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ABSTRACT

In this dissertation, we formulate and analyze a series of electitig-ctigeneration facility
relationships to understand their ramifications on the economic welfare and erentofior
our models we focus on a host utility and a qualifying facility under Publicieksilit
Regulatory Policies Act (PURPA; 1978 and subsequent amendments) and the total surplus a
the economic welfare performance criterion and the total nitrogen oxidg$ éN@sions as
the environmental performance criterion. We first model the host utility andyggli

facility interaction as a Stackelberg game and derive the equilibriunnag@mequantities,
prices and total surplus without emission considerations. We show analyticatlyethatal
surplus when the host utility and qualifying facility interact due to PURRéwsr than

when the cogeneration facility is an Independent Power Producer or IPP. Thenldelet
Power Producer configuration is when the cogeneration facility sellsiekyadirectly to

retail electricity customers without a PURPA contract at the pragagliectricity price set by
the electric utility. Next, we extend the basic model by consideringethéation of

emissions of NQby the electric utility. The regulatory program is modeled after tharC

Air Interstate Rule’s (CAIR; 2005 and subsequent amendments) ozone seggamogiam.

By comparing the total NOemissions generated in the system in the cogeneration under
PURPA or CGP configuration with the IPP configuration we show analytidelhythe total
NOy emissions is lower in the CGP if the heat demand of the thermal host attached to the
qualifying facility is high and the PURPA buyback price at which the quadiffacility sells
electricity to host utility is low. Through this study we have derived conditions wideh

PURPA is justified or and clarified the applicability of PURPA.
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CHAPTER 1. INTRODUCTION AND BACKGROUND

1.1 Introduction

Energy is the foundation on which modern society has been built. Every aspect gf-energ

its generation, distribution and consumption — has become a topic of discussion and research
in the last century. In particular, the efficient and reliable generation aptysaf electricity

has been important requirement to our everyday life. In the US, the elecupyily

industry is heavily regulated to ensure that electricity is generated ifi@aengéfand reliable
manner with minimal damage to the environment. In this thesis we study ficspreeigy
generation technology, cogeneration, and a specific legislationtat@promote it, the

Public Utility Regulatory Policies Act (PURPA). Specifically, wady the generation

planning problem and the associated economic and environmental performance of a
cogeneration facility and an electric utility that are part of a PURP Aaxint

The objective of the thesis is to identify PURPA'’s impact on the generation and
operation decisions of an electric utility and a cogeneration facilitydditian, it also aims
to evaluate PURPA'’s provisions for the cogeneration facility by comp#rengconomic and
environmental performance of the electric utility and cogeneration yagrider PURPA
with their performance in other configurations without PURPA.

To achieve the above mentioned objectives, we develop and study a series of
progressively complex models that quantify and compare the total surplus ofrdiéfeezgy
generation/consumption system configuration. The components of the endegy ays a
vertically integrated electric utility, the retail electtyccustomers and a cogeneration facility

with a thermal host with fixed heat and electricity demands. The mainl wiothe paper is
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one that models the system where the electric utility has a PURPA cantraat
cogeneration facility. The model is referred to as the Cogeneration Gemé&tkanning
under PURPA or CGP model. To evaluate the economic and environmental perfoofnance
the CGP model, the CGP model’'s outputs are compared with three benchmark models. Each
of the three benchmarks represents a different generation/ consumptegiesratailable to
the components of the energy system.

The simplest benchmark is the Heat Production without cogenecatidiguration or
HP model. The HP model captures a system that does not any cogeneratilontinsit
model a heat production unit owned by the thermal host satisfies the process laeat dem
the thermal host. To satisfy its electricity demand the thermal host geschkectricity from
the electric utility in a bilateral transaction

The second benchmark is an energy system configuration that consists of a
cogeneration facility owned by the thermal host that satisfies both ttameg&lectricity
demand but does not interact with the electric utility or the retail elgtricstomers. This
model is referred to as the Self generation using cogeneration (SCG) model

The third and most complex benchmark is an energy system in which a cogeneration
facility and electric utility compete to supply electricity to tk&ail electricity customers.
The cogeneration facility owned by the thermal host satisfies thaheéaectricity demand.
In addition, the cogeneration facility also supplies electricity diy¢otthe retail electricity
customers. This benchmark is based on the existence of Independent Power PfiBtRicers

that serve retail load. The electric utility also supplies eletrigithe retail electricity
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customers. The cogeneration facility is referred to as an independent poweepatilithe
model is called as cogeneration facility as an Independent Power Prodi)en({iéel.

The thesis consists of two parts — the economic performance of cogamerater
PURPA and the environmental performance of cogeneration under PURPA. The economic
performance of cogeneration under PURPA is evaluated by determinimgathsutplus
realized in the CGP model with the total surplus realized in the benchmark models. The
environmental implications of electricity generation well documenteésljmportant to
evaluate the environmental performance of all regulations. Hence we evhtiate t
environmental performance of PURPA by comparing the totalelNussions realized in the
CGP model with the total Nemissions realized in the benchmark models.

The rest of the thesis is organized as follow, in section 1.2 we present theohadkg
information on cogeneration and PURPA. In chapter 2 we focus on the economic
performance of cogeneration under PURPA. Relevant literature relatesldogeneration
under PURPA model is presented in section 2.1 followed by the modeling assumption of the
basic models without environmental considerations in section 2.2. In section 2.3, 2.4, 2.5 and
2.6 we formulate and solve CGP model, IPP model, SCG model and the HP model
respectively. In section 2.7 we compare the economic performance of the @BPwith
the economic performance of the three benchmark models and summarize our findings
regarding the economic performance of the cogeneration under PURPA catndigur

In chapter 3 we focus on the environmental performance of cogeneration under
PURPA by formulating and solving the extended model which is the basic model from

chapter 2 with environmental considerations. An overview of thgrd@ulatory programs is
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presented in section 3.11 followed by a brief review of literature related toeiy@atory

programs and cogeneration in section 3.2. In section 3.3 we present the additionalgnodeli
assumptions related to the extended model. In section 3.4, 3.5, 3.6 and 3.7 we formulate and
solve CGPE model, IPPE model, SCGE model and the HPE model respectively.om secti

3.8 we compare the total N@missions of the CGPE model with the total surplus of the

three benchmark models and summarize our findings regarding the environmental
performance of the cogeneration under PURPA configuration. We conclude withrehapte

with conclusions, discussion and future research.

1.2 Background

In this subsection the two critical components of the dissertation namely — genand
PURPA are explained in detail.

1. 2.1 Overview of Cogeneration

Cogeneration is defined as the sequential use of fuel for generation of twbemnszty
products — electricity and useful heat (Petchers, 2003). Cogeneratiorueasféidiency of
80 to 90 % compared to the 33% fuel efficiency of conventional electricity gemeuatits.
A conventional electric utility is one which generates only electricity @ed dot reutilize
the waste heat energy in the exhaust gases or steam left over aftaitglgeimeration. A
pictorial description of cogeneration and its variation from conventional energy poodisc

presented in Figure 1.
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The Cogeneration Process

o Fuel o Plant 9 Products

+Tl|0|‘l'li! Heat & Steam =

Natural 6as =
Electricity =

Turbine Generator

Conventional Energy Production

9 Fuels e Plants 9 Products

Elsctricity

Natural Gas = = -}ﬂié*.pﬂ.;ig%

Centralized Electrical
ol
Generating Plant - » Steam =

Natural Gas = I =

Figure 1. Cogeneration process and its variation from conventional energy production®

Cogeneration has two important advantages — fuel conservation and reduced
emissions (Hu 1985; Petchers, 2003; Spiewak and Weiss, 1997). Cogeneration faeilities a
ideally suited for industries and facilities that require a reliable anthooots supply of both
electricity and thermal energy. Examples of industries that are suitaldegeneration
include paper and pulp industries, oil refineries, chemical plants, etcs#aatal that the
thermal and power loads of these industries should be closely matched. Cogenerason plant
are also found in hospitals and universities. Cogeneration is preferred in sutibSatiice

they require steady and reliable supply of power and heat for space heating.

Cogeneration facilities differ mainly in three ways - the type ofuisel, the

technology and the load characteristics. In terms of fuel most cogendedtilities operate

! Image courtesy of Cogenworks (http://www.cogensaram/gtf_CogProcess.html)

www.manaraa.com



on Natural Gas or Oil. However, coal, biogas and other waste stream baseddusto

used by cogeneration facilities.

