (which are now identical at both nodes) to drop to $100/MWh and since
demand is price-responsive the total load increases from 335MW to 381MW and social



welfare increases by $2377/h. Unfortunately the increase in consumption also increases
total CO2 emissions by 5 ton/h. In summary, a carbon tax which under perfect
competition would reduce consumption and shift production so that emissions are
reduced, achieves the opposite result when strategic generators’ behavior and demand
response are taken into consideration. While this example may represents an extreme
theoretical market anomaly which may not be very prevalent in practice, it highlights the
need to consider the intricate interactions and the potential for unexpected consequences
which motivates the analysis in this section of the report.

Unfortunately, when we account the aforementioned interactions and allow firms to
deviate from their price-taking assumptions, the interactions of energy and emissions
markets within a transmission-constrained network becomes difficult to predict. Unlike
the perfectly competitive outcome which can be simulated by solving a single OPF
problem, an equilibrium model with multiple players behaving strategically is
computationally much more demanding. Furthermore, under perfect competition,
carbon costs are directly reflected in the LMPs through firms’ marginal energy costs.
Under tradable permits, changes of a firm’s output not only affect its marginal cost, but
also affect other firms’ marginal (abatement) costs since the permits price would likely be
changed as well. Moreover, even if the congestion component of the LMPs may decline
with the contraction of outputs by oligopoly produces, the emissions level will not
increase since it is capped. So, change in permit price could affect produces in very
different ways. This motivates us to perform a more thorough analysis exploring the
implications of a GHG permit trading regulation on various economic indicators,
equilibrium prices, and ownership structure.



3. Three Bus Model

Our analysis in this subsection focuses on a three-node power network, the simplest
setting that still allows us to examine the interactions between transmission and
environmental regulations by deriving closed form solutions for the output of the
generators and for nodal prices. Due to the symmetry of the network which we are
considering, without loss of generality we assume that a clean generator is located in
node 1, a polluting generator in node 2 and load in node 3 as shown in Figure 3.1.
Consistent with our presumption that nonpolluting generators are typically more
expensive than conventional generators, we will assume that the generators in the three-
node network have a constant marginal cgswith ¢, < c¢;. The inverse demand
function at the node i is assumed to be linear, given by the following expression:
I%(X) =:ai—-bix.

Node 1

Clean @—
Gl

LOAD

Node 2

G2
Dirty @—

=*Nonpolluting generator at node 1
=Polluting generator at node 2
=Load at node 3

=Constant marginal costs

® Linear demand P,(q)=a-bq

Node 3

Figure 3.1 Three node dc lossless network

Our formulation assumes the transmission network is operated by a welfare maximizing
independent system operator (ISO), similar to [9]. The electricity market is simulated as a
Cournot game, whereby generators compete in the quantity of their output. Generators
bid a quantity of power to be sold at the node in which they are located, and are rewarded
the nodal price at their location. The ISO arbitrages any non-cost based difference in the
locational price of electricity and clears the market with the objective of maximizing

social welfare subject to the operational constraints of the network. We subsequently
demonstrate that this formulation is equivalent to a Cournot competition in quantities

with additional constraints imposed by both emissions regulation as well as the capacity
constraints of the network transmission lines. As in the case of classical Cournot
competition, generators decide simultaneously about their output whereas the nodal price
is determined by their joint decision.

We assume that generators do not anticipate the effect of their decisions on the locational
pricing of electricity by the ISO. In other words, generators behave as price takers in
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transmission services [10]. To exemplify this assumption, a generator, which is charged
for congesting the network cannot anticipate that by slightly reducing output it can
decongest the grid and avoid paying a price for scarce transmission.

3.1 RPS Policy

Increase the penetration of renewable energy sources in the supply mix is expected to
increase the overall cost of supplying power. These additional costs are born by
generators and propagated to some extent, through prices, to consumers. In order to
capture this effect in our model, we have assumed that the RPS goal is imposed as an
operational constraint in the ISO’s optimization problem. Hence, the RPS policy is
included in the ISO optimization problem explicitly, and emissions are priced in a similar
fashion to transmission services. In the ISO problem, the RPS constraint requires that the
proportion of energy that is supplied by firms, which use polluting fuels cannot exceed a
specified fraction f of the total energy supply. This is equivalent to setting an RPS
requirement of  f, i.e. requiring that the fraction of power supplied by nonpolluting
sources exceeds-I. The ISO optimization problem is summarizes as follows:

qitTi
max W = E (f P;(x)dx — c;q)
n ien 0

st Ny Ti=0 ()
YienDun <K Q@) lel

— ey Rim<K () L€l
Yen(di =<0 (W)

We denote N the set of nodes and L the set of arcs. The goal of the ISO is to regulate
flows in the network in order to maximize social welf@veThe ISO decision variables

are £, the quantities of power imported from node the hub node (negative for export).
The hub node is chosen arbitrarily as the load node, namely nodis hé>nodal price.

The first constraint in the problem is a mass-balance constraint which requires that the
ISO is neither a net producer nor a net consumer of energy. The second and third
constraints ensure that the network transmission constraints are satisfied. In these
constraints, Kdenotes the capacity limit of line | ang;[denotes the power transfer
distribution factor (PTDF) between linahd node,ithe exact meaning of which is
explained in the next paragraph. The last constraint is the RPS constraint imposed on the
operation of the network, whereby the output of polluting generators cannot exceed a
fraction f of total output. In this constraint,islan indicator parameter equal to 1 if the

firm located at node i operates a polluting generator, and 0 otherwise. The symbols in
parentheses denote the Lagrange multipliers of the ISO problem, which will be used
subsequently for pricing electricity. Capacity constraints on the output of generators can
be included in the problem, but have been omitted since they do not add insight to the
current analysis.

We use a DC-approximation of Kirchhoff's Laws to model power flow in the network by
PTDFs. The entrp,; in the PTDF matrix specifies the proportion of power which flows
through line | when a unit of power is being transmitted from the hub to node i. For



example, @-,,=0.8 implies that if 1 MW of power were to flow from node 2 to the hub
(node 3), 0.8 MW would flow through line 1-2.

Prices act as a mechanism by which the ISO can signal or direct generators to either
increase or reduce their output in order to satisfy the operational constraints of the
system. This is clarified by the following first order necessary conditions (KKT
conditions) of the ISO problem, where the symbohdicates complementarity between
variables and their corresponding constrairig/(can be interpreted as x orthogonal to

y)

P(qi+r)—p—¢;i— ¥ =0, ViEN
ien”i =0
i DD, MeDii— XDy, ViEN
Y =u(f —dp)

0< Al_ L ZiENDl'iri +Kl = O, viel
OSA?-J_—zieNDLiTi‘}‘KlZO, vVieL
0<ulXien(d—f)q<0

From the above ISO first-order conditions we obtain the congestion and pollution rents
which are imposed in the various nodes of the network. The congestion; refits-¢

/7)Dy; are equal to the marginal value of { € L congested transmission lines weighted
by the extent to which a generator utilizes the congested lines. These rents will be
negative (i.e. costs) whenever a generator contributes to the congestion of a line, and
positive (i.e., revenues) otherwise. Similarly, pollution rents are given by the expression
Y; = u(f —d;). These rents reward nonpolluting producers andlizengolluting

generators whenever the RPS constraint is binding.

According to our model assumptions, firms correctly anticipate the output levels of their
rivals and the impact of their actions on price at the load node but they act as price takers
in transmission services and pollution charges. Therefore, whereas the price p is
endogenous to the firms optimization problems, both congestion and pollution rents ¢
and y ae exogenous to these problems. The firm optimization problem is therefore given
by the following:

Fi: ﬂ}f}X(P(ql’) + ¢ +¥i)q; — cig;
S.t. 0<gq;
a=>(R) (pro+y)- X g

jeN jeN,j#i
The second constraint in the above optimization problem defines implicitly the relation
between gand p which plays a role similar to a residual demand function is a standard
Cournot model.

Given our formulation, the price at the location of a generator can be obtained by adding
pollution and congestion rents to the hub price. This allows us to treat the competition
between generators as a constrained Cournot game where firms need to additionally
satisfy transmission and emissions constraints.



3.2 Taxing

The alternative policy, which we consider, taxing, is readily incorporated in the model.
We assume that polluting generators are levied with an amount t per MWh of output,
which is not imposed to renewable generators. Therefore, the 1ISO does not include
emissions regulation as an operational constraint in its optimization problem:

qit7Ti
max W = E (f P;(x)dx — c;q)
n ien ~0

st ) i =0 (»)
YienDun <K Q@) lel

— ey B SK D) l€L

As in the case of RPS, we derive the KKT conditions of the ISO problem which will be
necessary for obtaining closed form solutions subsequently.
P(qi+r)—p—¢i—y¢; =0, VieEN
dien?; =0
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The tax enters the model formulation only in the optimization problems of the firms:
Fi: IT}IQX(P(%') + ¢1)q; — (c;+d;t)q;
S.t. 0<g¢g

a=Y(R) (pro,+y,)- Y q

jeN jeN, j=i



4. Results

In this subsection we present results of the three-node network problem, which we
introduced previously. We begin from the simplest possible scenario of a network in
which the competitive outcome does not violate transmission constraints or RPS
requirement. We derive the classical Cournot competition result, as well as its counterpart
of taxation. We then move to a second scenario in which the unconstrained equilibrium
violates the RPS policy. We present the equilibrium resulting from an RPS policy, as well
as from a taxing policy, which reproduces the RPS goal. Finally, we consider a third
scenario where the unconstrained equilibrium violates transmission constraints, and again
we obtain the equilibrium resulting from an RPS and tax policy.

4.1 Unconstrained Equilibrium

If neither transmission nor pollution constraint is violated in equilibrium, we then obtain
the familiar results of classic Cournot competition. This equilibrium serves as a
benchmark upon which we compare more complicated outcomes. We will use
superscripts to identify the outcomes in the various cases, and here ¢ denotes the results
of Cournot competition.

c _ a—2ci+c; c _ a—2cx+cq
=" 273
c _ a—c1—c ¢ _ 2atcitc;
- =—0 D= (4.1)

whereq = g; + 4z an® = = Pz = Pz is the common price at all nodes. Taxing
generator 2 is equivalent to increasing its marginal costczymesz + ¢ , and we can
use the results of the previous paragraph to obtain the Cournot equilibrium under
taxation, and to assess its impact on price and output.

tax tax

t 2t
G =qi 5> a1 7 =a; -5, < a3
qtax — qC _%l ptax — pC + g > pC' (42)

In classic Cournot competition, the output of a firm is decreasing in its marginal cost, and
increasing in its competitor's marginal cost. Therefore, by increasing the marginal cost of
generator 2, output will shift from generator 2 to generator 1, which is exactly the desired
result of the regulatory mechanism. However, because the overall output is proportional
to the sum of the firms’ marginal costs, overall output will decrease and prices will
increase at the load. Ultimately, the extent to which output shifts from one competitor to
the other depends on demand elasticity. In the extreme case where demand is completely
inelastic, the increase in the output of generator 1 will fully substitute the decrease in the
output of generator 2. Nevertheless, overall generation under taxation cannot increase.

4.2 Pollution Constrained Equilibrium
RPS

f q5 _ a—2cz+cq

> f the unconstrained duopoly outcome violates theupoh

q$+qs T 2a-c1—¢y
constraint. The La-grange multiplier gdomes active, and the resulting problem can be



treated as a Cournot duopoly with modified marginal ¢cy — %1 = ¢, — f and
cz — ¥z = cz; — (1 —flr where the generators obey the additional constraint.

29, 29,
a7 =qi + =52 >4qf, a5 = a5 + == <35,
Pr 29,
P =q°+=2, p =pS+=—=>
p;ﬂ — nC + 21,[)23_1,[)1 < pc’pg — nC _ 11)1':1)2 (43)

where the superscript p refers to the equilibrium when pollution constraint is binding. It
follows from the closed form expressionggfand ys (which we do not present here) that
the nodal price and the output at node 1 will increase and the opposite will be true for
node 2. If f< 05 the pollution constraint will certainly be binding because in the
unconstrained equilibrium 1gq,. From the closed form expressions pfug can also
conclude that for f8.5 the total output will be less than the unconstrained output because
the reduction in polluting generation is not fully compensated by an increase in clean
generation. The opposite will be true whe.5:

Overall, it is clear that RPS enhances the profitability of generator 1 at the expense of
generator 2. The impact on load prices depends on the specific valuendffdr

stringent regulationd<0.5) price at the load increases, whereas for less stringent
regulations price at the load decreases due to a dampening in the market power of
generator 2.

Taxing
In order to compare RPS with taxing on an objective basis, we consider the particular
case where the tax t results in the RPS requiren(?%% = f. The taxt, for which this
1 2
equilibrium holds is given by the following equation:

_ 3b(q5-fq°)
tp=——- o (4.4)
where the relevant quantities are indexed by superscBptsubstituting the closed form
az—fq¢
2Q=f+9 : -
following inequalities which can be used to compare the two policies:

ofu= in equations 3 and the closed formtpfinto equations 2 we obtain the

G <dq@ <da).q’ <q”

p/ > p3,pf > pi. (4.5)

We can see that both generators will reduce their output. The reason is that taxing, unlike
RPS, does not offer sufficient incentives to generator 1 for increasing its output. As a

result, electricity price at demand node increases, which is an undesirable side effect of
this regulation.

4.3 Transmission Constrained Equilibrium

In this section it is assumed that the unconstrained equilibrium violates one or more
transmission constraints. In the spirit of traditional literature on market power in
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electricity networks, this section focuses on investigating how constraints influence the
market power of generators.