In terms of technology the main types of cogeneration facilities are tppypahe or
bottoming cycle. In topping cycle cogeneration unit’s electricity is gesefast and the
thermal output (heat or steam) is the secondary output. In the bottoming cycleratiga
units fuel is used to generate the thermal output first and the waste hedittis ois&in
electricity as the secondary product. In terms of the load charactedstiemand
characteristics, cogeneration units are of two types —electricity |dadiiody and thermal
load following. In the former type of cogeneration facility the eledjriciad satisfaction is
the main goal with the operation of the unit dependent on the electricity demarel. In th
thermal load following type of cogeneration facility the thermal loadfaation is the main
goal with the operation of the unit dependent on the thermal demand. In this dissertation we
focus on cogeneration facilities that are topping cycle, thermal load fojpwogeneration

facilities

1.2.2 Public Utilities Regulatory Policies Actof 1 978 (PURPA)
In the United States, cogeneration gained importance with the impleroaraathe Public

Utility Regulatory Policies Act (PURPA) of 1978. The main intents of PURRAe

- To promote energy production efficiency and energy conservation
- Decrease dependence on foreign fuel sources and

- To promote use of renewable fuel sources
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It achieved this purpose by promoting cogeneration (fuel efficiency) antsmeer
producers (Danielsen et al, 1999, Lamoureux, 2002). To achieve its goals PURPA provided
the status of “qualifying facility” to cogeneration and small power producersdhafied

certain efficiency standards. Qualifying facilities were progideth the following benefit

1. The right to sell electricity to the electric utility at the utiktyavoided cost”.

2. Interconnection to the grid from the electric utility at non discriminataiy and
quality.

3. Availability of backup/maintenance/supplemental electricity at non digtaibory

rates from the electric utility.

The utilities that bought the electricity sold by qualifying facilitesl provided these
facilities with interconnection to the grid were termed as the host wtilige right to sell
electricity to the electric utility at the utility’s “avoided co$tdsed rate is termed as the
“PURPA Put” (Gottlieb, 2001). The “avoided cost” based rate is defined as the ¢dbetha
utility would have incurred by generating or purchasing the electricity gedvby the
qualifying cogeneration facility (Hirsh, 1999, Danielsen et al, 1999). The lawradsoesl
that the qualifying cogeneration facilities will be able to purchaskupd maintenance/
supplemental at just and reasonable rates (Spiewak and Weiss, 1997). It should tiehote
the rates charged by the electric utilities vary for backup eldgtrioaintenance electricity
and supplemental electricity. The qualifying facilities were able totreg beneficial rates
for backup and maintenance electricity. However, qualifying facilitiecharged at the

market price for supplemental electricity (Glassman, 2007)
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Though PURPA is a federal law under the Federal Energy Regulatory Caomniss
the implementation of the law is by state regulatory authorities. As p# of t
implementation of PURPA, electric utilities entered into long term costraith qualifying
facilities. These contracts were executed in the early eighties teesifmt periods ranging
from 10 to 30 years. For example, in California the PG&E utility entered intateact with
Watson Cogeneration Facility in 1985 which will expire in 2008 (Hawley, 2005). Warrior
Run a 180 MW facility in Maryland has a PURPA contract that will expire in 202B¢Wi
et al, 2005). In addition to overseeing the establishment of these long term spttimstate
authorities are also responsible for determining the “avoided cost” of litiesi{Hirsh,
1999). . The definition of avoided cost has been interpreted in many ways by the various
state authorities and different formulas for its calculation are in efféoe different states

(Spiewak and Weiss 1997, pg 29).

The effect of PURPA and the long term PURPA contracts has been pronounced with
both supporters and detractors for the regulation. The most contentious aspect ofghe law i
the PURPA put and the estimation of avoided costs. The point of contention between the
utilities and the qualifying facilities has been the above market rate a¥theed cost
(Danielsen et al, 1999). Utilities claim that the high avoided costs and thetorgnda
purchase obligation are directly responsible for high wholesale prices ZE0R).
Detractors claimed that nearly $42 billion will be paid by consumers dfielgcin above
market prices for PURPA mandated electricity from qualifying faediand that PURPA

electricity was twice as expensive as the average utility costi{@&dgl1999). In addition,
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utilities claim that the law is anticompetitive and does not allow for flatbr utility

generation planning (Lamoureux, 2002)

Qualifying facilities claim that the PURPA incentives are @alidr their viability as
electricity generators and that they do not have access to competitketsnRURPA
supporters state that the deregulation has not been completely succesdsfat dradlaw is
required for continued sustainability of the qualifying facilities (Lamoxiyr2002).
Supporters also claim that the intents of the law, energy conservation and fueficatens)
are still critical to the nation and that the current industry practices do not prtmee

goals. (EIA,2000).

In 2005, the most comprehensive Energy Bill, the Energy Policy Act (EPAct) was
passed by the congress. Based on the concerns raised by the utilities, E€#&tddam

PURPA in the following critical aspects

1. Electric utilities are not required to enter into new contracts with qualif@ailities
to purchase or sell electrical energy when qualifying facilities have nomaiisatory
access to wholesale competitive markets.

2. Qualifying facilities can be owned by electric utilities

3. Qualifying cogeneration facilities have to demonstrate that themti#reat output

is useful.
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However, the relief from mandatory purchase and mandatory sell obligations grantet
automatically to the existing contracts (PURPA, Title 18, § 292.309). Utiliteeseguired to

make an appeal to the FERC and decisions will be made on a case by case basis.

The total installed qualifying facility, as of 2000, was 45, 813 MW (ElectricePow
Annual, 2000). As of 2005, combined heat and power or cogeneration capacity in the United
States is 66.9 thousand MW's. (EIA-Electricity Capacity, 2006). This capa®tyly 6.8%
of the total generation capacity available in the country. Coal was the majsotirce for
electricity generation. Nearly 49.7% of electricity in 2005 was gee@ating coal. Natural
gas (18.7%) and Petroleum (3%) were the next mostly used fuel source. Blerawvhnon-
conventional fuel sources contributed only to about 2.7% of the total electrical energy
generation. (EIA-Electricity Generation, 2006). These statisticscgagence to the claims
of the qualifying facilities and PURPA contract supporters. Given theskctog claims
and with the changes in the electricity industry due to re-structuring, Udggmtto evaluate
the performance of cogeneration under PURPA and identify conditions under which it is

justified.

www.manaraa.com



11

CHAPTER 2. ECONOMIC PERFORMANCE OF COGENERATION

UNDER PURPA

In chapter 2 of the thesis we study the economic performance of coganerater PURPA.

The chapter begins with a review of relevant literature followed by thieemaitical

modeling and solution of the four models — the CGP model and the three benchmark models.
We then compare the total surplus associated with the optimal generation planslettric

utility and cogeneration facility in each configuration to study the ecanpenrformance of

cogeneration under PURPA.
2.1 Literature Review

Various aspects of cogeneration have been studied as early as 1970’s. The
implementation of PURPA in 1978 brought a host of studies on cogeneration and PURPA in
particular. Studies such as, Puttgen and MacGrd@&9), Moleshi et al (1991), Venkatesh
and Chankong (1995) and Chen and Hong (1996), focused on the optimal production policy
for a cogeneration facility. The focus of these studies was more on theetdaggor of the
physical constraints of a cogeneration unit and determining the production padlicy tha
guarantees minimum cost. Algorithms with emphasis on economic dispatching of
cogeneration units also came into focus and are still of interest as demonstiGtenl dd al
(1996 ), Rao (2001) and Chapa and Galaz (2004) . While Guo et al (1996), Rao (2001) and
Chapa and Galaz (2004) all focused on the solution techniques to solve the economic
dispatch problem with cogeneration facilities, Guo et al (1996) was the only ondititlgx

consider the feasible region constraints associated with cogeneration.

www.manaraa.com



12

Joskow and Jones (1983) are one of the earliest studies on the economics of cogeneration.
They focused on identifying conditions which lead to a profitable investment in cagiener
and concluded that the PURPA buyback rate, electricity prices and varialbté apsration
determine the profitability of a cogeneration investment. Rose and McDdr@&ll)(also
studied the economics of self-generation but concluded that the PURPA buyback rate by
itself was not a significant determinant in the generation planning of cagendacilities.
They concluded based on empirical evaluation that the electricity and stewmditaced by
the cogeneration facility determine the generation plans of theiyadifoo (1988) studied
the inefficiency of avoided cost pricing in a regulated environment whereghlate is
interested in maximizing social welfare. The paper concluded that in reysistiems with
a positive profit criteria the avoided cost pricing mentioned in PURPA will beianesit
with respect to social welfare.

Fox-Penner (1990) is one of the papers that focused on the strategic operational
decisions of a cogeneration facility under PURPA. Cogeneration facilitkestiva
incentives to generate electricity — to minimize cost of purchasingietgctrom electric
utilities to satisfy their demand (displacement mode) and to profit fromgelectricity to
the electric utilities or market customers (arbitrage mode). Fox — PEr@8€)) explicitly
models the two modes with respect to a PURPA cogeneration facility. Hgwevdoes not
consider the impact of the cogeneration facility’s generation decisiotise electric utility
or strategic gaming between the electric (host) utility and theneogion (qualifying)

facility.
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Haurie et al (1992) study the strategic gaming between the host utilithend
qualifying facility. They model the interaction as a Stackelberg gaitiethe host utility as
the leader and the qualifying facility as the follower. Though Haurie e{18%2) is similar
to our model, they differ in certain critical and salient points. Haurie et al (H@92)t
explicitly consider the PURPA constraint that specifies that the quaifgiility can only
sell electricity that it has cogenerated to the host utility and the fixedenaf the PURPA
buyback price that the host utility pays to the qualifying facility. In thedehthis price is
endogenously determined. This is in direct conflict with concerns raised by trentonal
utilities regarding the PURPA contracts (Hirsch, 1999). If electritiesi had the freedom
to choose the price at which they purchase electricity from the cogendetility then they
would set the price in a manner that is beneficial for them and will be more amendis
PURPA contracts. However, this is not the case and there is evidence tht @iétes are
even willing to buy out PURPA contracts so that they need not accept cogenlerctiacity
(Danielsen, 1999). In addition, Haurie et al (1992) assume that the conventiona ddlti
electricity at their average cost and buy electricity from the coggoe facility at the
utility’'s marginal cost. Due to deregulation, utilities no longer find it profitablsell
electricity at their average cost and are currently selling at tteginal cost to be
competitive. In addition, if the cogeneration facility was selling to kbdetréc utility at the
host utility’s marginal cost, then the host utility will be indifferent todhentity of
electricity sold to them by the cogeneration facility. Anecdotal emedesuggests otherwise

(Hirsh 1999, Danielsen 1999).
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Kwun and Baughman (1991) is another important paper that focused on the benefits
of cogeneration and the optimal investment in cogeneration capacity. To detdrenine
benefits of cogeneration, the study determines the optimum generation decisions and
associated cost of an electric utility and an industrial facility tzed thermal demand
without cogeneration individually. They then compare the cost with a jointignzetdl
global benchmark model with cogeneration.

This thesis differs from the above studies in two ways. The studies in ligettadtr
evaluate the strategic interaction of the cogeneration facility andetttei@utility under
PURPA were before deregulation came into effect. The second aspect notreohniside
available literature on cogeneration is the economic welfare implicaif@weneration

under PURPA.

2.2 Modeling Assumptions

Al1:The heat demang; of the thermal host is much greater than the thermal host’s electricity
demandQy. Examples of such a cogeneration facility that serve such cogeneratioaltherm
host include a 20 MW Pacific Cogeneration facility in Washington. The facilityiges
electricity and heat to the Greater Western Malting facility witlaerage electrical load of
AMW and a heat load of 90 MBtu/hr (“PURPA Resource Development” 1990).

A2: The relationship between cogenerated electricity and heat is assumesdfiodokratio
(power to heat ratio).

A3: The cogeneration facility can discard excess heat or electricity weingudisposal cost.

A4:The electric utility is a vertically integrated utility. Vedity integrated utilities are
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companies that handle all three aspects of electricity supply- geneteansmission and
distribution. The customers of vertically integrated utilities are thé ceistomers
comprising of the residential sector (residential homes), commeectalr foffice and store
buildings) and industrial sector. Vertically integrated utilities &leaspart of the United
States electricity supply sector. Even though de-regulation has been irsigitedate
1990’s, a significant part of the country is still served by regulated monopetstically
integrated utilities. Even in states with a wholesale competition, parts datbarsght be
served by vertically integrated utilities due to transmission network caristreor example
in Texas, 15 % of the state’s load is outside of the ERCOT grid and include regions in the
Texas pan handle, parts of northeast Texas, southeast Texas and El Paso and surrounding
areas (AECT, 2007). These regions are serviced by vertically integi#tees such as
Southwestern Public service (pan handle), the Southwestern Electric Powgar¢/om
(Northeast Texas), Entergy (Southeast Texas) and The Electric Co(pdtaso and
surrounding areas). Another example of a region served by a monopolistic igjectric
generator includes San Francisco (Borenstein and Bushnell, 2000)

A5: In the CGP, HP and SCG models, the electric utility is the sole supplier afoietd
the retail electricity customers. In the IPP model the electtity@nd cogeneration facility
supply electricity to the retail electricity customers. However, thd&@batructure is similar
to a monopoly with a fringe with the electric utility as the monopoly and the ecajem
facility as the fringe supplier. With deregulation the United States badlse emergence of
Non-Utility generators or NUG’s. These NUG’s do not own transmission oibaistmn

services and hence use the utility’s transmission and distribution servicéis¢o de
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electricity to wholesale electricity customers or retail teieity customers( Philipson and
Willis, 2006). NUG's are mainly three types — Independent Power Producerdyf@gali
facilities and Exempt Wholesale Generators. Independent Power Proatecpravate
companies that generate and consume electricity and sell surplus igfebditficle wholesale
competition is prevalent in many states across the country only a few lstate
implemented retail competition. However, in a few cases, NUG’s patgaipaetail
electricity sales. In 2006, data collected by the Energy Informatipnidistration (EIA)
using form EIA-920 had 116 NUG'’s that supplied electricity to retail custdmeach case
the NUG’s handled a small portion of the retail sales while the remainingatiaBed by the
local utility (EIA, 2006a)

AG6: The electric utility will always sell the cogenerated eledtriitipurchases from the
cogeneration facility to its retail electricity customers.

A7: The models do not consider capacity constraints, transmission constraints @remiss
control constraints with regards to both the electric utility as well asotjEneration facility.
It is assumed that the electric utility being a vertically intexgraittility has sufficient
capacity to meet the maximum demand of the retail electricity cust@mersas access to
transmission networks.

A8: When the electric utility and cogeneration facility are engaged incilSterg game

(CGP, CGS and IPP models), complete information is assumed between the twa player

In this thesis, for simplification purpose we use Mega British Thermal UnBsu)

to specify all energy products. This is to specify both the electrical andriezgy@utput in
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the same units, instead of Megawatt-hour for electricity (MWh) and MBtu forehesagy.

We use the conversion 1 MWh = 3.4121 MBtu to convert electricity prices are ¢gneral

specified in $/MWh to $/MBtu. An MBtu is equal to a million Btu’s. In the paper, the

variables and parameters are introduced with the appropriate units. Afteititelefinition,

the variables and parameters are referred to without their units. For fegsgice a list of all

variables and parameters used in chapter 2 along with their definition and ymésented

in Table 1

Symbol

Description

Decision Variables:

L

Xy Electricity generated by electric (host) utility Beu).

Xeg Electricity cogenerated by the cogeneration (quald) facility (MBtu).

Yeg Heat energy cogenerated by the cogeneration (girg)f facility (MBtu)

Os Electricity sold by the qualifying facility to theost utility as part of the PURPA contract (MBtu)|
(In CGP modd only)

Ob Electricity purchased by the qualifying facilityofin the host utility as part of the PURPA contra
(MBtu). (In CGP model only)

P, Electricity price paid by the retail electricitystomers ($/MBtu).

Parameters:

Qq Electricity demand of the service facility (MBtu).

S Heat demand of the service facility (MBtu).

P, PURPA buyback price at which the qualifying fagili#tells electricity to the host utility as part of
the PURPA contract ($/MBtu).

a Power to heat ratio of the cogeneration facilityr{gtant).