RPS

We will consider a symmetric network, in which all transmission lines have the same
impedance and capacity. Because power flow along a route is inversely proportional to
the impedance of the route, one third of the power produced by each generator follows
the short path to the load and the remaining two thirds follow the long path. Generator 2
produces at lower marginal cost, hence its output would be greater in an unconstrained
network. Therefore, the first line to become congested will be 3 2his problem is
equivalent to a Cournot duopoly where the marginal cost of generaigr-+ ip; under

the additional constrain% Q1 + ng = K, whereg; =D,_3;4,_3 < 0 is the transmission

charge at node iSolving the corresponding system of equations we obtain the following
closed form expressions:

2 2
qi = qf + ¢1¢2—Q1;CI2—CI+¢2¢1<512:
2
q_q+¢1¢z<q pl p+¢1¢2—p,
2
pt =p° +¢2 L<pS, pb=p° - ¢1+¢2>p (4.6)

The congestion charges for generator 2 are twice as large as for generatdipl, ¢

because it contributes twice the flow in the congested line, compared to its competitor. In
summary, generator 2 produces a smaller output at a lower price compared to the
unconstrained duopoly, whereas generator 1 produces the same output at a higher price.
The overall output is reduced, therefore the price at the load increases.

It is also possible that the equilibrium is simultaneously binding in both the transmission
t
and the pollution constraint (igtq%qt > f). The outcome can then be obtained by
1 2

modifying the marginal costs of the generatorgpy ¢; — y; and adding the additional
constraints thaét% = f and Zl.Dl,l-qi = K;where | is the index of the congested line. In
1 2

contrast to previous cases, the closed form solutions do not allow us to draw any general
conclusion about how this outcome compares to the outcome of an unconstrained
Cournot duopoly, therefore at this point we only present the resulting closed form
solutions and defer to the examples for providing specific interpretations about the
influence of simultaneous congestion and pollution constraints on firm strategies.

, 2(p1+¢1)—Pr—¢h Z(Tl) +¢ ) P1—¢
th — Qf + 1 ;b 2 2, qg — qz 2 2 1~ 1’
qp,t =q°+ ¢1+¢13‘:I)2+¢2, pf,t = p¢ + 2(¢1+¢13 Tl)z) ¢2’
p;g _pz 2(¢2+¢2§ P1— ¢1, ppt D +¢1+¢1;w2+¢2 (47)

Taxing

When taxed firms operate under binding transmission constraints, we obtain the closed
form solutions by modifying the marginal cost of generator 2-tband adding the

11



constraint that Z Dq; = K, where | is the index of the congested line. We obtain the
following closed form solutions:

tax,t _ ¢ , 2¢1—(¢2—-1t) tax,t _ ¢ , 2(¢2—t)—¢1
@ Th 3b v M2 Tz 3p
qtax,t — qc + ¢1"‘3§z2_t, pfaX,t — pc + 2¢1—;¢2_t),
p;ax,t — pc + 2(¢2—t)—¢1, pgax,t — pc + P1t+py—t (4.8)

3 3

As in section 3.2, it is useful to determine a tawhich achieves the RPS policy, i.e.
results inquZq = f. The derivation ofit is straightforward, but we omit it here since it
1 2

does not contribue to the analysis. However, it is worth notingsthatat function of
demand parameters I, firm cost parameters as well as the PTDH3;; on the
congested line. When taxing hy, the equilibrium which is obtained is identical to the
equilibrium of equations 7, with the exception of the price at node 2:

fit _ bt it _ ,t &t _ ,
a" =V qy" =4y 9"t = gt
,t ,t ,t ,t ,t ,t
plt = pP plt = pPt + t,, plt = pPt (4.9)

As we mentioned previousli,; depends on firm cost parameters, which may be

unknown to a central regulator. Even if these parameters were common knowledge, since
t;+ is @ function of distribution factors on the congested line, in order to enforce & static t
which achieves the second best outcome subject to the RPS constraint the regulator
would need to predict which lines will be congested and these congestion patterns would
need to remain unchanged over timeRinally, §; depends on demand parameters which
vary throughout time, again contradicting the requirement ¢hia¢ & static measure.
Therefore, though more successful in evenly redistributing market power, taxing would
not yield second best outcomes because it cannot dynamically adjust to the conditions of
the market.

12



5. Examples

In this subsection we present three examples. The first example is the solution to a
symmetric three node network, which confirms various conclusions which we drew in the
previous section. In the second example we examine the sensitivity of optimal firm
strategies on the regulatory parameters t and f which were introduced earlier. In the third
example we demonstrate that emissions regulations might be vulnerable to gaming by
providing an example of a nonpolluting generator which manipulates regulations in order
to limit the participation of its polluting competitor in the local power market.

5.1 Full Example

We solve an example with a symmetric network. The PTDF matrix of the network is
given in table 5.1. The inverse demand function & B(70- 0.29. The marginal costs
are g = 30$/MWh, ¢ = 20$/MWh.

Table 5.1 PTDF for the symmetric three node network of the first example

The results of the duopoly equilibria are shown in Figures 5.2-5.3 (social surplus) and
Table 5.2 (prices and production levels), where the first case refers to an unconstrained
system; the second case refers to a system with a thermal ling76MW for each line;

the third case refers to a system with a pollution constrair0dtdnd transmission

constraints of K75MW, the last case refers to a system where taxing is enforced on
generator 2. 5.2 indicates that under transmission constrained operation (Case 2),
generator 2 is forced to reduce its output in order to decongest transmissieh3ine 2

and prices at the load increase. Generator 1 is not affected by the transmission constraints
and maintains the same output as in the unconstrained equilibrium. Also shown in Table
5.2, the price at node 2 drops in Case 3, and the price at node 1 increases where the
output shifts from generator 2 to generator 1. Since the RPS requirement is less than 0.5,
the price at the load is higher because the overall output decreases. From section 1.4.2,
the tax for achieving the goal f =20is +=23.3%/MWh. This leads us to consider Case 4,
where we implement a tax to reproduce the RPS goal of Case 3. Table 5.2 suggests that
the output of each generator decreases and the price at the load increases at a higher level
than the resulting load price from RPS. From Figure 5.3 it is clear that this policy is more
balanced in terms of redistributing profits compared to RPS, nevertheless deadweight loss
(Figure 5.2) — mainly consumer surplus — is greater. This can be attributed to the
significant reduction of total output.
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Table 5.2 Prices and production levels for duopoly

pl 2 B g g2 q
No constraints 40 40 40 50 100 150
K =75MW 40 375 425 50 875 137.5
f=02, K=75MW 50 25 45 10025 125
Taxing 47.8 47.8 478 89 22 111

Figure 5.1 Welfare and deadweight loss in the oligopolistic market

Figure 5.2 Profits in the oligopolistic market

The examples indicate that RPS results in an undermining of the market power of
generator 2, though the overall output in the market remains larger than in the case of
taxing because RPS is effective in redistributing incentives to generator 1 rather than
discouraging production altogether. Since the RPS target in this example is quite
aggressive, the impact of transmission constraints has no noticeable impact on firm
strategies, and it is instead the pollution regulations which drive the results.
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5.2 The effect of RPS (f) and taxing (t) on firm strategies

In this section we consider the effect of emissions regulations on firm strategies. We vary
the parameters that characterize the two policies, f for RPS and t for taxing, in order to
know how firms’ optimal output might respond to the changes. The resulting graphs are
shown in Figure 5.3. We consider both the case where the network has an unlimited
transmission capacity, as well as the case where all lines have a 75MW thermal limit.

In the top of Figure 5.3 we graph equilibrium strategies parameterizedronf < Q5

the output of generator 1 is obviously greater; from the overlap of the two lines, we
conclude that none of the transmission constraints are binding. Abflmé&s * 3 and

2—- 3 become congested and firm outputs become equal at 75MW. As f increases, the
output of generator 2 dominates, and lir82s now the only congested line. At f 69

the pollution constraint is no longer binding, with line2remaining congested.

In the bottom of Figure 5.3 we consider the response of equilibrium strategi€®sto t

t<5 $/MWh generator 2 produces most of the output and 32 congested. When the

tax exceeds 5 $/MWh, line-23 is no longer congested and the output of generator 2
continues to decrease up t45 $/MWh, at which point the output of both generators
becomes equal. For £5 $/MWh generator 1 produces most of the output without
congesting the transmission lines and total output decreases as tax increas&§. For t
$/MWh generator 2 will stop producing power. Note that this tax is greater than the
marginal cost of generator 2, and the reason generator 2 can continue to generate output
at taxes higher than its marginal cost is the duopoly markup on the price.
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Figure 5.3 The equilibrium parametric on f and t.

Figure 5.3 reaffirms our conclusion that generator 1 benefits greatly from RPS pricing
whereas taxing results in a comparatively balanced redistribution of generator outputs. In
addition, the graphs confirm the fact that generator 1 is incented to sustain a relatively
higher output compared to the taxing case. In fact, total output under taxing is
significantly smaller for all but a small range of parameter values in the two graphs.
Finally, the effect of transmission constraints becomes noticeable for relatively large
values of f and t and does not seem to benefit any one generator.

5.3 An Example of Gaming RPS

Investing in transmission is desirable from an efficiency standpoint because, with few
exceptions, it leads to increased competition across the network. In the example that
follows, we show how it is possible for the nonpolluting generator to offset the benefits
of large line capacities by manipulating RPS in order to constrain the participation of its
competitor in the local market.
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Figure 5.4 An example where RPS pricing results in underutilization of transmission
capacity.

In the network of Figure 5.4 generator 1 has an unconstrained access to the load, whereas
generator 2 is connected to the load through a capacity constrained line, and there is no
link between nodes 1 and 2. For sufficiently low capacity of the @, enerator 1

will be able to exercise market power at a significant extent. Since the participation of
generator 2 is limited by the capacity of linex there is a large portion of the market

which is anyways unreachable by generator 2 and on which generator 1 can exercise
monopolistic market power by restricting output in order to boost prices. This effect is
mitigated as the capacity of line 3 is increased and generator 2 is allowed to penetrate
in the market. However, beyond a certain value of the line capacity generator 1 will cap
its own output in order to halt the penetration of generator 2 in the market via the RPS
constraint. This will happen at the point where the incremental benefits for generator 1 of
sustaining a high price by withholding its own output as well as that of its competitor
(through the RPS constraint) exceed the incremental benefits of achieving higher
revenues by supplying a higher output. The threshold of line capacity at which generator
1 exercises this form of market power is the value of K beyond which the capacity of
transmission line 2 3 exceeds the RPS-constrained output of generator 2:

fla— 0 — ey — feg)
2b(1—f+f?)

These ideas are clarified by the graphs in Figures 5.5-5.6. In Figure 5.5 we see the output
of both generators as it varies with respect to K, for both the case where RPS constraints
are not enforced and the case where they are enforced. For sufficiently low values of K,
specifically for K <22.2 MW, generator 1 relies on the transmissiertdirkeep its

competitor away from the market. In this region, as K increases the output of generator 1
increases in response to the increasing penetration of generator 2 in the matket. At
=222 MW the RPS constraint becomes active and generator 1 continues increasing its
output. Generator 2 also increases its output in this intermediate range of values of K,
where both the RPS as well as the transmission constraint is active. However, at the
threshold value of K =25MW generator 1 finally withholds output, in order to constrain
the penetration of its competitor and keep prices high at the load. For any value of K
greater than this threshold value the output of both generators remains fixed, therefore
line capacity greater than 25MW does not contribute to enhancing competition in this
market.

q2
In Figure 5.6 we have plotted the evolutiorg: + gz pad  with respectVoeK
F
observe that, indeed, beyond K =25MW the RPS constraint is tighg:s + 9z .2. I£0
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is worth noting that prices at the load are not necessarily greater in the case when RPS
constraints are enforced, since as we have mentioned previously, RPS is effective in
depressing the market power of generator 2 and incentizing generator 1 to sustain a high
output. However, for large values ofgenerator 1 is abusing the RPS constraint and
achieving a price at the load which is higher than it would have been otherwise.

Figure 5.5 Generation as a function of K for the third example

From this example, it becomes clear that RPS will require tight regulatory monitoring, in
order to ensure that nonpolluting generators which have become empowered from the
new market rules do not abuse these rules. We can also conclude that these regulations
will achieve their desired results without leading to unintended consequences if it is
ensured that there exists a sufficient population of nonpolluting generators which
compete with each other, not only with polluting competitors. In particular, California
resembles the configuration of Figure 5.4 as it is a net importer of polluting generation,
with significant capacity of in-state renewable energy. In addition, California is pursuing
aggressive emissions regulations and renewable energy standards, therefore close
monitoring of the market conduct of clean suppliers will be essential.
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Figure 5.6 Price at the load and as a function of K for the third
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6. Equilibrium Analysis under Cap and Trade

In previous subsections, we addressed the economic and emissions implications of
renewable portfolio standards and taxes using a stylized three-node system. The strength
of such approach is that it allows us to solve models analytically. So, the results can be
understood intuitively. However, it is unclear if the conclusion is readily applied to the
tradable permit program and to what extent our DC simplification of the network biases
our conclusion. In this subsection, we take advantage of the of the alternate analysis,
described in previous sections of this report, based on an ACOPF model applied to an
IEEE 24 bus test case. We first validate our DC approximation for that case and then
expand our equilibrium modeling approach to a DC version of that IEEE 24 bus test case.

The equilibrium model introduced in this section is a variant of the model proposed by
Yao et al [12] which, we first describe without GHG constraints. This model will was
extended as part of this research to account for GHG constraints by 1) associating
emissions with the generation facilities and 2) coupling with an emissions cap constraint.
In particular, the permits price is determined endogenously within the equilibrium
framework by imposing a complementarity constraint as a market clearing condition.