Tablel. Notation in chapter 2
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2.3 Cogeneration under PURPA (CGP) configuration mo  del

In the CGP model the electric utility and cogeneration facility have anrexkBURPA. The
cogeneration facility is owned by the thermal host and together they areddfeas the
gualifying facility. Since the cogeneration facility has a valid P@Rontract with the
electric utility, it is referred to as the PURPA host utility. The dyialg facility sells
electricity to the host utility at a pre-determined price stipulated intH&FPA contract. In
the CGP model, as part of the PURPA contract, the qualifying facilitpuwariase
electricity from the host utility at the prevailing electricitygarin an independent
transaction. The energy generation system configuration of the CGP msiges below

in Figure 2.

Retail electricity customers

4

Qr
Host electric utility

Qualifying Facility

Cogeneration facility

S Qu

A 4 A 4

Thermal host

Figure 2. Cogeneration under PURPA (CGP) configuration model
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In the CGP configuration the host utility and qualifying facility argaged in a
Stackleberg game with the host utility as the leader and the qualifyitityfas the follower.
The leader in a Stackelberg game is the dominant player who can actikelyletasions
that affect both players. In the CGP configuration, the host utility dedidedectricity
price to the retail electricity customers and is the dominant player anthttie®erg leader.
The follower is the less dominant player whose decisions are based on thendexfishe
leader. In the CGP configuration, the qualifying facility takes thetrétéy price,
B.($/MBtu), as given and determines its optimal generation plan and is thelBtrg
follower.

The Stackelberg game is a sequential game with the leader makihectsons first
and the follower making his decisions after observing the leader’s decisionlso(Gj 1992,
pg 58). In addition, the leader is aware of the fact that the follower will obgerveader’s
decision and then make his decision. It is assumed that both players have perfect
information, i.e. both players are fully aware of their respective payoffsjoc@nbination
of strategy/action available to them. The Stackelberg game between théilltpsind the
qualifying facility is played as follows,

1. The host utility, as the leader, announces the electricity gtic€he host utility
determines the electricity price by choosing its generation quariiijyIBtu). However,
the host utility as the leader, anticipates the response of the qualifyility {éalower)
to the electricity priceB. before he announces the prigeThe generation quantity, is
the action set of the leader (host utility). The payoff associated with tbe aeti is the

profit that the host utility gains by selling electricity in the wholesabrket at the
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associated electricity pricé,. It should be noted that the electricity sold by the host
utility in the market includes the cogenerated electricity sold tp tihé qualifying
facility as part of the PURPA contract and excludes the electsoltyby the host utility
to the qualifying facility.
2. The qualifying facility observes the electricity prigeand assuming that its decisions
will not have an impact on the electricity price makes the following dessio
o The quantity of electricity and heat to cogeneratg,(MBtu) andy,,(MBtu)
respectively, given that the electricity demafig,(MBtu), and heat demand,
S4 (MBtu), of the thermal host has to be satisfied.
0 The quantity of electricity to purchase from the host utijy¥MBtu) at the electricity
price, P. to satisfy part or all of the thermal host’s electricity dem@und
o The quantity of cogenerated electricity to sell to the host ugilifMBtu) as part of
the PURPA contract at the PURPA buyback priGé5/MBtu)
The factors that affect the qualifying facilities decisions are aseaf purchasing electricity
from the host utility i.e. the electricity pricé.}, the cost of cogeneratioﬁ,,g(xcg,ycg) ($),
the electricity Q) and heat demand/) respectively of the thermal host and PURPA
buyback price?;, at which the qualifying facility can sell electricity to the hodityt Hence
the action set of the qualifying facility is characterized by the sé¢csions
(xcg) Yegr 4s qp) that satisfy certain constraints that will be described in section 2.3.1 of this
chapter. The payoff associated with the decisions of the qualifyingyasitiie profit it
gains by selling cogenerated electricity to the host utility at theFAUuyback pricé, and

the satisfaction of the energy demands of the thermal host.
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The solution to the Stackelberg game described above is determinedacagrd
induction (Gibbons, 1992, pg 57). Lgt andx;" be the optimal strategies for the leader and
the follower. In backward induction method, the follower maximizes his profit fir ea
strategy of the leader i.e. determing&(x;). The functionx;*(x;) is called the best
response or reaction function of the follower. We then determine the leadegg\streit

maximizes her profit, given the reaction/response of the follower, i.e.atierleentifies
x,* that maximize his profitg, (x,,xf*(x,)). (Cachon et al (2003), Gibbons (1992))

In the Stackelberg game of the CGP model, we first determine the bgéingation
plan of the qualifying facility for each value of the electricity pficeThe generation
planning problem of the qualifying facility is an optimization problem. Themgdtsolution
to the qualifying facility’s generation planning problem with the eleity price B. as given
is called the best response function or reaction function of the follower. We then find the
host utility’s generation plan that maximizes his profit, given theresgonse of the
gualifying facility to his decisions.

The qualifying facility’s generation planning problem is describedlosaction 2.3.1
along with the reaction function of the qualifying facility. This is followedHhmsy host
utility’s generation planning problem in subsection 2.3.2. The equilibrium solution to the
Stackelberg game in the CGP configuration and the associated total sweplesarbed in
subsection 2.3.3
2.3.1Qualifying facility’s generation planning prob lem
The qualifying facility’s generation planning problem is a profit mazation problem. The

qualifying facility determines its optimal cogeneration outputs — étégt(x.,) and useful
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thermal energy or heag{;). The qualifying facility profits by selling electricity to the host
utility and has to satisfy the electricity and heat demand of the thermal hos

The profit maximization problem (P1) of the qualifying facility is presdriielow.

Max cgp __

Qs Xcg» Veg» Qp Taf = Fsds Ceg(Xeg) Veg) = Pl (1)
s.t qs < xgy (2)
Veg 2 Sa (3)
Xeg = @Ycg (4)
Xcg = qs T qp = Qq (5)
qs20;q, =20 (6)

whereC,y = a + bx g + cxZg + dyey + eyéy + fxc4Veq is the cost of cogeneration. The
cost of cogeneration is a quadratic function that is used frequently in the ecaligmatch
literature for cogeneration systems (Guo et al 1996; Rao 2001; Chapa an@@xla The
profit functionng‘?”, of the qualifying facility consists of three terms corresponding to the
revenue from selling cogenerated electricity to the host utility, the cosigeheration and
the cost of purchasing electricity from the host utility.

The constraints in the qualifying facility’s generation planning problem P1
can be classified as regulatory constraint(s), demand constraints, @p@ratinstraint(s) and
non-negativity constraints. The regulatory constraint specified by ingg(Bliregulates the
simultaneous sale and purchase of electricity by the qualifyingydimom the host utility
(Fox-Penner, 1990; Spiewak and Weiss (pg 30), 1997). The constraint is part of PURPA to

prevent qualifying facilities from exploiting host utilities by buyingatticity from them (at
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a lower price) and selling the same electricity back (to them at artpgice). The demand
constraints associated with the electricity and heat demand of the tieshale specified
by equation (3) & (4) respectively. It is noted that the electricity demamstraint is a strict
equality since any excess electricity is sold to the host utility. Thedkeeaznd is a lower
bound on the heat output of cogeneration since it is possible that the qualifying faigjhty
generate more heat than required to sell the associated additionatigldctthe host utility.
Equation (5) is the operational constraint that specifies the electrigéneaated for each
unit of useful heat that is generated by the cogeneration unit. The power-tativeat the
cogeneration unit is utilized to specify this relationship (Sundberg and Henning, 2062). Th
power to heat ratio is defined as the ratio of electricity/power productionfid beat/steam
production of a cogeneration unit (Spiewak and Weiss, 1997). The non-negativity
constraints in P1 are the two non-negativity constraints associated witkedtrecy trading
variablesq; andgq, specified by equation (6).

The decision variableg,, andgq, are eliminated from problem P1 using the equality
constraints (4) and (5). The four variable problem P1 is represented by the equivalent t

variable profit maximization problem (P2) given below.

s TP = (P = P)Gs = Cog(eg) + Prteg — Pr0a @
S.tixcg > Sq4 (8)
qs < Xcg 9)
qs = Xcg — Qa (10)
420 1)
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— 2
whereC,,(xcy) = a + c1xc4 + c,x2, is the modified cogeneration cost wﬁﬁ% =c,
and b +2 = C1.

a
The objective functiom7”of P2 is linear inj; and quadratic im.,. Due to

inequality (9) and by the assumption tSatis much greater thapy , the non-negativity
constraint oy, becomes redundant. Hence equations (8) and (10) provide the lower and
upper bound og, respectively. The objective function being lineagjnthe optimal value

of g5 will be at one of its bounds - the upper boung, or the lower boundy., — Q4. The
criteria based on which the optimal valugggivill be at its upper or lower bound is the

variable’s coefficient in the objective functionAf> B, the coefficient of; in 77" is

positive and hence the optimal valuegefwill be at its upper bound af,,. If P, < B, the
coefficient ofgy in n;g;p is negative and hence the optimal valugofvill be at its lower

bound ofx., — Q4. If P, = B, then the qualifying facility and the host utility are indifferent
to the quantities of electricity traded between them.

The optimal value of, provides certain insight into the qualifying facility’s strategy
for trading electricity i.e. the qualifying facility either ksedll the cogenerated electricity to
the host utility or it satisfy’s the thermal host’s electricity dememdi sells the surplus
cogenerated electricity to the host utility. We include the reaction of thiéymgafacility
when P; = B, with the reaction of the qualifying facility whéh < P..

The qualifying facility’s generation planning problem (P2) furthduoes to the

determining the optimal cogenerated electrigity under two cases — Case (a) wifer> A,

and Case (b) whely < B. .
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Case (a): In this case, the objective of problem (P2) reduces further to give us problem (P3)
as follows,

Max =
Yoy M7’ = PXeg — Cog(Xcg) = P-Qa Stxcg = aSy (12)

The only constraint associated with this problem is the heat demand constraimmPP&bI
has a nonlinear objective and a linear constraint, the solution to which can be obtaimed fr
its first order necessary conditions (FONC). The first order necessaaysa the sufficient

condition since the profit functian7”, is concave w.rt., are

onoP
axch =P — 3 —2C%x5 =0 (13)
. (14)

2C2

wherexgg’B is the optimal non-binding solution to problem P3. When the constraint is active,

the optimal binding solution isg‘g = aS,. Therefore, we have that the opting} will be

Ps—cq

xggp = Max{ ,aSq} (15)

2C2
Case (b): In this case (b), the objective of problem P2 is reduced to form problem (P4) as
follows,

Max cgp
Xcg af

= Pxeg — Cog(xcg) — PiQq St xcy = aSy (16)

From equations (12) and (16) we see that the objective function in Case (a) and Case (b)
differ only in the third constant term which can be ignored for the purpose of dategriie
optimalx.,. Itis interesting to note that the difference in the constant term of the objective

functions in equation (12) and (16) is related to how the electricity de@araf the thermal

host is satisfied. In equation (12) the tef1Q,, is the cost to the qualifying facility in

www.manaraa.com



26

purchasing electricity from the host utility to satigfy. In equation (14) the term&Q,, is
the revenue forgone by the qualifying facility by satisfying thetatgty demand of the

thermal host from the cogenerated electrigity instead of selling the same quantity to the
host utility. From equation (14) the optimal heat cogenematgds determined using

equation (5) as

Ps

yP = Max(

4 aS,} (17)
C2

We note from equations (14) and (17) that optimal cogenerated electricity and heat are
independent of.. However, the decision on how best to satisfy the electricity demand of the
thermal host is dependent on the electricity pAceln effect, the qualifying facility is faced
with two distinctive and separate optimization problems,
1. What are the optimal cogeneration outputs for a given set of cost, revenue and demand
parameters?
2. How should electricity be traded with the host utility for a given set ofrezrgéed
electricity and electricity price?
Reaction function of the qualifying facility: In the CGP model the qualifying facility and
the host utility are engaged in a Stackelberg game. The qualifying faalitg the follower
reacts to the decisions of the host utility, the leader. The qualifyingyaed#cts to the
electricity priceP;, by deciding the quantity of electricity that it wishes to trade with the host
utility. As determined above, only the quantity of power traded depends on theigjectr
price. The cogeneration outputs of electricity and heat are independenetddtniity
price. Therefore the reaction function of the qualifying facility to thetetity priceP; is

given below
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Q4 when P; > P,

cg { Xcg when Py > P, (18)
0 when P; < P,

5" = lxeg — Quwhen B, < panda,’ = {
Similar to Fox-Penner (1990) we refer to case (a) and case (b) as tregarbiode
(AM) and non-arbitrage mode (NAM). The trading strategy of the qualifyinttyas the
basis for the names of the cases. In the arbitrage mode (AM), the qudtdyility sells the
entire quantity of cogenerated electricity to the host utility and purckeésascity from the
host utility to satisfy the thermal host’s electricity demand. In the noitr@ge mode
(NAM), the qualifying facility satisfies the electricity demandioé thermal host from the
cogenerated electricity and sells only the excess electricity to the Hibgstlateach mode of
trading, the cogeneration facility will generate a quantity e€teicity such that the
associated heat is equal to the heat demand of the thermal host or a quardtyioitel
such that the associated heat will be greater than the heat demand of tlaéhbstm
2.3.2 Host utility’s generation planning problem
The generation planning problem of the host utility is also a profit maximizptoblem.

The profit maximization problem (P5) of the host utility in the CGP configuragias i

follows

Max 729 — P (Qp)Qr — Culxa) = Ras(B) + P(Q) s (P) (19)
wherePB.(Q7) = B — yQr is the inverse demand function of retail electricity customers and
C,(x,) =l + mx, + nxZ is the quadratic cost function associated with electricity generation
for the power level ok, (Wood and Wollenberg, 1996), (MBtu) is the total electricity
supply to the retail electricity customers. Equation (19) is the profit fumati the host

utility.
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The total electricity supply to the retail electricity custasrisra function of the host
utility’s generation quantityx,), the cogenerated electricity sold to the host utility by the

qualifying facility (g;) and the electricity purchased by the qualifying facility from the host

utility (qp)-
Qr = %y + qs(Ry) — q(Py) (20)
Using the equation (4) we can elimingjefrom equation (20) to obtain
Qr =Xy + Xcg — Qa (21)
Equation (21) states that the total electricity supply to the retailielgctustomers is a
function of the host utility’s generation quantity, §, the qualifying facility’s cogenerated
electricity quantity £.,) and electricity demand of the thermal hagf)( The host utility
being a Stackelberg leader is fully aware of this and makes her decisovdiagly. It
should also be noted that, singg andQ, are both remain constant, for all feasible values
of x,,, the host utility has the freedom to choose an electricity price that nzasiis own
profit. The profit functiomflﬂp, of the host utility consists of four terms — revenue from
electricity sales to the retail electricity customers, cost of géinar cost of purchasing
cogenerated electricity from the qualifying facility as part of the PAB#htract and the
revenue from selling electricity to the qualifying facility at tHectricity pricep. in a
bilateral transaction. The profit of the host utility is a function of the reactibtie
qualifying facility.

Equation (18) gives the reaction function of qualifying facility w.r.t. thetedsty
price,P.. To determine the Stackelberg equilibrium solution we substitute the vajuend

qp in problem (P4) and solve for the optimgl From equation (18) we have the reaction
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function of the qualifying facility to be a discontinuous function with the discontinuity
occurring when the electricity pricB,becomes greater than or equal to the PURPA buyback
price, P;, at which the qualifying facility sells power to the host utility. Since thetectity

price is a function of the host utility’s generation quantity the discontiofitlye reactions
function atP,. > P, leads to the following condition on the generation quantity of the host
utility, x,,

(B =P =y (xeg = Qa)) 2 %o (22)

The reaction of the qualifying facility differs based on the generation quanthyg of
host utility and the electricity price.. The quantity of electricity traded by the qualifying
facility remains a constant for @l < P;. Similarly, the quantity of electricity traded by the
qualifying facility remains a constant (different from whgn< P,) for all B. > P,. The two
trading modes of the qualifying facility lead to two profit maximization poid for the host
facility.