The producers, however, treat the permit price as exogenous. In other words, producers
will behave as price-takers in permit markets. The flows in the networks are governed by
the Kirchhoff's laws through Power Transfer Distribution Factors (PTDFs).

6.1 The Equilibrium Model

The equilibrium model is based on a lossless DC load flow model of a power system
where flows on transmission lines are constrained by thermal capacities. The consumers
are assumed to be price-takers that are represented by a price-responsive inverse demand
function in each demand location. The producers consisting of Cournot (and price-

taking) producers have multiple generators located at different buses that compete to sell
energy to a Pool-typed market at uniform Locational Marginal Prices (LMPs) set by the
Independent System Operator (ISO). In a sense, the producers are the price-taking
Cournot producers while 1ISO sets locational prices. The firms then decide on the level of
their production when facing their respective residual demand. In this model, a virtual

bus is created for each additional generator for those buses with multiple generators. Each
bus then has at most one generator. The PTDF is also modified accordingly to account
for this change by assuming unlimited thermal capacities and lower reactance when
splitting the nodes. This is purely for computational ease, which also was applied in Yao
et al. [12]. In what follows, we first introduce the notation we use in the model.
Subsequently, we present mathematical programs that describe the optimization problem
faced by each entity.

Mathematical Notation

Let N denote the set of buses ahde the set of transmission lines whose elements are
ordered pairs of distinct buses. L&tbe the set of firms, and,N= N be the set of buses

where generators owned by figne G are located.
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Parameters

K; Rating of transmission line(MVA)

D;;  PTDH; on line lwith respect to a unit injection at buarid a unit withdrawal at
the slack bus

qi Planti’s must-run limit (MW)

q; Planti’s maxmal capacity (MW)

load; MW fixed load at bus i
Cni Coefficient of degrea of plant’s production costs(®/MW")

Decision Variables

qi MW output of plant

T MW import/export at bus (import = +)
p System marginal energy cost ($/MW)
0, Marginal congestion cost component of b$/MW)

A+ Shadow price of liné in the reference direction ($/MVA)
M- Shadow price of liné in the opposite direction ($/MVA)

Consumers

Consumers in each locatid 1 j are represented by the inverse demand function as
follows:

Pi(x) = aj — bjx ,Vj EN.
The inverse demand function at each bus is assumed to be linear with a price elasticity of

-0.1. Although short-run elasticities are nearly zero, this level of elasticity is consistent
with empirical studies (Espey and Espey, 2004 [14]).

Independent System Operator (ISO) Model

An ISO is assumed to maximize the system-wide social surplus subject to the
transmission constraints and mass-balance of power flows in the network. By controlling
the imports/exports;, the ISO can use shadow pricg®ofithe transmission constraints

as a price signal of transmission congestions to inform and deter producers from
exercising market power. Defipethe marginal energy cost or price at swing or

reference bus ang; the marginal congestion cost reflecting the cost contributions of the
various transmission elements experiencing congestion. The Locational Marginal Price
(LMP) at each busis then equal to p + g The ISO behaves ala Bertrand with respect

to transmission services as it sets the LMPs through imports/exports.

Formulation
ritq;
rrin:igﬁziw Jo" T P(rdr = Ci(q))
s.t YienTi =0
% ien Duiri < K, VieL
~K; < 3.y Duito vieL
q+1, =0, VieN
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Letp, 4., andA;_be the Lagrange multipliers corresponding to the energy balance
constraint and thermal limits, respectively. The first order necessary conditions for the
ISO are:

KKT Conditions

P(qgi+r)—p—¢; =0, VieN
i P 2,0, M Dy — 4Dy, VieN
Yien7i =0

0< Al— 1 ziEN Dl,irl' + Kl > 0, vViel
OgA—2  Dun+K =0 VIEL
Firm Model

Each firmZ maximizes its profit equal to revenues minus fuel costs. The fuel costs of
plant ias a function of MW output is defined by

1 )
Ci(q) = co; +c15q + Ecziqz, Vi € N. (6.1)

As for revenues, the firms earn the LMPs for each unit of MWh sold in location i since
they are price takers. The costs include fuel c6gtg) for the total MWh soldy;’s at
al busesN, at which its generators are located. Since the firms are modeled as Cournot

players, firmsg will maximize their profit as they face a residdaimand curve, treating
sales from other producers as fixed. Note that the residual demand constraint can also be
viewed as the market clearing condition since it can be written as

Yien @i = 2,0y P+ 9.

The left-hand side of the constraint is the aggregate supply, which is equal to the
aggregate demand function on the right-hand side. In perfect competitiogisalre set
to zero as firms are no longer Cournot players.

Formulation
qgj:i€Ng,p

s.t. a< q; < q;, Vi € IX
Tieny 6i = 2,y P (@ + 00) — Tienw, 4

max z @+ g — Ci(q:)
IENg

Let B, andp; be the Lagrange multipliers corresponding to residual demand constraint
and generation limits (both capacity and must-run limits), respectively. The first order
necessary conditions for the ISO are:
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KKT Conditions

aci(q; .

p"“Pi_ﬁg_%‘*‘Pi—_PH:O Vi€

Ng
a —
By ) PP+ 9+ Biew, 6i = 0,
LEN

OSpi_lqi—inO, Vi €
Ng

0Spi+lc_[i—qi20, Vi €
Ng

Yien @i = 2y P (P + 00)

6.2 The GHG-Incorporated Equilibrium Model

The greenhouse gas (GHG) -incorporated equilibrium model is an extension of the mixed
Cournot-Bertrand model that we introduce in Section 1.6.1, i.e. generation firms compete
for MW quantities and take the price set by ISO as given. We assume that emissions cap
regulation is enforced by the Independent System Operator (ISO), in which firms take the
permit price into consideration when producing power. The emissions cap constraint is
described by

ey Fila) s M,

whereF; () is the emissions function of power plargnd Mis the system-wide cap level
in tons. We also model G@missions as a quadratic function in MW outputs to account
for its nonlinearity associated with output. The emissions of power ipéené function

of MW output is then defined by

1 .
Fi(q) = ep; + 19 + Eeziqz ViEN,

wheree,;’s are the emission coefficients of plantn effect, the shadow price of this
constraint reflects the price of emission permits that the ISO will use as a penalty
mechanism to reduce the emissions level when the cap is binding.bkdhe price of a
unit emission. The ISO’s KKT condition with respect to the emissions cap constraint is

OsulM-3} _ Fi(q)=0,

iEN

where M is the system-wide cap level in tons. In producers’ problem, their cost
component in the objective function will need to augment to include emissions costs as
follows:

Yien, (0 + 9)a: — Ci(q) — uFi(q).
The equilibrium problem with GHG emissions cap regulation is modeled as follows:
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GHG-Incorporated Equilibrium Conditions

a; — (ql + l‘i)bi —PpP—@; = O, Vi eEN (62)
Qi = ZlEL Ay Dy — 21Dy, VieN (6.3)
2ien?; =0 (6.4)
OsulM-3}  F(q)=0 (6.5)
0< Al— 1 ziEN Dl,irl' + Kl = 0, VIEL
OSAH_l—Z Dl,iri+K120; VIEL
iEN
P+ @i — By — c1i — 2iq; — uleq; +e3q) + pi- —pir =0, Vi€ N,VgEG
(6.6)
1
By ). 5o+ Tiew, 4 =0, vgeG ©.7)
i€ t
OSpi_J_qi—inO, ViENg,VgEG
OSleqi—inO, ViENg,VgEG
Yien @i = 2oy (P + ) (6.8)

Note that equations (6.2)-(6.4) imply equation (6.8). So, equation (6.8) can be removed.
In case of perfect competition, we can obtain the competitive equilibrium by simply
replacing equation (6.7) with the constra:= 0,vg € G.
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7. Model Calibration

Compared to the previous sections using full-scale AC flow under optimal power flow
framework, we use DC approximation that disregards thermal losses associated with
transmission lines. Ignoring transmission resistance might alter flow patterns that could
lead to different congestion patterns under some network topologies [13]. However, as
reported later in this section, the nodal prices under DC models are in fact quite
compatible with AC models. The input parameters (demand intercepts and slopes) to the
DC model are calibrated such that the adjustments will not bias either the emissions level
or the MW outputs. We outline calibration procedure and report our results in this
section. The cost-minimization DC power flow model is described below. As more
details about 24-bus IEEE RTS could be found in previous sections, we only mentioned
them briefly whenever is necessary.

GHG-Incorporated DC Power Flow Model

gin ieNCi(Qi)
s.t. ZiENri =0 (71)
qi + 1 =load;, VYi€N (7.2)
—K < ). Duri <K, VIEL (7.3)
YienFi(q)) =M (7.4)
4 = q;i = q; VieN (7.5)

This model minimizes the system-wide energy costs, while satisfying energy balance
constraint (equation 7.1), fixed load consumption (equation 7.2), thermal limits (equation
7.3), emissions cap level (equation 7.4), and generation limits (equation 7.5). The fuel
cost function has been described in equation (6.1). The model yields the most cost-
effective way to generate MW outputs at all locations. The optimal outputs will take into
account the cost of carbon permit, which is reflected by the shadow price of the emissions
cap constraint in equation (6.5).

The 24-bus IEEE RTS is used as the test case. The topology of the test system has been
comprehensively described in Section 2.5.1. Similar to simulation cases presented in
Section 2.5.2, the 951 MW of steam oil is replaced with 951 of steam gas in order to
explore the implication of GHG regulation. This would allow system more flexibly

respond to different levels of cap constraint. Table 7.1 summarizes modified generator
data and emissions data. The total generator capacity is equal to 3,405 MW. We employ a
global derating factor to all transmission lines by a margin of 7% to account for the
differences between the two models.
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Table 7.1 Generation unit properties in the 24-bus test case

# of unit Total
Fuel Fuel Costs CO, Rate Plant Sizes orunits Capacity
Type [$/MMBtu] [Ilbs/MMBtu] [MW] [MW]
0]] 12 160 20 4 80
Gas 9.09 116 12, 100, 197 11 951
Coal 1.88 210 76, 155, 350 9 1274
Hydro 0 0 50 6 300
Nuclear 0 0 400 2 800

All analyses are performed on one-hour basis. Figure 7.1 shows the total power outputs
(summing over all producers) of all fuel types. A must-run level is imposed on the oil
power generation because an output that is lower than this level would give the negative
costs due to its heat-rate properties. As a result, the oil-fueled generation stays flat at its
must-run level because oil power generation is not optimally cost-effective to produce.
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Figure 7.1 Power outputs by fuel types against different [€ioes

By imposing the emissions cap constraint in the DC OPF model, the carbon permit price
can be determined endogenously by the model. That is, the permit price is equal to the
shadow price of the emissions cap constraint. When there is no emissions cap (or cap is
not binding), the emissions level under DC OPF is at 921 tons/h, fairly comparable to
what was reported by the AC OPF. Furthermore, the sale-weighted average LMP is 16
$/MW, which is slightly lower than that of the AC OPF model, partly because the system
experienced relatively less transmissions congestion. However,ariC€s higher than

180 $/ton, the sale-weighted average LMP is within 5% lower than that of the AC OPF
model. Figure 7.2 shows that at a g®ice of 112 $/ton, gas-fueled units begin to

replace coal because the marginal cost of gas power generation is approximately 112.2
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$/MWh, which is cheaper than that of coal (i.e., 113 $/MWh). As expected, when CO
price increases, total coal-fueled power generation falls accordingly. Totar@i€sions

fell as a higher permits price put a pressure on polluting-intensive coal units as shown in
Figure 7.2. However, as the permit price becomes more expensive when the cap is
tightened, the C@costs component dominates the fuel-costs component, forcing coal
power generation to drop further.

Although the AC OPF model gives a lower level of Qftice (70 $/ton) when merit

order switch between gas and coal plants occurs, the two models exhibit qualitatively
similar conclusions as the reduction in coal outputs differs by fewer than 5 percentage
points. For instance, when the permit price increases from 0 $/ton to 180 $/ton, the
reduction in MWh output of coal power generation is 52% in the AC OPF model,
compared to a 47% reduction in the DC OPF model. We, therefore, conclude the AC and

DC OPF produce compatible results and proceed to our oligopoly analysis in next
section.
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8. Economic Analysis

8.1 Scenario Assumptions

In order to quantify the impact of the interaction of energy and emissions markets in a
transmission-constrained network, we perform analysis on various scenarios with
different levels of emissions cap and asset ownership. To investigate the effects of
binding emissions constraints on different scenarios, we present three different cap levels,
i.e. loose (1205 tons, 90% of no-cap case), moderate (815 tons, 60% of no-cap case), and
extreme (515 tons, 38% of no-cap case). As can be seen later in Tables 8.3-8.5, more
scenarios will face a binding emissions constraint as the cap is gradually tightened. We
study seven different scenarios, shown in Table 8.1 with their description. Each scenario
has an equal number of plants (32) but differs by the ownership structure. In perfect
competition scenario (PC-32), all firms are assumed to be perfectly competitive. (In
scenario notation, the number denotes the number of firms.) So, the ownership (which
firm owns what) does not lead to different market equilibria. Under the monopoly
scenario (MP-1), all facilities are assumed to be owned by a single producer. The perfect
competition (PC-32) and monopoly (MP-1) scenarios are used as benchmarks bounding
equilibria for other scenarios. The scenarios in Table 8.1 are ranked by their
competitiveness from most competitive (top) to least competitive (bottom). The five other
scenarios are Nash-Cournot oligopolistic competition. They differ by their generation
portfolio and ownership structure. In defining scenarios, we use N, H and G to denote
nuclear (2), hydro (6), and gas (11), respectively, in which number within parenthesis
denotes number of plants. We further group these technologies as clean technologies
give their relative or zero emissions rates. For instance, the scenario 32F represents the
most competitive Cournot case with each firm owns one facility. To explore the
implications of heterogeneity of ownership and technologies, two firms are assigned to
own hydro and nuclear separately. This scenario is called N/H-26. That is, one firm owns
nuclear (2) and hydro (6), and the remaining 24 facilities (32-2-6 = 24) are owned by 24
firms, a total of 26 firms. We then further model the case where two clean firms (i.e., N
(2) and H (6)) operate in a less competitive market by consolidating the rest of the market
into two firms with a very similar portfolio. This scenario is named N/H-4. To model

the extreme cases of the heterogeneity of technologies, NH/G-3 and NHG-2 pools the
clean plants together and assigns the dirty plants as one firm. The only difference
between these two cases is that NH/G-3 assigns all gas facilities to one additional firm.
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Table 8.1 Scenario descriptions

Scenario| Description

PC-32 Perfect competition with 32 firms in total: each firm owns one facility.