Non-Arbitrage Mode (P, = Py ): In this case the reaction of the qualifying facility from
equation (18) is substituted in the profit functmjipof the host utility. The profit

maximization problem (P6) of the host utility is modified as follows,
Max mid? = BQr —¥Qr” — Culty) — Bi(eg — Qu) (23)

st 2, <> (B~ P~ v(xqg — Qa)) (24)
The problem P6 of the host utility is a simple non-linear problem. The corresponding

Lagrangian function is

L7 = BQr = vQr” = Cu() = Pol(xeg = Qa) = 457 (xu < 7 (B = P = ¥(eg = Qa)))
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(25)
To determine the optimum generation quantity of the host utility, we use the concept of
active and inactive constraints (Luenberger 2003). We first determine the lopfiima
considering the case whexg is strictly less than the bound specified in equation (24). In

this case, the host utility’s profit maximization problem is a nonlinear unedamest

cgp
hu

problem. The profit of the host utilityr in problem P6 is nonlinear and concave w.t
Therefore the optimat, can be determined from the first order necessary and sufficient

conditions as follows

an.CgP
Th;‘ =p - Zy(xu + Xcg — Qd) —m — 2nx, = 0. (26)
* NB_nam __ B—Zy(xcg—Qd)—m
Xu - 2(y+n) (27)
where x;-VB-"%™ s the non-binding optimal generation quantity of the electric utility if the

reaction of the qualifying facility to the electricity price is to opeia the non-arbitrage

mode (NAM).

To determine the condition under which the constraint will be binding we use the FONC for
constrained optimization problem

cgp
0Ly,

s B — Zy(xu + Xeg — Qd) —m—2nx, — Aigp =0 (28)
LS 4
a/‘l?‘gp = ;[ﬁ - P — V(xcg - Qd)] — X, =0 (29)
1
1
Aigp(xu —y [.B e )/(xcg - Qd)]) =0 (30)
A% >0 (31)
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Equation (27) is the non-binding solution to problem P6. The optimal solution to problem P6
is binding withx,-5-"4™ = %[ﬁ — P, —y(xcg — Qa)] , whenai?” > 0. When the optimal

solution is binding,

AS9P = Z"chg+2Ps(n+V)—2ynﬁ—V(m+ﬂ)—de2n (32)

Equation (32) leads to a limit on the electricity dem@paf the thermal host based on
which the optimal generation quantity of the electric utility is such th@ > P,. Therefore
the optimal generation of the electric utility in the Non-Arbitrage modé/en below,

.B_m_zy(xcg_Qd) Zn)/xcg—2nB—(m+B)y+2Ps(n+y)

cgp_nam 2(y+n) » when Qg > 2ny
u - 115 _p Herwi (33)
;[ﬁ — s~ V(xcg - Qd)], otherwise
wherex, 7P-"*™ is the optimal generation quantity of the electric utility if the reactif the

qualifying facility to the electricity price is to operate in the non-eagg mode (NAM).
Arbitrage Mode (P,- < Py ): In this case the profit maximization problem (P7) of the host

utility is modified as follows,
Aglcix T[}Clip = ﬁQT - )/QT2 - Cu(xu) - Psxcg + Qd (:8 - YQT)

S.txy > %[:8 - Ps - V(xcg - Qd)] (34)

The problem P7 is a non-linear problem and the optipalan be determined by using the

FONC to be
x;_NB_am _ B=2yxcg+yQa-m a5)

2(y+n)
where x;-VB-" is the non-binding optimal generation quantity of the electric utility if the

u

reaction of the qualifying facility to the electricity price is to opefa the arbitrage mode
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(AM). Since the constraint in P7 is a strict inequality, the optimal non-bindiogan in

equation (35) should be strictly less than the upper bound specified in equation (34). The

condition that ensures thisﬁs(Znﬁ +(m+B)y—-2n+y)P,+y2n+y)Q,; —

2nyx.4) < 0. Similar to the non-arbitrage case we can convert the condition to a limit on the
electricity demand),; of the thermal host. Therefore the optimal generation optimal

generation quantity,, is such thab. < P; is

2nyxcg—2nf—(m+p)y+2Ps(n+y)

xcgpam _ B-m—2yxcg+yQq
y(2n+y)

u 2(y+n)

, when Q4 < (36)

cgp_am

where x,,

is the optimal generation quantity of the electric utility if the reactioheof t

qualifying facility to the electricity price is to operate in the adge mode (AM). Let

_ 2nyxcg—2nf—(m+p)y+2Ps(n+y) andCN2 = Zn)/xcg—2nB—(m+B)y+2Ps(n+y).

CN1
y(y+2n) 2ny

(37)

2.3.3 Equilibrium solution of CGP model
We next define the characteristics of the equilibrium solution to the Stackgtaegin the
CGP configuration. An equilibrium solution of a game is the solution/strategyvitaomn no
player in the game has any incentive to deviate from. (Gibbons, 1992)
Definition of Stackelberg Equilibrium: The equilibrium solution to the Stackelberg game in
the CGP configuration is defined as the set of decisions, B, xc4", ¥c4" qs" qp "} that
satisfy the following conditions

e The generation quantity, and the associated electricity prigemaximizes the host

utility’s profit when she has a valid PURPA contract with a qualifyingifpas part

of which she trades electricity.
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e The cogeneration output of electricity, and heaty,,, electricity sold to the host
utility g5 and electricity purchased from the host utiftyfor a given electricity price
P. maximizes the qualifying facility’s profit and satisfies the &leity and heat
demand of the thermal host
The CGP configurations Stackelberg game has six possible equilibriunoss)utnly one
of which will occur for a given set of parametéusf,y, m,n, Sy, Qq, ¢4, c2}. From
equations (33) and (36) we get a mutually exclusive condition based on the pasatnistat
result in a unique equilibrium solution. Though there are six possible equilibrium solutions
we focus on analyzing the four described below. This is because the behaker of t
gualifying facility is the same as in the case of the non-arbitrage soldiscsbed below.
The four possible equilibrium solutions of interest are
Arbitrage/Binding solution: The qualifying facility cogenerates only the quantity of
electricity that is required to satisfy the heat demand of the thermal hiostin@® x., =
aSy). The qualifying facility sells all the cogenerated electriatyhe host utility and
purchases electricity from the host utility to satisfy the elg@tgrdemand of the thermal host.
This solution occur when the PURPA buyback price is lower than the marginal cost of
generating at the level required to satisfy of the thermal host and theceéledemand of the
thermal host is lower thatN1 a threshold value based on the remaining parameter values.
Arbitrage/ Non-Binding solution: The qualifying facility cogenerates more than the quantity
of electricity that is required to satisfy the heat demand of the thermal hostBiNding:
xcg > aSq). The qualifying facility sells all the cogenerated electrimtyhie host utility and

purchases electricity from the host utility to satisfy the elg@tgrdemand of the thermal host.
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This solution occurs when the PURPA buyback price is higher than the marginal cost of
generating at the level required to satisfy the heat demand of the thesnhaht the
electricity demand of the thermal host is lower tGA a threshold value based on the
remaining parameter values.

Non-Arbitrage/Binding solution: The qualifying facility cogenerates only the quantity of

electricity that is required to satisfy the heat demand of the thermal hostin@® x., =

aSy). The qualifying facility satisfies the electricity demand of therttad host from the
cogenerated electricity and sells only the surplus electricity to the Hagt Uithis solution
occurs when the PURPA buyback price is lower than the marginal cost of genatdhe
level required to satisfy the heat demand of the thermal host and the eledémapnd of the
thermal host is higher thaiN2 a threshold value based on the remaining parameter values.
Non-Arbitrage/Non-Binding solution: The qualifying facility cogenerates more than the
guantity of electricity that is required to satisfy the heat demand of thredhkost. (Non-
Binding: x., > aS,). The qualifying facility satisfies the electricity demand of tiermnal
host from the cogenerated electricity and sells only the surplus etgdithe host utility.
This solution occurs when the PURPA buyback price is higher than the marginal cost of
generating at the level required to satisfy the heat demand of the thesnhaht the
electricity demand of the thermal host is higher tGH@2 a threshold value based on the
remaining parameter values.