32F Oligopolistic competition with 32 firms in total: each firm owns only one
facility.

N/H-26 | Oligopolistic competition with 26 firms in total: two clean firms own nuclear
and hydro facilities separately, each of the other 26 firms own one facility.

N/H-4 Oligopolistic competition with 4 firms in total: two clean firms own nuclear
and hydro facilities separately, and other two firms own a comparable
portfolio of facilities.

NH/G-3 | Oligopolistic competition with 3 firms in total: one firm owns all nuclear and
hydro facilities, second firm owns all gas facilities, and the third firm owns all
coal and olil facilities.

NHG-2 | Duopoly competition: one firm owns all clean facilities, i.e. nuclear, hydro,
and gas while the other firm owns all coal and oil facilities.

MP-1 Monopoly competition: all facilities belong to only one firm.

8.2 Economic Analysis

This section summarizes the results from economic analysis. Table 8.2 displays the
social surplus analysis: consumer, producer and social surplus. Tables 8.3-8.5 summarize
the comparative statics, including sale-weighted LMPs, permit pricee@@3sions,

congestion rent, output-weighted £émissions rate, system fuel costs, and productive
inefficiencies. Figures 8.1-8.3 show the generation mixes under different cap levels. We
go through them in turn.

From Table 8.2, several observations emerge. First, consumer surplus declines as the
number of firms decreases or ownership becomes concentrated. For instance, the
consumer surplus decline 72% (=(1236-251)/1236x100%), 65%, and 55% as ownership
changes from PC-32 to MP-1 at loose, moderate and extreme emission cap, respectively.
In fact, the consumer surplus is unchanged under MP-1 across three levels of caps
because the emissions caps are binding in these cases. So, three cases collapse to the
same solutions. Meanwhile, producer surplus increases as producers benefit from higher
LMPs due to an increasing market power. Overall, the increase in producer surplus is
more than offset by the decline in consumer surplus, and the total social surpluses in all
oligopoly competitions are within 10% reduction from the perfect competitions. As
expected, producers are benefited mostly from MP-1 case at expense of consumers, in
which their aggregate surplus increase by more than $500 k compared to PC-32 cases.
Surprisingly, under PC-32 when cap is either loose or extreme, some firms will no longer
be profitable in equilibrium as suggested by the level of their producer surplus turns
negative. This is primary because some firms face a must-run constraint such that a
positive output is needed even if power price is lower than their marginal cost.
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Table 8.2 Economic surpluses (in thousands)

E;ZS]Cap Level 5o 35 30F N/H-26 N/H-4 NH/G-3 NHG-2 MP-1
Social Loose (=1205) 1,236 1,208 1,189 1,177 1,122 1,102 939
Surplus Moderate (=815) 1,215 1,192 1,156 1,160 1,119 1,102 939
[K$] Extreme (=515) 1,145 1,136 1,108 1,109 1,052 1,041 939

Consumer Loose (=1205) 1,236 1,068 993 789 703 589 351

Surplus  Moderate (=815) 1,018 942 831 729 693 589 351
[K$] Extreme (=515) 781 722 668 654 529 479 351

Producer Loose (=1205) -1 125 117 388 419 513 577
Surplus Moderate (=815) 32 138 141 359 409 513 577
[K$] Extreme (=515) -35 116 217 333 315 399 577

Tables 8.3-8.5 show that the average sale-weighted LMPs elevate as market becomes less
competitive (from left to right). The main driver is that producers would exercise their
market power by withholding their outputs. It is also important to note that under a tighter
emissions cap in which the equilibrium prices are likely to be high. Such market prices
are operated in the segment of demand curve that is featured with less demand-
responsive, which in turn profoundly allow or surrender more market power to hydro,
nuclear, and gas facilities. Thus, the extent to which firms can exercise market power

and push up power prices is enhanced. For instance, Tables 8.3 and 8.4 show that a 30%
reduction in the cap level (i.e., from a loose to a moderate cap), would push the average
LMPs under a moderate cap by 66% in 32F and, much more critical, 580% in PC-32
related to loose-cap LMPs.

When there is no congestion in a network, the congestion rent by default is equal to zero
as no scarcity is associated with transmission. In principle, the level of congestion is a
function of market structure (ownership) and level oL,€&p, in addition to generation
sources and their relative locations. In general, tighter cap (Table 8.5) with more
competitive market tends to be more congested since firms would produce more under a
competitive market. For instance, both PC-32 and 32F (the most and second competitive
cases) have a positive value of congestion rent, indicating congestion occurs in the
equilibria. As exercise of market power likely to reduce output, less congestion would
naturally be expected. One exception is monopoly case (MP-1) under all cap levels, in
which significant congestion is observed for the line connecting bus 16 to bus 17 with a
rated limit of 465 MW and is reported congested with a corresponding shadow price of
21.55 $/MWh. In this particular network topology, the hydro and nuclear facilities are
located on the one side of the transmission network at buses 18, 21, and 22. When the
line connecting 16 and 17 is congested, all the loads on the other side of network can
only access to these carbon-free resources through one transmission line, namely the line
connecting buses 21and 15. As a falsification, when the rating of line 16-17 is lifted, no
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congestion occurs. This shows that when market is less competitive, exercise market
power under emission cap might interact with transmission network and produce some
unintended consequences.

Table 8.3 Summary of comparative statistics: Loose cap level (=1,205 tons)

PC-32 32F N/H-26N/H-4 NH/G-3 NHG-2 MP-1

Avg. LMP [$/MWAh] 18 99 137 249 301 376 564
Congestion Rents [$] 0 0 0 0 0 0 10,02C
CO; Price [$/ton] 0 12 66 0 0 0 0

Total CQ, Emission [tons] 1,060 1,205 1,205 942 833 765 370
Output-weighted CO2

Emissions rate [tons/MWh] 77 62 59 63 42 52 8
System Fuel Costs [$] 38,757,469 67,401 36,379 62,991 32,834 24,90¢€
Productive inefficiencies [$] 0 21,20982,150 4,006 31,916 3,571 O

Table 8.4 Summary of comparative statistics: Moderate cap level (=815 tons)

PC-32 32F N/H-26 N/H-4 NH/G-3 NHG-2 MP-1

Avg. LMP [$/MWh] 123 164 225 286 308 376 564
Congestion Rents [$] 47,9290 0 0 0 0 10,020
CO2 Price [$/ton] 143 138 226 90 21 0 0

Total CO2 Emission [tons] 815 815 815 815 815 765 370
Output-weighted CO2

Emissions rate [tons/MWh] 41 26 28 52 40 52 8
System Fuel Costs [$] 45,6445,865 68,297 33,831 62,235 32,834 24,906
Productive inefficiencies [$] 0 16,8635,315 2,364 31,320 3,571 O
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Table 8.5 Summary of comparative statistics: Extreme cap level (=515 tons)

PC-32 32F N/H-26 N/H-4 NH/G-3 NHG-2 MP-1

Avg. LMP [$/MWh] 249 288 323 333 419 456 564
Congestion Rents [$] 170,95¢ 91,260 0O 0 0 0 10,020
CO2 Price [$/ton] 444 402 432 238 405 317 O

Total CO2 Emission [tons] 515 515 515 515 515 515 370
Output-weighted CO2

Emissions rate [tons/MWh] 20 15 16 16 14 19 8
System Fuel Costs [$] 66,64%0,894 63,629 56,158 49,113 27,877 24,906
Productive inefficiencies [$] 0 892 9,633 4,686 17,7683 0

When the emissions constraint is binding, firms are operated under the emissions cap by
taking permit prices into account when making their production decisions. Tables 8.3-8.5
show, in general, that the G@rice rises as the wholesale market grows more

competitive. Nevertheless, a few key points should be noted. When only certain firms
own clean technologies, they would withhold their production from clean resources so as
to increase the permit price considerably, exemplified by the shift in ownership structure
from 32F to N/H-26. This is mainly because increasing output from polluting resources
effectively pushes up the demand for permits and drive up their prices. More importantly,
this situation could be magnified further if the rest of the market is more competitive or if
they possess little or no market power, as illustrated by the comparison between N/H-26
and N/H-4. In particular, the G@rice increases by 82% from 238 in N/H-4 case to 432
$/ton in N/H-26 case (Table 8.5). In the extreme case, not reported here, if most polluting
resources are owned by price-taking firms, the permit price would increase further.

In the N/H-26 at the extreme G©ap (Table 8.5), the output from coal plants is limited

by incurred highly expensive emissions costs. As the nuclear firm withholds its
production when exercising market power, this has resulted in the increase in outputs
from more expensive gas plants to meet the demand, driving up power prices. As a result,
the producer surplus elevates to $217k in N/H-26 case from $116k, almost a double of
32-F. Yet consumer surplus shrunk by only 7.5%. Such an increase in the output from
gas plants also increases the permit price. The withholding behavior by nuclear power
generation could ultimately completely eliminate congestion, yielding a uniform price
across buses but the average LMPs is still high.

As market becomes less competitive (fewer firms or more concentrated ownership), firms
can effectively wield their market power even if the demand is price-responsive. This
corresponds to the decline in consumptions from left to right in Figures 8.1-8.3. Figures
8.1-8.3 also report the shares of power generation by fuel type for loose cap (Figure 8.3),
moderate cap (Figure 8.2) and extreme cap (Figure 8.3). In general, the output from
different resources is a complicate interaction among competitiveness of markets, relative
emissions rates, fuel costs and availability of transmission resources. As gas is with a
high fuel cost and a low emission rate, it might not be economic under competitive case
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(PC-32), especially when the cap is loose. That situation results in lower L
However, gas plants might find themselves economicalble even if the cap is loo:
yet binding, as examples in-F and N/H26. This is because they are able to com
with the other polluting resources that have higher marginal costs as the carbon
turn valuable. When market is least competitMP-1), monopoly would reduce g
output to zero because of its high fuel cc

With a nonbinding cap (Tables 8-8.5 and Figures 8.8:-3), the clean firm in NH-2
would withhold its hydro facility to push up prices. As alluded in Table-8.5, the sale-
weighted LMP of NHG2 is the highest of all scenarios except monopoly-1). With
the cap being tightened further to 515 tons in Table 8.5, coal plants woulc
significant emissions costs and become economically undesirable to operate. Eve
firm in duopoly (NHG2) under the extreme cap is outcompeted by nuclear and
generation from the clean firm (Figure 5.6) because the permit price soars to 3:
(Table 8.5). In the extreme, coal power plants may be shut down and the supgis
replaced by gas power generation due to their loy, emissions rate. This circumstar
that has emerged in P& when the cap is tightened by 37% (Table-8.5) is a
consequential impact of more than 300% jump in the, price.
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9. Conclusions

In this section we explored the strategic interactions between generators in a transmission
constrained network, under the additional constraint of pollution regulation. We focused
on three regulatory mechanisms, renewable portfolio standards, taxing and emission
trading. We compared the outcome of a pollution constrained game with an
unconstrained Cournot duopoly and demonstrated how the nonpolluting generator
increases its competitive advantage under both the RPS and taxing mechanisms. We find
that taxing is neutral in terms of redistributing market power; however we observe that in
order to achieve an RPS goal, efficient taxing relies on temporally varying network
parameters, as well as information which the regulator does not have access to. Finally,
we identify a potential gaming opportunity for a nonpolluting generator which supplies
power to a load pocket with limited access to alternative generators. The example raises
concerns about inefficient transmission line utilization and suggests that efficient

pollution regulation will require tight regulatory monitoring, especially in states like
California which is independently investing in in-house clean generation and relies on
importing residual energy demand from neighboring fossil fuel generators.

A short-term equilibrium analysis of a cap-and-trade program in the transmissions-
constrained electricity markets reveals that the ownership structure of producers might
play a vital role in determining the economic and emissions outcomes. Here, we show
while a tightened cap might effectively constrain totab@®issions, market ownership
concentration could interact with emissions policy and lead to some unintended
outcomes. In particular, we summarize our main findings from the analysis as follows.
First, a power market operating under tighter regulation ofi@@rm of cap-and-trade
coupled with a high degree of concentration of non-polluting electricity supplies is
subject to a great degree of potential abuse of market power. Second, higher level of
market competition, together with a tight cap, can affect the distribution of producer
surplus among producers. Third, as expected, producers owned mostly pollution-
intensive resources would like to suffer when emissions is capped at low level even if
produces are allowed to exercise market power.