A summary of the equilibrium solution for the Stackelberg game betweerettigceltility

and cogeneration facility is provided in Table 2.
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Case Pigp xiclgp ngp
Non Binding Case
Qs < CN1 P <P, B—m—2yx,+vQq K—c
2(y +n) 2¢c,
CN1 < Q4 < CN2 P. =P, [B—P —v(xeg — Qu)] E—a
Y 2¢,
Qg > CN2 P. > P ﬁ—m—Zy(xcg -Q4) P—a
2(y +n) 2¢,
Binding Case
Qs < CN1 P <P, B—m—2yx, +vQq aSy
2(y +n)
CN1 < Q, < CN2 P.=P [B =P —v(xeg — Qu)] *Sq
14
04 > CN2 B> P, B —m —2y(xcy — Qu) *Sq
2(y +n)
Constants CN1 = (2nyxcg—2nf—(m+p)y+2(n+y)Ps) : CN2 = 2nyxcg—2nf—(m+p)y+2Ps(n+y) :
y(y+2n) 2ny
_cal+fate | __ ba+d,
= e AT

Table 2. Equilibrium solution(s) of the CGP configuration Stackelberg game
The consumer surplus corresponding to the equilibrium solution of the CGP model is given
by
CSegp = v(Sa) + v(Qa) + v(Q7") — A (Q77) Q7" (37)
v(S,) andv(Qy) is the utility to the thermal host in consumifigMBtu of useful heat and
Q, MBtu of electricity.v(S;) andv(S,) are derived from the utility of the consumers who
utilize the thermal host’s products/process. Sing®;) andv(Q,)will remain constant
among all models their mathematical form is not explicitly specifiederpaper. In all the

four models, there are three types of participants — the retaili@gtgatustomers who are
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consumers, the electric (host) utility who is a producer only and the quglfaility unit
which is both a producer (cogeneration facility) and a consumer (thermpllhdbe
consumer surplus expression we consider the consumer surplus of the retaitglect
customers and the consumer surplus associated with the qualifyingy facithie CGP

model the cost of generatisg MBtu of useful heat and); MBtu of electricity is accounted
in the profit function of the qualifying facility. Hence the terms are not indul¢he
consumer surplus expression in equation (6(7@69”) is the utility to the retail electricity
customers in consumin@;?’MBtu of electricity. The utility to the retail electricity

customers is the area under the inverse demand function betw@éf¥'o,

cgp cgp?

cgp x Qr
v(Q57) = [T B - yx) dx, = fx, 22| T = por -1

cgp \2

Therefore LS4, = v(Sg) + v(Qq) +
The total surplus associated with the CGP model is the sum of the producer surplus and the
consumer surplus. In the CGP model the producer surplus is the profit to the hostndtility a
the qualifying facility.

TSegp = CScgp + PScgp = CSegp + Ml + 105" (39)

af
TSeqp = v(Sa) + v(Qa) + v(QP) — PP (QSIP)QSP + PIP(QEIP)QEP — ¢ (x(9P) —
Piqs + B (Q77")Qa + Poqs — C(xgg") — BP(Q7°")Qu

TSeqp = v(Sa) + v(Qa) + v(Q77") — Cu(x77) — Ceg(xca¥ (40)
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[ llustrative Numerical Example:
An illustrative numerical example with hypothetical data is provided in thiesed he

parameter values used in the example are provided in Table 3.

Parameter Numerical Value

Ps= PURPA buyback price at which the qualifying fagikells electricity to the [ 90

host utility ($/MBtu)

B = Vertical intercept of the inverse demand functiaced by the utility 120

y = Slope of the inverse demand function faced byutitity 0.02

a = Power to heat ratio of the cogeneration unit 0.68

a, b, ¢, d, e f = cost coefficients of the cogeneration cost 2305, 0.03, 4.2,
0.03, 0.03

I, m, n = cost coefficients of the host utility generatianit 1700, 7.8, 0.009

Q. = Electricity demand of the thermal host (MBtu) 50

S; = Heat demand of the thermal host (MBtu) 500

Table 3. Parameter Valuesused in the Numerical Example
Step 1: We first characterize the reaction function of the qualifyingtfadio do this, we

being by computing the value of unconstrairggd We do this by inputting the values in the
parameter table if:fz;i to obtain 249.09 MBtu. We next compute the valyeat its bound,
2
aSq which is340 MBtu. From equation (15), we have thgf” = Max{% , Sy}
2

Therefore the optimal cogenerated electricity and heaxgfé= 340 MBtu andy,;” =
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500 MBtu. From equation (18) we get the qualifying cogeneration facility’diceac
function as follows,

cg _ {340 when P; > P.

50 when P; > P.
4s" = -

cg _
240 when P, < p, 2194 0 when P, < P.

Since x;g" = % = 340 the optimal generation plan of the qualifying facility is binding in

C2
the heat demand constraint, i.e. the cogeneration facility generates oglatitay of
electricity whose associated heat will satisfy the heat demand thietimeal host.
Step 2: We next compute the optimal generation plan for the host utility and thbrequili
solution to the Stackelberg game in the CGP model.
We calculate the value of CN1 and CN2 in equation (37) as follows,

__ @nyxcg—2nf-(m+pB)y+2(n+y)Ps)

= 824.2105 and
y(y+2n)

CN1

__ 2nyxcg—2nf—(m+p)y+2Ps(n+y)
- 2ny

CN2 = 1740

From equations (33) and (36) we have that the unique equilibrium solution of the CGP
model’'s Stackelberg game is based on the value of the electricity demandhefrthal host
Q4 compared to CN1 and CN2Z),; = 50 in the example, we have th@g} < CN1, therefore
the equilibrium solution of the Stackleberg game of the CGP model is the gehitiade of
operation for the qualifying facility and the generation quantity of thetredeutility that will
ensure that is, from Equation (367" = 1734.483 (MBtu). The associated electricity price

is P97 = 79,510 ($/MBtu) and the profit to the host utility ig2” = 94262.48 ($). The
r u

qualifying facility’s decisions at the equilibrium solution are giverobej.? = 340 MBtu,
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q,° = 50 MBtu, x,5” = 340 MBtu andy,;” = 500 MBtu. The profit associated with the

above decisions is,7” = 3002 ($).

2.4 Cogeneration facility as an Independent Power P roducer (IPP)

model

The most relevant benchmark of the cogeneration under PURPA (CGP) cortdigisdkie
cogeneration facility as an Independent Power Producer configuration (IPRP.P heodel
is where the cogeneration facility sells electricity diretilyhe retail electricity customers.
The IPP model is the most relevant benchmark due to the current partiadigullated state
of the electricity industry and the partial repeal of mandatory purchasesregut of
PURPA. The number of NUG’s that serve retail electricity customeralh@ost doubled in
the last three years with 65 NUG’s in 2004 to 116 NUG’s in 2006 (EIA, 2006a). In addition,
even though wholesale competition is considered a pre-requisite for retailtitmmnpe
states such as Texas which have a combination of wholesale and retail compstiti
regulated monopolistic vertically integrated utilities, the options to thecabiytintegrated
markets in terms of retail competition are being considered (AECT, 2007¢. i8anty of the
PURPA contracts that were signed in the early 80’s are expiring andatiigal time that
the alternative options available to cogeneration facilities should be ahalyze

The electric utility is still the more dominant electricity suppliehi® retail
electricity customers. The IPP configuration is based on configuratiahBave come into
existence after the de-regulation of the electricity industry and the opafréicgess to

transmission and distribution services to NUG’s. Examples of such an NUG is a 11.25 MW

www.manaraa.com



40

cogeneration plant which supplies electricity and steam to 25 buildings in downtown
Rochester MN including the Mayo Clinic, Rochester Methodist Hospital, Chertese and
Sunstone Corporation Hotel. The plant is owned by Mayo Clinic and the Rochester
Methodist Hospital. The majority of the city of Rochester, MN is servigatidoRochester
Public Utilities the local municipal utility. The Rochester Public Utis the largest

municipal utility in Minnesota with over 45, 000 customers and a capacity of 193 MW (RPU,
2006). Another example is the Robert Muller Energy Center in Austin TX, a 4.5 MW gas-
fired cogeneration plant that serves the Dell Children’s Hospital witlrielgcand steam.

It exports its power to the grid. The owned and operated by the Austin Energy, the local
electric utility and is paid the prevailing electricity rates.