We believe the conclusions we reach so far are generalized and invariant with respect to
the network topology. However, certain observations are indeed related to specifics in
plant locations and technology types. Thus, they have to be treated cautiously. The
strengths of current framework include its flexibility to answendt-if’-type of

guestions by formulating scenarios and by generating various counter-factuals. As a next
step, we plan to apply this approach to examine the economic and emissions impact of a
more realistic western US power market, studying the policy proposals that are currently
considered by both State and Federal governments.

35



10. References

[1] Palmer, K. and Burtraw, D., “Cost-effectiveness of renewable electricity
policies,” Energy Economigsol. 27, pp. 873—-894, 2005.

[2] Loutan, C. and Hawkins, D., “Integration of renewable resources,” CAISO, Tech.
Rep., 2007.

[3] Fischer, C. and Newell, R., “Environmental and technology policies for climate
mitigation,” Journal of Environmental Economics and Managemantt 55, no. 142—
162, 2008.

[4] P. C. et. al, “The primes energy system model: Reference manual,” National
Technical University of Athens, Greece, Greece, Tech. Rep., 2000.

[5] Kolsatd, J. and Wolak, F., “Using environmental emissions permit prices to raise
electricity prices: Evidence from the California electricity market,” University of
California Energy Institute, CSEM-113, Berkeley, CA, Tech. Rep., 2003.

[6] Chen, Y. and Hobbs, B.F., “An oligopolistic power market model an oligopolistic
power market model with tradable NOx permits,” IEEE Transactions on Power $ystem
vol. 20, no. 119-129, 2006.

[7] Cardell ,J.; Hitt, C.; and Hogan, W., “Market power and strategic interaction in
electricity networks,” Resources and Energy Econoywiak 19, no. 1-2, pp. 109-137,
1997.

[8] Borenstein, S.;Bushnell, J.; and Stoft S., “The competitive effects of transmission
capacity in a deregulated electricity industry,” The RAND Journal of Econorolc81,
no. 2, pp. 294-325, 2000.

[9] Kamat, R. and Oren, S.S., “Two-settlement systems for electricity markets under
network uncertainty and market power,” Journal of Regulatory Econpuat5, no. 1,
2004.

[10] Hobbs, B.F., “Linear complementarity models of Nash-Cournot competition in
bilateral and POOLCO power markets,” IEEE Transactions on Power Sysikerh6,
no. 2, pp. 194-202, 2001.

[11] A. Downward, “Carbon charges in electricity systems may increase emissions,”
submitted to Elsevier, Oct 2008.

[12] Yao, J.; Adler, I.; and Oren S.S., “Modeling and Computing Two-Settlement
Oligopolistic Equilibrium in a Congested Electricity Networlperations Research
vol.56, no.1, pp.34-47, Jan-Feb 2008

[13] R. Baldick, “Variation of distribution factors with loadindBEEE Transactions
on Power Systems, vol.18, no.4, Nov 2003

[14] Espey, J.A.; Espey, M., "Turning on the lights: a meta-analysis of residual
electricity demand elasticitiesJournal of Agricultural and Applied Economjcsl.36,
no.l, pp.65-81, Apr 2004

36



PART 3

Generation Scheduling Problem Considering
Carbon Dioxide Allowance M ar ket

Chen-Ching Liu
University College Dublin

Wel Sun
|owa State Univer sity



I nformation about Part 3
For information about Part 3 contact:

Professor Chen-Ching Liu

School of Electrical, Electronic and Mechanical Engineering
University College Dublin

National University of Ireland, Dublin

Belfield

Dublin 4, Ireland

Phone: 353-1-716-1676

Email: liu@ucd.ie

Power Systems Engineering Research Center

The Power Systems Engineering Research Center (PSERC) is a multi-university Center
conducting research on challenges facing the electric power industry and educating the
next generation of power engineers. More information about PSERC can be found at the
Center’s website: http://www.pserc.org.

For additional information, contact:

Power Systems Engineering Research Center
Arizona State University

577 Engineering Research Center

Tempe, Arizona 85287-5706

Phone: 480-965-1643

Fax: 480-965-0745

Notice Concerning Copyright Material
PSERC members are given permission to copy without fee all or part of this publication

for internal use if appropriate attribution is given to this document as the source material.
This report is available for downloading from the PSERC website.

© 2010 lowa State University. All rightsreserved.



Table of Contents

I [ 1o To [ [ox 1 o o ISP 1
1.1  Background of Generation Scheduling Problem ............ccccoiiiiiiiiiiiiiiicceenn 1
1.2 Greenhouse Gas EMISSION .....ccuviiiiiiiiiiiiiiie e e e e e 2
1.3  Emission Regulation POIICIES .........coouuiiiiiiiiiiiiii e 3
1.4  Emission Regulation Methods and Technologies ..........cccooooviiiiiiiiiiiiiiiiiiiiiiiiin, 3
1.5 Market EQUIlIDAUM MOEl.......cooiiiiiie e 4

2. CO; Emission Allowance Cap-And-Trade Market ..........ccoooovviiiiiiiiiiiiiiiiiiee e, 6
220 R = 1T = U To AN U [ £ o o PSP 6
2.2 Problem FOrmulation ..o 7
2.2.1 EPEC MOUEI ..uuui et e e e e e e e e e e e aaaaa 8
2.2.2 NCP&NLP FOrmulation .........coooiiiiiiiii e 8
2.3 CASE SHUAY i a e e e e e e 11

2.3.1  TWO-GENCO CaSe StUAY .....cceviiiiiiiiiiiiiiiiiiieeaa e 11
2.3.2  Multiple-GENCO Case StUAY ......coeeiiiiiiiiiiiieeeeeeeeeiiiiis e 13

3. Generation Scheduling Problem Considering @lowance Market.................... 15
3.1 MIBLP FOrmuUIAtioN .......coooiiiiii e 16
3.2 SolUtioN MethOAOIOQY ....euvrrrueiiiiiiee e e e e e e e e eeeeeaeeees 19
G TR T N (o o 11 01 o SRR 22
B4 CASE SHUAY i a e e e e e e e 23

341 SYSIEM DALA ....uuieiiiiiiiie e e 23

3.4.2  SIMUlation RESUILS .....cooiiiiii e 25

3.4.3  CONCIUSIONS ...t e e e e e e e e eeaes 28
N o T 111 [0 o £ PSPPSR 29
S (= (=] Lo = USSR 30



List of Figures

Figure 1 GENCOS’ BiddiNg OfferS. ... ...t e e e e e e eeeeeeneneannnes 6
FIQUIE 2 Market ClEAIANCE ... ... i i e e e et e e e e e e e e e e e e e e e e e e e e e e e e e e eaaeas 6
Figure 3 GENCOs'’ Interactions in Electricity Market and,@@lowance Market............... 15
Figure 4 Time Horizon Of Thre@-Year GSP ..........iiiiiiiiii e a e e 15
Figure 5 Flow Chart of AlgOrthm ..o s 23
FIQUIE 6 PIM 5-BUS SYSTEIM .. ..ci i s s e e e e e e e e e e e e e e et e e e e s e a s e e e e e aaaaaaaaees 23
Figure 7 1-week LOAd DaAta..........cceuiiiiiiiiiiiiiiiiaai e e ettt s e e e e e e e e e e e e e eeeeeeeeesnenee 24
Figure 8 Comparison of Profit for GENCO L.......ccooeiiiiiiiiiiiiiiiiieee e eeee e 26
Figure 9 Comparison of Generation Output for GENCO 1........cooiiiiiiiiiiiiiiiiiiiii e 26
Figure 10 Optimal Maintenance Scheduling & {&lowance Bidding Strategy................. 27
Figure 11 The Comparison of Profits from Different Strategies ............coovvvvvriiiiieiieiiiiinnneenn. 27



List of Tables

Table 1 GENCOS’ CharacCteriStICS ......ccuuuuiiieiiiiiiiiii et e et e e e e e e e e e aaaa s 11
Table 2 EQUIlIDIUM SOIULIONS ......uiiiiiii e e e e e e e e eas 12
Table 3 Sensitivity Analysis of Forecasted Electricity Price tg B@wance Price ........... 12

Table 4 Sensitivity Analysis of Total Amount of g@llowances to CQAllowance Price. 13

Table 5 GENCOS’ CharacCteriStICS ........cceoiiiiiiiiiiiiiiiiiiiiiieer e e et e e as 13
Table 6 EQUIlIDIUM SOIULIONS .......oiiiiiii e e e e e e e e eas 14
Table 7 EQUIlIDIAUM SOIULIONS ....uuuiiic e e 14
Table 8 BranCh Dat@........ccooiiiiiiiiiiiiie et e e e e e e e 24
Table 9 Generation Data .........cooiiiiiiiiiiiiiiiee ettt e e e e e e e e e e e e e e eeeaeeeaearene 24
Table 10 GENCOs’ Electricity Bidding Offers/Production Cost ($/pu-hr).........cceeveeeeeeiinnnnn. 24
Table 11 Maintenance Limit Of GENCO L..........ooiiiiiiiiiiiiiiiiiiii e 25
Table 12 CQ Allowance Bidding Offers of GENCO 1 ......cccooiiiiiiiiiiiiiiiiieeeeee e 25
Table 13 GENCO 1's Profit and Generation Output under Different Strategies..................... 25



NOMENCLATURE
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1. Introduction

Generation scheduling in restructured electric power systems is critical to maintain the
stability and security of a power system and efficient operation of the electricity market.
Traditional generation scheduling problems (GSPs) can be categorized as real-time security
analysis, short-time generation operation, i.e., security-constrained unit commitment (SCUC)
and security-constrained optimal power flow (SCOPF), mid-term generation operation
planning, i.e., maintenance scheduling, fuel allocation, emission allowance, optimal operation
cost, etc., and long-term generation resource planning problem [1]. However, new GSPs are
emerging under new circumstances, such as generation operation planning considering carbon
dioxide (CQ) emission regulation. These new problems do not fall into the traditional
categories and require new research.

CO, emission regulation affects both short-term generation operation and mid-term
generation operation planning. GSP considering @@ission regulation is to investigate the
effects of this new mechanism on current system operation and the corresponding adjustment
of generation companies’ (GENCOs’) decision making. The regulation of greenhouse gas
(GHG) emissions from electric power industry to mitigate global warming brings a new
challenge to generation companies. Among various climate change policies, emission trading
is an efficient market-based mechanism to regulate emission gftl®principal human-
caused GHG. Taking into account both LCémnission allowance and electricity markets,
GENCOs have to adjust their strategies to maximize the profit. An appropriate model of GSP
considering C@allowance cap-and-trade needs to be developed.

1.1 Background of Generation Scheduling Problem

The short-term generation operation is to assure an adequate supply of electricity with an
emphasis on power system security. In a day-ahead market, participants submit their hourly
and block offers to the Independent System Operator (ISO), which calculates a SCUC and
SCOPF to decide the generation schedule and dispatch. Benders decomposition is an efficient
method to solve the interaction between SCUC and SCOPF. The SCUC is composed of a
master problem of unit commitment (UC) and a subproblem for transmission security analysis
at a steady state. UC determines a day-ahead or (weekly) generation schedule for supplying
the system demand and meeting the security margin. If transmission security violations are
not mitigated in the subproblem, Benders cuts will be added as constraints to the master
problem for next iteration until the iterations converge. While the master problem of SCOPF
is represented as a subproblem of SCUC, the subproblem of SCOPF executes the
contingencies evaluation [1].

The mid-term operational planning is coordinated with the short-term operation to maintain
system security (by 1SO), extend the life span of existing generating units (by GENCOs) and
maintain transmission security through proper maintenance (by TRANSCOSs). The priority is
optimal maintenance scheduling of GENCOs and TRANSCOs and the optimal allocation of
natural resources. The long-term resource planning problem addresses the economic selection
of generation and transmission additions necessary to meet projected load requirements. The
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tradeoff between economics and security is a major consideration in the restructured power
system planning. All these GSPs are combinatorial optimization problems with a large

number of binary, continuous or discrete decision variables, and various equality and

inequality constraints.

Mathematically, GSPs can be formulated as optimization problems with different objective
functions and constraints, which are nonconvex, nonlinear, large-scale, mixed-integer
combinatorial optimization problems. In the literature, a number of methods, such as
enumeration, dynamic programming (DP), Lagrangian Relaxation (LR), Mixed-Integer
Programming (MIP), and heuristic methods (genetic algorithms, artificial neural networks,
expert and fuzzy systems), have been proposed to achieve an optimal or near optimal solution.
However, the high computational burden and high dimensionality are barriers to practical
applications.

MIP is a powerful optimization technique to solve combinatorial optimization problems. The
optimization problem can be formulated in the MIP format and an optimal solution can be
obtained without involving heuristics, which could facilitate the application of MIP approach

to large-scale power systems. Although the large number of binary variables could bring a
heavy computational burden, the advanced optimization technique of branch-and-cut, which
combines branch-and-bound and cutting plane methods, makes MIP method more attractive
and applicable together with the commercial software, such as CPLEX, LINDO, etc.

1.2 Greenhouse Gas Emission

GHGs are gases that permit sunlight to go through the earth’s atmosphere and absorb infrared
radiation or heat which is re-radiated back to the space but trapped in the atmosphere. GHGs
include water vapor, carbon dioxide (gOmethane (Chj, nitrous oxide (MO) and ozone

(O3). In 2008, total U.S. GHG emissions were 7,052.6 million metric tons carbon dioxide
equivalent (MMTCQe). From 1990 to 2008, total U.S. emissions have risen by 14 percent

2.

The primary GHG emitted by human activities in the U.S. was,, Q@presenting
approximately 81.3 percent of total GHG emissions [2]. The five major fuel consuming
sectors contributing to CGOemissions from fossil fuel combustion are electric power
generation, transportation, industrial, residential, and commercial. Electric power generators
consumed 37 percent of U.S. energy from fossil fuels and emitted 42 percent oL tlier€O

fossil fuel combustion in 2008 [3].

Electricity generators consume 93 percent of total used coal for over half of their required
energy in the U.S. in 2008. The type of fuel combusted by electric power generators has a
significant effect on their emissions. Therefore, electricity demand significantly impacts coal
consumption and COemissions. The total electricity consumption will grow from 4,119
million MWh in 2008 to 5,021 million MWh in 2035, with a 1.0 percent average annual
increase [4]. The challenge to the electric power industry is to meet the nation’s energy needs
while keeping the emissions from electric power plants within allowable levels.



1.3 Emission Regulation Policies

There are various climate change policies to regulate GHG emissions from the electric power
industry. The Kyoto Protocol is an international agreement to redugea@®other GHG
emissions in an effort to reduce climate change. It required that all industrialized countries
reduce the average annual emissions at least 5 percent below the 1990 levels during the 2008
to 2012 period. The Kyoto Protocol also introduced three market-based mechanisms:
emission trading, the clean development mechanism and joint implementation [5].

European Union (EU) is committed to cutting its emissions at least 20% below 1990 levels by
2020 [6]. Also, the EU Greenhouse Gas Emission Trading Scheme (ETS) is developed to
offer the most cost-effective way for EU members to meet their Kyoto obligations and
transform toward a low-carbon economy. ETS allows EU to achieve its Kyoto target at a cost
between EUR 2.9 billion and EUR 3.7 billion a year, rather than EUR 6.8 billion a year
without ETS. ETS creates incentives to develop technologies for emission reduction [6].

In the U.S., the Regional Greenhouse Gas Initiative (RGGI) is an agreement among the
Governors of ten Northeastern and Mid-Atlantic states to reduce GHG emissions from power
plants. RGGI operates the first mandatory cap-and-trade program to cap regional power
plants’ CQ emissions, and the cap will be 10 percent lower by 2018 than at the start of the
RGGI program in 2009. The initial regional emissions budget is approximately 188 million
short tons of CQ and each allowance to cover one ton of, CA). State control the number

of issued allowances to ensure that total emissions in the region will not exceed the cap. The
initial auction will offer allowances through a single-round, uniform-price, sealed-bid auction.
RGGI allows market forces to determine the most efficient and cost-effective means to
regulate emissions. It is expected to provide a market signal that the cost of emitting carbon
must be incorporated into energy pricing.

In response to the Assembly Bill AB32 and Senate Bill 1368, the California Energy
Commission (CEC) introduced the “GHG emissions performance standard”. This standard
prohibits investor-owned utilities (and later municipal utilities) from entering into long-term
contracts to purchase electricity from sources that emit moretlkdd a combined-cycle
natural gas plant. While other states have not restricted on emissions from electricity
production, six western states and two Canadian provinces have recently announced that they
will collaborate in achieving California’s stated goal of reducing 15% of the 2005 GHG
emissions by 2020.

1.4 Emission Regulation Methods and Technologies

Carbon capture and storage (CCS) is a method to mitigate climate change by capturing CO
emissions from large power plants and other sources and storing it instead of releasing it into
the atmosphere. However, the capturing process is costly and energy intensive, and CCS
technologies are not economically feasible at the present time. Shifting from high CO
emission power sources to non-£0r low CQ emission power sources, for example,
hydroelectric, nuclear, wind, solar, photovoltaic, geothermal, ocean, etc., is an effective
method to reduce COemissions. However, all these alternative resources have their
limitations. The available and economical hydro resources are being exhausted. The long-term
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construction period of nuclear power does not help to achieve short-teprer@iSsion
reduction requirements. Other renewable energy resources have significant potential, but wide
applications are limited currently due to either economic infeasibility or lack of maturity in
technology.

There have been various research projects about the effects of emission constraints on the
electric power system. Reference [9] included emission constraints in classical economic
dispatch (ED) by weights estimation technique to solve environmentally constrained
economic dispatch (ECED) problem. The work of [10] provided a set of dispatching
algorithms to solve the constrained emission dispatch problem wigba®DNQ emission
constraints. References [11-12] presented a short-term unit commitment approach based on
Lagrangian Relaxation technique to solve the emission constrained unit commitment (ECUC)
problem. However, all these models are developed to solyeSRO, emission regulation
problem and these models do provide insights to thedgd@ssion regulation without detailed
modeling of a C@allowance market. References [13-14] formulated the electrical power and
NO, allowances market as compementarity problems by using Cournot game. In [15], a
nonlinear complementarity model is used to investigate long-run equilibria of alternative CO
emissions allowance allocation systems in electric power market. However, the daily
electricity market and quarterly G@llowance auction market should be incorporated in an
appropriate time framework.

1.5 Market Equilibrium M odel

As the electric power industry becomes market driven, the development of power market
provides an opportunity for GENCOs and other market participants to exercise least-cost or
profit-based operations. The equilibrium model of generator competition can be used to study
the ability of a GENCO to unilaterally exercise market power. Most models use a general
method to define a market equilibrium as a set of prices, producer input and output decisions,
transmission flows, and consumption that satisfy each market participant’s first-order
conditions for maximization of net benefits, i.e., Karush-Kuhn-Tucker (KKT) conditions,
while clearing the market [16]. The complete set of KKT and market clearing conditions
defines a mixed complementarity problem (MCP). If a market solution exists that satisfies the
optimality conditions for each market player along with the market clearing conditions, it will
have the property that no participant would alter their decision unilaterally (as in a Nash
equilibrium).

There are several types of strategic interactions; they differ in how each generatifg firm
anticipates how rivals will react to its decisions concerning either priocegyantities g

o Pure Competition (No Market Power)/Bertran®nly ¢ is the decision
variable and ps fixed.

o Generalized Bertrand Strategy (“Game in Pricefifjn f acts as if its rivals’
prices, p., will not change in reaction to changes'sfrices.

o Cournot Strategy (“Game in Quantitiestirm f acts as if its rivals’ quantities,
g s, will not change in reaction to changeg'snquantities.




Collusion: If f colludes with another supplier, then they would maximize their
joint profit.

) Strackelberglt defines a “leader” whose decisions correctly take into account
the reactions of “followers,” who do not recognize how their reactions affect
the leader’s decisions.

o General Conjectural Variations (CV<utput from firms other thaf g.+(q), is
assumed to be a function qf g

o Conjectured Supply Function (CSEutput by rivals is anticipated to respond
to price according to functiong«(p).

o Supply Function Equilibria (SFE)The decision variables for each fifmare
the parameters; @f its bid function gp| ¢).

In the proposed research, the Cournot model is used with bidding on quantities to analyze the
CO; emission allowance market.

The equilibrium of Nash games is defined as Nash Equilibrium:

Definition: Let X, € X, be strategies under the control of fifmX , the space of feasible
strategies fof; X_, ={X;,vg= f};and[l, (X,, X', )the payoff tof given the decisions of
all  firms.  Then, {x: ,Vf} is a Nash Equilibium in X if
I, (X5, X5 )20 (X, X)) VX eX,, Vi

For Cournot gamesX, = g,



2. CO, Emission Allowance Cap-And-Trade Mar ket

The CQ emission allowance c-andirade market is formulated as the Cournot equilibi
model based on the market rules in RGGI. In RGGI, the primary market offer
allowances through a singteund, uniforn-price, sealed-bid auction.h& price paid by ¢
bidders is equal to the highest rejected bid. The characteristics of allowance banking,
limit, CO, reserve price, offset limit, etc. are considered in the developed model. The n
formulated as an equilibrium problem with equilibrium connts (EPEC), and the EPE
formulation is transformednto a nonlinear complemetarity problem (NCP) and nonli
programming problem (NLP), which can be solviy AMPL/MINOS commercial solve

2.1 Bid and Auction

Each GENCO submitiss bidding offe(4,q ) to the CQ allowance markewhere 4 is the
bidding price andj is the bidding amounA simple example withthree GENCOs’ biddin

offers is shown in Figure.1After market clearance, the ¢ allowance pric A°°* and the
allowance dispatch is achieved, as shown Figure 2.

/»LCOZ
4 :
Ay —
Ay [ — co2
\ i : i : J q
q, q> 95
Figurel GENCOs’ Bidding Offers
ACOZ

2 CO2% fommmmoooe- —_—

Figure 2 Market Clearance
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2.2 Problem Formulation

Each GENCO solves the following optimization problem to decide its bidding strategy:
max  A%R-(g-P+b P)-2°" A~ Of

R.q.0$.1%°7 A

st 0<k-P< A+ OS (1)
<

where 1°is the forecasted electricity prick,is generation outpua& bare coefficients
of generator’s cost functiom is the cost rate of offset§Sis the offsetk is the CQ

emission rate, an®™is the generation capacity.

Cournot competition models an industry structure in which companies compete on the
amount they produce that they decide independently and at the same time. Each GENCO
has the bidding price of CGOallowance to its own expectation. Therefore, in the
developed model, the bidding price is the parameter and the bidding amount is the
decision variable.

The objective is to maximize the profit, which is the revenue from selling power to
electricity market minus the cost of generation, buying allowances fropm@gket and

using offsets. The first constraint requires each GENCO to have enough allowances to
cover its generated GOThe second constraint requires that the use of GiBet
allowances is constrained to 3.3% of a unit’s total compliance obligation during a control
period. (Offsets referred to the project-based emissions reductions outside the capped
sector.)

The market clearing price is obtained by solving the following optimization problem:

max » 4 -A
A j=1
3 02
st ; A = CAP )
A <0.25 CAP®*
0<A <q

where, CAP*“?is the total amount of allowances in the auction.

The first constraint is based on the assumption that all allowances will be sold to assure
there is one C@allowance price. The second constraint is based on the auction rules in

RGGI that it establishes a total limit for the number of allowances that entities may

purchase in a single auction, equivalent to 25% of the allowance offered for sale in any
single auction. The third constraint restricts that each GENCO’s bought allowances

should not exceed its bidding allowances and should be nonnegative.



2.2.1 EPEC Model

Given(4,q;) j=1....n, the optimal solutior(Aj,;tCOZ*) j=1...,n of the concave

optimization problem (2) can be obtained by solving its KKT conditions as follows:

> A -CAP?=0
j=1

0<A L -4+ +W-w=>0 -
o<w L q-A=0 4
j=1...n
o<w’ L A=0
O<w’ L1 0.25CAPF*-A20

KKT conditions (3) are added to each GENCQO’s maximization problem (1), and each

GENCO'’s optimization problem is formulated as the following mathematical problem
with equilibrium constraints (MPEC):

max — A%R-(3-R+b- P)-2%- A-h OS

R,q,0$,lcoz*,
AW.W W
st 0<k-P< A+ OS
05<0.033 A
0<P<P™
> A -CAP%=0 (4)
j=1

0<A L -4 +2°% +w-w'>0
o<w, 1 g-A=20

o<w’ 1 A=0

0O<w’ 1 0.25CAP"”-A>0

Each GENCO solves the above MPEC problem and all GENCOs together may reach an
equilibrium point of this EPEC.

2.2.2 NCP&NLP Formulation

In the literature, several methods are available to solve the EPEC problem:

1) Diagonalization techniques such as Gauss-Jacobi and Gauss-Seidel type methods.

Such methods solve a cyclic sequence of MPEC until the decision variables of all
participants reach a fixed point.

2) Sequential nonlinear complementarity problem (SNCP) approach. The approach
is related to the relaxation approach used in MPEC that relaxes the



complementarity condition of each player and drives the relaxation parameter to
zero.

3) Deriving a NCP formulation of the EPEC based on the equivalence between the
KKT conditions of the MPEC and strong stationarity. Then EPEC will be solved
by standard NCP solvers to MPEC.

The traditional way in the third method is to replace the complementarity condition, such
as0<yls>0,byy>0,s>0, VY - s= 0, and this equivalent NLP can be solved by using

standard NLP solvers. Unfortunately, this NLP violated the Mangasarian-Fromovitz
constraints qualification (MFCQ) at any feasible point [17]. Instead, it is proposed to use

the method of [18]. Based on that, strong stationarity is equivalent to the KKT conditions
of the equivalent NLP.

First, define:
x =(P.q,08) $ A _cape
fi(X.%)=4°R-q P-p- P o
_ﬂcoz*'A_h.O$ _/1]_+/1C02 +VV]-1—VVJ-2

k-P-A-0s) HTI47A o
—k -P A >0

g (%, y)=| 0S-0.033 A 0.25CAP*”— A >0
Pi_PimaX

5 v, =(2 A W )

Then the MPEC problem (4) is rewritten in the following compact format:

xiToiay),(s f()ﬂ ’y)
st g(x y)<0 (6)

H,-s = 0 )
]=1,...n
O<y, L s§=20
where,sis the introduced slack variable.
The NCP formulation is derived by introducing new multipliers:



V F (% Y)+V, 9(% Y +V, H % y§ -1 =0

Vi POy +V, 906 Y +V, % 95+ % =0

G—o+y5 =0

OSQ(XJ’) 1L 420

h(x,y)-$=0 )
O<x L x=0

O<y,+s 1 y=0

0<o,+y L s=0

O<y,+0, L 120

Definition *®: A solution of problem (6) is called an equilibrium point of the EPEC. A
solution(x*, y,s,ywu & wo ,77*)0f (7) is called a strongly stationary point of the
EPEC.

Proposition 8:  |f (x*, Y, §) is an equilibrium of the EPEC and if every MPEC of (6)
satisfies an MPEC linear independence constraints qualification (MPEC-LICQ), then
there exist multiplieriz*,y*,f* Wwo ,77*) such that (7) hold.

Moreover, to utilize the standard NCP solvers, two alternative formulations will be
adopted. The first one is to force the EPEC to identify the basic or minimal multiplier for

each player by minimizing thg —norm of the multiplier on the complementarity
constraint, as shown in (8).

max Zn:eTni

XY, su.é o i=1
st V. O Y+V, o % Yyu+V, B x ¥6-%=0

Vo E (6 Y)+V,00% Y +V, 1% & -w+ & =0
s~ +y5 =0
0<g(x,y) L #=0
h(x,y)-$=0 (8)
O<x L1 x=0
O<y 1 w20
0<s 1 0,20
O0<y 1 s>0
720

The second one penalizes the complementarity constraints and results in a well-behaved
nonlinear optimization problem by introducing new slack varighles shown in (9).
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XY, S o
st V. O Y+V, o % Yyu+V, B x ¥ -7 =0

V(% Y)+V, 008 Y +V, H % Y& -y + 9 =0
&-0+y5 =0
g(%,y)=1 9
h(x,y)=$
y>0, s>0
2420, 420, v, 20, 6,20, =20
x>0, t=>0

min ~ Cp, 1=Zn:(xi%+ Vi +Yw + 5o )+ ¥s
i=1

Theorem!®: |f (x*, V. Sty & o ,77*) is a local solution of (8) witlCye=0,
then it follows that (x*, Y, s) is a strongly stationary point of (4). If
(x*, y,s,ty &y ,77*) is a local solution of (8) witlC,~0, then it follows
that(x*, Y, s) is a strongly stationary point of (4).

Two-GENCO and multi-GENCO case studies are performed with the sensitivity analysis
of GENCOs’ bidding prices, electricity price and total amount of @l@wances to C®
allowance price and dispatch. The simulation results demonstrate the joint effect of
electricity market and Cfallowance market, which require an appropriate model for
further investigation. The next section is proposed to design the model of generation
scheduling problem in both markets.

2.3 Case Study
2.3.1 Two-GENCO Case Study

It is assumed that there are two GENCOs participating in theal@vance auction. The
illustrative parameters are shown in Table 1.

Table 1 GENCOs’ Characteristics

Jt pmax Bidding K h
GENCO| b emw) | (Mw) Price | toniMw) | ($/p.u.)
($/p.u.)
1 15 | 0.005 20 500 2 1 10
2 18 | 0.004 20 800 15 1 10

In the base case, the reserved bidding prices are assumed to be $2 and $1.5 for GENCO 1
and 2, respectively (given the g@lowance price in RGGI now is about $3). Also, the

11



market has a reserved price for £allowance, which is set to be $1 in this simulation.
The total allowance number is set to be 700 units. The equilibrium solutions are shown in
Table 2.

Table 2 Equilibrium Solutions

GENCO P(MW) A (p.u.) q(p.u.) 2592 ($/p.u.)
1 350 350 350 .
2 250 350 350

From the result, it is shown that two GENCOs get the same amount of allowances, and
they have different reserved bidding prices but same bidding amounts of allowances.
GENCO 2 does not use its entire bought allowances and it is able to bank some
allowances for future use.

The above is the base case, and it proves that the model is able to reach an equilibrium
point of CQ allowance price and each participant’s bought allowances. The following is
the result of a sensitivity analysis of bidding price, forecasted electricity price and total
amount of allowances to the g@lowance price and allowance distribution level:

e Sensitivity analysis of GENCOs’ bidding price to g€&llowance price

Both GENCOs’ bidding prices are changed in discrete values from $1 to $3. The result
shows that C@ allowance is always $1 and two GENCOs get the same amount of

allowances. This is due to the fact that there are only two players in this Cournot
competition. However, this is not a general conclusion, and the result is different in the
multi-GENCO case.

e Sensitivity analysis of forecasted electricity price to &Mowance price

Table 3 Sensitivity Analysis of Forecasted Electricity Price tg B@wance Price

. Profit of 2692
GENCO | 25($/IMW) | P(MW) Ap.u) | q(p.u) Gen. 1(3)| ($/p.u.)
1 16 100 300 300
150 1
2 20 250 400 400
1 18 300 300 300
787.5 1
2 20 250 400 400
1 22 420 420 420
1428 1.5
2 20 250 280 392

GENCO 2's forecasted electricity price is fixed and GENCO 1's forecasted electricity
price changes. If GENCO 1 forecasts a lower electricity price, it will bid less amount of
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allowance, but get same amount of allowance while banking some allowances. If
GENCO 1 forecasts a higher electricity price, it will bid more allowances and get more.
Since the electricity price is high, it will use all the allowances to maximize its profit.
Also, the CQ allowance price is higher. Therefore, it is important for GENCOs to
correctly forecast the electricity price to participate in the @l@wance market.

e Sensitivity analysis of total amount of G@llowances to C@allowance price

When the allowance is insufficient, GENCO 1 always gets more allowances and CO

allowance price is higher. It is because GENCO 1 has a higher bidding price. When the
allowance is superfluous, some allowances will be banked (it is assumed that all
allowance will be sold; otherwise, the clearing price will be zero).

Table 4 Sensitivity Analysis of Total Amount of g@llowances to CQAllowance

Price
Total Profit of )c02
GENCO | pjowance | PMW) | Alp.u) | alPu) | Gen 1¢)| ($/p.u.)
1 300 300 300
500 600 15
2 200 200 300
1 350 350 350
600 613 1.5
2 250 250 350
1 400 400 400
800 800 1
2 250 400 400

2.3.2 Multiple-GENCO Case Study

Four GENCOs patrticipate in the @Qllowance auction and the total amount of
allowances is 1500 units. Their parameters are shown in Table 5.

Table 5 GENCOs’ Characteristics

Bidding

5 pmax . k h
GENCO | a o1 @mw) | (w) Price | on/MwW) | ($/p.u.)
($/p.u.)
1 15 | 0.005 20 500 2 1 10
2 18 | 0.004 20 800 15 1 10
3 10 | 0.005 20 800 25 1 10
4 15 | 0.004 20 800 23 1 10

The equilibrium points are shown in Table 6.
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Table 6 Equilibrium Solutions

GENCO P(MW) A (p.u.) q(p.u.) Profit ($) | A°°%($/p.u.)
1 262.5 262.5 262.5 574.2
2 0 0 594 0
1.5
3 800 800 800 3600
4 437.5 437.5 4375 765.6

The results show that GENCO 3 with highest bidding price gets most allowances (each
player cannot buy more than 60% of total allowances), while GENCO 2 with the lowest
bidding price does not get any allowance.

The market clearing price is set by GENCO 2. If GENCO 2’s reserved price increases but
does not exceed $1.9 (the second lowest bidding price), the market clearing price is still
set by GENCO2 (results shown in the following table). It proves that this model is
capable of finding the equilibrium points of the Cournot competition.

Table 7 Equilibrium Solutions

GENCO P(MW) A (p.u.) q(p.u.) Profit ($) | A°“?($/p.u.)
1 310 310 310 480.5
2 2.5 2.5 313.3 0.225
3 800 800 800 3280 L9
4 387.5 387.5 387.5 600.625

The above are the simulation results of the NLP formulation of the EPEC model of CO
allowance cap-and-trade market. It is shown that the model is capable of finding the
equilibrium point. When the number of participants in the auction increases, it will
become a large-scale optimization problem.
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3. Generation Scheduling Problem Considering CO, Allowance

M ar ket

GENCOs participate in the electricity market daily and thiso auction inthe CQ
emission allowance market quarterly. They need to know the amount and price
allowances to make decisions about how to bid in the electricity market, while they
CO, allowance market based on the information of elecy price and schedule
generation commitment and dispatch, as shovFigure 3.

Figure 3GENCOs’ Interactions in Electriy Market and C@Allowance Marke

First Three-Year Compliance Period

GENCO s in Electricity Market (daily)

Day 1 Day ¢ Day T
E-Market | E-Market | E-Market
pl ’{})ll}nl pt ’{})ﬁ}nl pT’{ }nl

e B

GENCOs in CO2 Allowance
Market (quarterly)

1

| 1

Quarterl |- = | Quarteri |- ™| Quarter12
1
[ |
Weekl |-~ | Weekj |[---®| WeekI2
|
| ]

Dayv 1 - = Davk -y Day 7

mmd  Next Period
4

l?

-

Quarterly CO,

Allowance Market

7 Weekly Generation

Maintenance
Scheduling

Daily Unit

Commitment and
Hourly Economic

Dispatch

Figure4 Time Horizon of Three-Year GSP
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Moreover, during the three-year ¢g@llowance compliance period, the coordination of
midterm generation maintenance scheduling with short-term unit commitment has to be
considered to maintain the adequacy in midterm planning and security in short-term
operation planning [19-20]. Therefore, in this three-year time framework, generation
scheduling problem involving generation maintenance scheduling, unit commitment and
CO, allowance cap-and-trade need to be investigated. The time horizon of three-year
GSP is shown in Figure 4.

3.1 MIBLP Formulation

GENCOs’ decision making will be based on the following optimization problem:
Max Total Profit during Time Period T
subject to
Generation Maintenance Scheduling Constraints
SCUC and SCOPF Constraints
CO, Allowance Cap-and-Trade Market Constraints

Objective function: GENCO’s profit equals to its revenue from selling power to the
electricity market minus its cost of maintenance, fuel production, startup, shutdown and
CO, allowance. GENCO maximizes its profit by solving the following problem:

max 3P0~ Gi(gu)- G- 62 G- X 6% x A+ € O

9ea XwGaORa T I td
st Uo—U, <X, Vit e{tw}

X.+U, <1, Vit e{tw}

2 Xw=TL, Vi

Xow = Xy S )i(tw+(r11.-1)’ Vi, t"

X,<NM,, Vvt¥
it t

D.9.<D.9.xHE,, Vie{hydroelectri¢
td td

G x(1-X,)< go, Vit'e{t")

O <G"™x(1-x.), Vit'e{t]

> R%xg,<A+0S,+ A Vvt
it9etd

0S,< D 0.03%R**xg,, vVt

itdetd

(10)
intd ! Xn"“ qtq ,0%:.20

it a
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Where

Ci (G )=ax Yo+ bx gu+ ox ¢

Cm:'\/ﬂ;wx(l— )I(tw) =|:ai+bXGM|N+$X(GMIN)2:|
k - k . .
Cfa“=SU.x{l.4d—th.ed_l]’ vit 38, x5, Vit
1= j=1
C3' 20, Vit®

k .
g, =G"™ +3 5, Vit
SD _ - I o
{Citd SDX( lfltd_l 'Tfld)’ vi t St o< gl - GMN Vi td
SD d it T Gt ’
Cu >0, Vit t )

&jd < -jd - ]:1; Vi’tds .
R VLt T
’ T 54 <G" —gft, Vit

itd
5, >0, Vitt,j=1...k

itd

Constraints: Constraints in each subproblem are listed as follows:

1) Generation Maintenance Subproblem: GENCOs are independently responsible for
generation maintenance, and they submit the maintenance schedule to ISO, which
coordinates with market participants to improve the security of electricity services
and reduce the chance of blackouts. The constraints are:

e Maintenance must be scheduled with maintenance windows between the starting
and ending times

¢ Maintenance must be completed within the maintenance duration
e Seasonal limitations

e Maintenance resources availability
H M UE
Ttln Z(C“W+C XUEnW)
st. Z g +UE, =D D., V'
itfet” i

2) SCUC and SCOPF Subproblem: The short-term (daily/weekly) SCUC problem
can be formulated in MILP formulation [20]. The constraints are:

(11)

e Power balance

e System spinning and operating reserve requirements
e Generation unit capacity limits

e Ramping rate limits

e Minimum ON/OFF time limits

e Transmission flow limits
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e Contingency analysis
max 33 {Ch (g,)+ G+ G
st Z%FZ D,, Vt
Zrtd >R?, vt*
Zrtd >R7, vt

GM'Nx o < Gy Vit

Q. +15 +rlt? <G"xu,, Vit
ritdSthxultd, Vi, t

o <RYxu,, Vit
gitd—gtdls Maxhg, Vit

« — 0,4, 2—MaxDeg, vit

II

(Y2, = T)x(Ya - ys)20, Vif

itd

(YO =T )x(yo - Y. ,) 20, Vit

itd—1 !

> PTDF,x(g. - D)< F™, Vit

mln Z(“ X Q4 += xﬁ x gltdj
st ZQtd Z it ( )

Y 6SE x( g - B.)< ¥, Yk (1)

V9. 20

Where

E ner on
P = LMP, = LMPT*®'+ LMP?™ = 4, +Z_“c;s,|:k_i o

The solutions of SCUC problem will provide the commitment of generation units. Based
on this, solving the SCOPF problem hourly will get the generation dispatch and

locational marginal price (LMP).

3) CO, Allowance Cap-and-Trade Market: The C&llowance market clearing price

is obtained by solving the optimization problem.
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itd

n/lt?x Z BCO2 . 'Ai‘tq
st Y A,-CAB®=0, vt (g%
A, <0.25CAFE?, Vit (14)

0< Autq < qtq
VAnq ! qtq 20

There is a coupling constraint between generation maintenance and unit commitment,
i.e., a unit cannot be committed if the unit is on maintenance.

Decision Variables:

A, Amount of allowances distributed to firnrf interval t’

oS, Offsets used by firmih intervalt’

pe? CO, allowance price in interval {$/p.u.]

ps LMP at node in period t{$/MWh]

O Power output of generator i in periofMW]

s Binary variable of the commitment of generation i in period t
X

" Binary variable of the maintenance schedule of generation
period t

The three-year GSP is formulated as a Mixed Integer Bilevel Linear Programming
(MIBLP) problem. The global optimal solutions of continuous variables of CO

allowance pricgp’®, LMP pf and generation dispatdy , binary variables of unit
commitment I, and generation maintenance schedXile, and integer variables of

allowance dispatciA, and offsets usag®s,, are obtained by solving this MIBLP
problem.

3.2 Solution M ethodology

Based on [21], the proposed solution methodology is described as follows. The MIBLP
problem can be written in a compact format, i.e.,
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max Cl*x+dl*y

X,y

st Al*x+ B* y< b

yeargmax C 2*x+d2*w
w (15)

st A2* x+ B2* we 12
w>0 w integet
x>0 x; integer

1) Fix the values of the binary variables-z, and solve the bilevel linear
programming (BILP) problem:

max D1*x+ El*y+ Flxz

X, y,Z
st Al*x+ B* y< bh— Q=+7z
max D2*x+ E2*y+ F2%7Z

vz (16)
st A2*x+ BR*y< RB-Q@xz (W)

-x<0 (w2)

-y<0 (W3)

Wherewl, w2, w3 are the dual variables of the constraint.

2) Based on KKT conditions, replace the lower level problem by complementarity
constraints and add them to the upper level problem. Then solve the following
linear problem with complementarity constraints (LPCC):

max DI1*x+ El1*y+ Fl*xz
X,y

st Al*x+ B* y< bh— Q*7z

0<b2-C2+7- A2*x BR*y L >0 (17)
0< A2*w2- D2 L x20
0<B2*w3- E2 L y>0

By using the B-free algorithm for LPCC” from reference [22], (17) can be solved.

3) From the solution of (17), it is known which constraint in (15) is active. Then
formulate the following linear programming problem by removing the optimality
constraint of the lower level problem and set the active constraint (here randomly
assume one for illustration purpose) to be the equality:

max D1*x+ El*y+ Flx7Zz

X,y

st Al*x+ B* y= bh— Q*7z
A2* x+ BR* y< 2 - @x*72
X y=>0

(18)

4) Introduce slack variables to write (18) in the following compact format:
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max H=*s
st M*s=b-Cz (U (19)
s>0
The dual of (19) is:
min u*(b—C*72)
st uxM>H (20)
u free
Where,uis the dual variable of constraint in problem (19).

Based on Farkas Lemma, the necessary and sufficient condition for (19) to have at least
one non empty solution for is: Problem (19) has a solutios if and only if

u*(b—C*Z)>0anduxM > 0for all u.

When choosing z arbitrarily, there is a finite number of possibil#jeg;,---, 7. For

eachz, there is a corresponding inequality constraint. Then to make sure (5) has at least
one nonempty solution, solve the following Master Problem (MP):

max ¢

u*(b-Cx2)2 [ *(b- G 225 | px( b @ 22¢
St
Uz #(b-Cx 2)25 [ (b G g2¢ | f(b € 3¢
u**(b-Cxz)>0{ f=*(b- G 2>0 | ix( b € 320

ug *(b-Cx 2)>0| f#(b- G 220 | p=( b & 320
& free, z binary

Since the values of afj are obtained during the iteration process, only some constraints
in (21) are known explicitly. Then in each step, the problem solved is caRestracted

Master Problem (RMP). The solution of RMP will provide an upper bound of the
original problem, and solution of (17), which is called tiave Problem (SP), will
provide a lower bound. It is because RMP is a relaxation of the original problem whereas
the SP represents a restriction.

5) Solve (19), and based on the solution to add the cut:
I.  Feasibility Cut:
If dual of (19) is unbounded, add the constraint to RMP:

U*(b-C*72)>0 (22)

whereu is the extreme ray of dual problem (19).
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ii.  Integer Exclusion Cut:
If the optimal solution existand U *(b— C*7Z)>¢&, but the difference between upper
and lower bound exceeds the threshold, add the following constraints to RMP:
2.2-2,3<[R-1 (23)
ieP jeQ

WhereP is the set of's value is 1, an@) is the set of's value is 0.R| is the number of
variablesz that has value of 1.

iii.  Optimality Cut:

If optimal value of dual (19) is bounded, tﬁm(b— C*_z)<§, add the constraint to
RMP:

Ux(b—Cx2)>¢& (24)

3.3 Algorithm

Step 1: Divide the MIBLLP problem into one RMP (21) and several SPs (16) by fixing
binary variables. In the initial step, RMP will only have the objective, and constraints are
added in future iterations from the cut of solving SP. RMP will provide an upper bound.

Step 2: Transfer SP problem to LPCC problem (problem 17), and solve @-fbge
algorithm. SP is the restricted MIBLLP, and it provides a lower bound. The
decomposition technique allows parallel computation of solving multiple SPs.

Step 3: From the solution of LPCC problem, construct the LP problem (problem 18 and
19)
1) If solution is unbounded, add the feasibility cit:(b— C*7Z) >0, go to Step 4;
2) If solution is bounded, which provides a lower bound, and restricts RMP
(Tx(b—-C*7Z)<¢), add the optimality cut (constrainif:*(b— C+72)>¢, and
go to step 4,
3) If solution is bounded, which provides a lower bound, but does not restrict RMP
(T*(b-Cx7Z)>¢), add the Exclusion cu}_z - z <| B-1, and go to step 4.
ieP jeQ

Step 4: Solve RMP with added cut, and get an updated upper bound. Find the difference
between upper bound and lower bound. If it is within the tolerance, stop; otherwise,
update the SP by setting constraint of current binary varzadotel go back to Step 2.

The flow chart of the proposed algorithm is shown in Figure 5:
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3.4 Case Study

The PJM 5-Bus Systens used for illustration of thqproposed model and soluti
methodology.It is assumed all five GENCOs patrticipatethe electricity market an
GENCO 1 also participates inO, allowance market. The severeek generatio
maintenance scheduling of GENCO 1, daily unit commitment and hourly eco
dispatch, and one GQ@llowance market auction with three bidding strategies of GE
1 are considered in this case.

34.1 System Data

Sydem topology, branch data, generation dload data,GENCOs’ biddingoffers in
electricity market,maintenance lim and CQ bidding offerof GENCO : have been
given as follows.

LSE 3

@—v Node 5 Node 4 —

L J

ISE1 \G3)1se2

Node 1 Node 21 Node 3

Figure 6 PJM 5-Bus System
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Table 8 Branch Data

Branch From Bus To Bus Reactance X Limit
1 1 2 0.0281 2.50
2 1 4 0.0304 1.5
3 1 5 0.0064 4
4 2 3 0.0108 3.5
5 3 4 0.0297 2.4
6 4 5 0.0297 2.4
Table 9 Generation Data
. Ramp
Fixed cost| Startup | Shutdown| Ramp up
Generator Bus ($/hr) cost ($) cost (%) limit (Iji(r)nV;{[n
1 1 50 100 20 1.2 1.4
2 1 60 150 20 1.2 1.4
3 3 70 200 20 0.8 1
4 4 150 400 20 1 1.2
5 5 50 120 20 1 1.2
400
350
300 I ’ I
250
=200 | | [\ [
/ /

150

100

50

25

49

73 97

121

145

Hou

Figure 7 1-week Load Data

Table 10 GENCOs’ Electricity Bidding Offers/Production Cost ($/pu-hr)

Generator Block 1 Block 2 Block 3 Price 1 Price P Price
1 0.2 0.3 0.2 13 14 16
2 0.2 0.3 0.3 12 13 16
3 0.4 1 0.4 15 18 20
4 0.6 1 0.4 16 18 21
5 0.2 0.3 0.2 13 14 16
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Table 11 Maintenance Limit of GENCO 1

Equipment From Bus To Bus Windows Dl(Jrr]?S)on Cost ($/hr)
G1 1 / Mon. — Sun. 24 84

Table 12 CQ Allowance Bidding Offers of GENCO 1

Strategy q(p.u.) 2°9%($/p.u.)
1 11000 1.60
2 12000 1.62
3 13000 1.65

3.4.2 Simulation Results

The profit and generation output of GENCO 1 utilizing three bidding strategiesdn CO
allowance market are shown in Table 13. Each column represents the seven-day

maintenance activity during that week.

Table 13 GENCO 1's Profit and Generation Output under Different Strategies

Maintenance Week | Week | Week | Week | Week | Week | Week

Schedule 1 2 3 4 5 6 7
ggzi Profit/ 10°6 | 942.9| 968.45 1016.54| 989.1 | 773.92 770.28| 1041.18

Generation/

TF MW | 51.94| 5341 5586 5439 4341 4312 5684
S”altegy Profit/ 1% | 754.6| 780.15 847.56 | 800.31598.22| 593.25| 826

Generation/ _

TF MW | 4858| 49.96| 5317 5083 4079 4033 5225
Strgtegy Profit/ 106 | 805 | 831.32 880.04| 852.6] 636.79633.22| 904.82

Generation/

TFMw | 5194 | 5341 5586/ 543p 4361 4312 5684
Strztegy Profit/ 10°% | 791.56| 817.88| 866.46 | 839.02 623.35| 619.78| 891.31

Generation/

TFMw | 5194 | 5341 5586 543p 4361 4312 5684

The comparison of profit is shown in Figure 8. In the base case, GENCO 1 only
participates in the electricity market, and obtains the highest profit. When GENCO 1

participates in both electricity market and £&lowance market, it receives less profit

and the profits are different using various bidding strategies. Also, seven maintenance

schedules result in different profits.
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Profit of G1

1200
1000
800

o mBase Case

3 600 m Strategy 1

400 m Strategy 2
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0
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Figure8 Comparison of Profit for GENCO 1

The comparison of generation ouls is shown in Figure.SSimilarly, GENCO 1 ha
more generation outpats itonly participates in the eleatity market. When GENCO
participates in both marketsidding Strategy 2 always brings mgsineration outpt

Generation Output of G1

m Base Case
m Strategy 1

103 MW

m Strategy 2
m Strategy 3

1 2 3 4 5 6 7 Week

Figure 9Comparison of Generation Output GENCO 1

Optimal maintenance scheduling and , allowance bidding strategy are shown
Figure 10. It is seen thahe optimal maintenance scheduig different using thre
bidding strategies in C{allowance market. Bidding strategy 2 bis the highest prof



Optimal Maintenance Scheduling
& CO, Allowance Bidding

1041.18 otrategy
1200 847.56 904.82 091.51
1000

800

10%$
o
8

400
200

Base Case Strategy 1 Strategy 2 Strategy 3
(Week 7) (Week 2) (Week7) (Week 7)

Figure 100ptimal Maintenance Scheduling &  Allowance Bidding Strate¢

The comparison of profits from different (, allowance bidding strategies is showi
Figure 11 It is shown that Strategy 2 is the best bidding strategy, which means GE
should notbid too many allowances (Strategy 3) or too few allowances (Strategy 1
optimal biddirg strategy can be obtained by solving the proposed optimization pr

Comparison of Profits from
Different Strategies

1000
900 i § =—Week 1
800 Week 2

&

@ 700 —A—\Week 3
— — —>=\Week 4
600 ———w—"— ==\Week 5
—+—=\Week 7

400

Strategy 1 Strategy 2 Strategy 3

Figure 11 The&Comparison of Profits from Different Stratec
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343

Conclusions

Optimal maintenance scheduling will be changed considering different CO
allowance bidding strategies.

Under three bidding strategies, which correspond to small, medium and large (can
be used in secondary market) amount of allowances, GENCOs will have different
profits. Bidding strategy of either small or large amount of allowances cannot
make most profit. The optimal bidding strategy is connected with optimal
maintenance scheduling.

Based on the proposed model, GENCOs will be able to determine their optimal
mid-term generation maintenance scheduling and, @@ission allowance
bidding strategy participating in both electricity market and, Gowance
market.
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4. Conclusions

In the competitive market environment, GENCOs can schedule the maintenance periods
to maximize their own profits, which also consider ISO’s functionality from the view
point of system reliability and cost minimization. Carbon mitigation policies, such as CO
allowance cap-and-trade market, help to reduce consumption in traditional energy and
promote to shift to renewable energy resources. Considering these new effects, GENCOs
need to adjust their scheduling strategies in the electricity market and bidding strategies
in CO, allowance cap-and-trade market. The proposed research addresses the challenging
issue of generation scheduling under new environmental considerations. The emission-
constrained generation scheduling problem involving generation maintenance scheduling,
unit commitment and C{allowance cap-and-trade is investigated.

First, the CQ emission allowance cap-and-trade market is formulated as the Cournot
equilibrium model. Practical market rules, such as those in RGGI, are considered in the
developed model. The sensitivity of GENCOs’ bidding price, electricity price and total
amount of CQ allowances to C@allowance price and dispatch are analyzed. Then, the
model of generation scheduling problem involving generation maintenance scheduling,
unit commitment and CQallowance cap-and-trade, in the three-year, @lbwance
compliance period, is proposed.

Based on the proposed model, GENCOs are able to know the amount and price of CO
allowances to make bidding decisions in the electricity market, while they bid 4o CO
allowance market based on the information of electricity price and scheduled generation
commitment and dispatch. With this information, GENCOs will be able to determine
their optimal mid-term operation planning and short-time operation schedules
participating in both electricity market and g@llowance market. To the best of the
authors’ knowledge, this problem has not been solved. A solution to this new problem is
proposed in this research.

In the future work, the development of an accurate €fission model related with
generation output is critical. The current emission model is to simply multiply generation
output by constant emission rate to obtain the emitted @@h more insight into the
physical mechanisms, a more accurate model will be beneficial. Also, the three-year
optimization problem will be solved with weekly generation maintenance scheduling and
guarterly CQ allowance market auctions.
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