In the IPP model the electric utility and the cogeneration facildyeagaged in a
Stackelberg game with the electric utility as the leader and the @agiem facility as the
follower. This is because even though the IPP’s supply electricity tocesddmers the
number of customers they serve is much smaller compared to the local utihite the
price they charge and the quantity they supply will be heavily influenced by the lidtal ut
Since we were unable to identify the exact mechanism by which the reted pre set by
these IPP’s we assume that they take the price set by the localamditdetermine the
guantity they wish to supply. Hence the IPP model is similar to the CGP wmaiitial¢he
critical difference that the price at which the cogeneration facditg slectricity is
determined by the electric utility. The energy generation systengooation is shown in

Figure 3.
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Retail electricity customers

/Y
Xy

Electric Utility

Xcg'Qd

Cogener ation facility

Si l Qu
\ 4
Thermal host

I ndependent Power Producer

Figure 3. Cogeneration facility asan Independent Power Producer (1PP) configuration
model

2.4.1 Cogeneration facility’s generation planning p ~ roblem
The cogeneration facility’s generation planning problem in the IPP coafigaris the profit

maximization problem given below

Max
Xer Mg = Pr(ieg = Q) = Ceg(Xeg Veg) “
s, (42)
Xeg = Aeg -

Similar to the CGP model the decision varialg can be eliminated using equation (43) to

obtain the following profit maximization problem,

Max _i ~
Yoy Teg = Prlteg = Qa) = Ceglxeg) St xeg 2 aSy (44)

Where_ch(xcg) is the modified cost of cogeneration, the same as in the CGP model. The

optimal solution to the cogeneration facility’s profit maximization probdam be obtained
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from the FONC using the concept of active and inactive constraints. The uncodstraine

solution to the cogeneration facility’s generation planning problem is given below

* NB _ Pr—cy1 |
g = g (45)
WherebeNBis the unconstrained optimal cogenerated electricity in the IPP model.

The optimal binding solution to the cogeneration facility’s profit maxinmozragiroblem
IS x;-f = aS,. Therefore the optimal cogenerated electricity in the IPP model is

ipp _ Pr—c
Xeg = Max{ 20,

E , an} (46)

Reaction function of the cogeneration facility: In the IPP model the optimal cogenerated
electricity is a function of the electricity pride,. Therefore the amount of electricity that the

cogeneration facility will supply to the retail electricity customersaf givenp. is

Seg(P) = x¢g" (B) = Qa. (47)
whereS,, (B.) is the reaction function of the cogeneration facility to the elegtnicite, .
2.4.2 Electric utility’s generation planning proble m

The optimal generation quantity of the electric utility depends on the resieoiaind. From

the inverse demand function, the total electricity demanded by the ret#ilcglecustomers
as a function of electricity price Q;ff’p (B) = %(ﬁ — B.). Of the total electricity demanded,

Scg(B-) is supplied by the cogeneration facility and the residual demand is satistieg b

electric utility. The residual demand for the electric utility agrecfion of the electricity

price is given below

R(P) = Q;"pp(Pr) - ch(Pr) (48)
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The electric utility being the Stackelberg leader will determinedhelual demand and
associated electricity price that would maximize its profit. The @aétinction of the
cogeneration facility to an electricity market price determines th@ussiemand function

of the electric utility. The reaction of the cogeneration facility seaintinuous with the
discontinuity occurring wheB,. > ¢; + 2c,aS,. If B, > ¢y + 2c,aSy, the reaction of the
cogeneration facility is a function of the electricity price. This is bemi’jﬁ(Pr) Is a

function B. and by equation (47) we know that the reaction of the cogeneration facility is its
optimal generation plan for a given electricity priceBR.I& ¢, + 2c,aS, then the

cogeneration facility’s reaction is to generate a fixed quantity ofrglieég aS,; which leads

to a fixed supply ofrS; — Q4 MBtu of electricity to the retail electricity customers. This

PT_Cl

leads to two cases — case (a) WRE (P.) = == and case (b) wherf{’” (P.) = aS,
2C2 g

. P
Case (a): xFP(P,) = —2c:1

Whenxégp(Pr) = P;;C:l, the electricity supplied by the cogeneration facility to the retail

electricity customers §.,(P.) = P;;“ — Q4. Therefore the residual demand faced by the
2
electric utility is
1 P—
Ru(P) = 2 (B = PR) — (L2 - Qu) (49)

From equation (49) we determine the inverse residual demand function facedetsctinic

utility as

2¢c,5— (2 u—0Q )-
P(x,) = ZebCouctoe) (50)
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We know that the reaction of the cogeneration facility occurs Wwhenc; + 2c,aS,;. From
equation (50) we have that the electricity prieds a function of the generation quantity of
the electric utility. Therefore the condition for the change in the reactnmtidn of the

cogeneration facility yields the following condition on the generation quantity
~ (B~ v(aSa-Qa) — 1 — 2c,054) > x, (51)

The generation planning problem of the electric utility when the reaction obgfemeration

facility is xi’;p(Pr) = PTZ;CZ“, in the IPP model is the profit maximization problem (P8)
given below,

My = CALAELRRO Dy, — 1 — mx, = nx,? (52)
s.tx, < %(ﬁ - y(an - Qd) — 1 — 2c,aS,) (53)

Problem P8 is a non-linear optimization problem. Solving for the optimal solution using the

FONC sincerr®? is concave w.r,, (Proof in Appendix A)

Il 2cB-y(2c2(xu=Qa)=c1) 2ve, . _
oxy 2c,+y T m - Znxy - 200y T 0 4)
ipp—NB __ 262(B+2c2,Qq—m)+y(ci—m)
Xu - 2(ny+2(n+y)cy) (55)
Wherexffp_NB is the unconstrained optimal generation quantity of the electric utilityei
PT_Cl

IPP configuration if the reaction of the cogeneration facilit;é@g(Pr) ==
2

Since the constraint specified by equation (53) is a strict inequality foti@u(49) to be the
optimal solution it has to satisfy the following condition

2¢3(B+2¢;Qq—m)+y(c—m)
2(ny+2(n+y)cz)

<~ (B ~v(aSa-Qa) — c1 — 2c,084 (56)

www.manaraa.com



45

2nyc; +v2c, + 4cic;(n+y) —m(y? + 2ycy) — B2ny + 2yc, + 4ncy) — Qu(2ny? +
Anyc2+2y2c2+aSd2ny2+4y2c24nyc2+8c22n+y<0

The condition on the electricity demand of the thermal host that ensures that the optim
generation quantity in equation (53) satisfies condition (56) is

2nycy+y2ey+acicy(n+y)-m(y2+2ycy)—B2ny+2yc, +4ncz)+a5d(2ny2 +4y2c,4nyc, +8c2 (n+y))
(2ny2+4nycy+2y?cy) <l (57)

Case (b): xFP(P,) = aS,
When,x?;p(Pr) = aS, the electricity supplied by the cogeneration facility to the retalil

electricity customers S, (P.) = aS; — Q4. Therefore the residual demand faced by the
electric utility is
Ru(B) = S (B~ P) ~ (S~ Qa) (58)

From equation (58) we get the inverse residual demand function faced by the etaityr

as

Pw(xu) = B —y(xy, +aSqg — Qq) (59)

The generation planning problem of the electric utility when the reaction obt¢jemeration

facility is x?;p(Pr) = aS,;, inthe IPP model is the profit maximization problem (P9) given

below,
Max o0 = (B — y (o + Sy = Q)% = Cul) (60)
S.tx, = %(,8 - y(an - Qd) — ¢ —2c,aS,) (61)

The generation planning problem described above is a constrined non-linear ogimmizati

problem. The solution to the problem is obtained using the method of active and inactive
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constraints. If we consider the constraint (61) inactive at optimality, prab&becomes a
unconstrained non-linear problem. The optimal solution to the problem can be found from its

FONC of the unconstrained non-linear problem as

aniz?

T = B —m = 2nx, =y, =¥ (% + @Sq = Qa) =0 (62)
ipp—B-NB __ f—-m-y(aS4—Qq)

Xu - 2(n+y) (63)

Wherexffp_B"NB is the unconstrained optimal generation quantity of the electric uiilityel

IPP configuration if the reaction of the cogeneration facilibgé’j,g(Pr) =aS,.
The constrained optimal generation quantity of the electric utility is iflPlReconfiguration

if the reaction of the cogeneration facility,u'gp(PT) =aS, Is

ipp—B— 1
PPN =2 (B — (@S - Qa) — o1 — 26,aS0) (63)
The optimization problem P9 is a constrained non-linear problem can be obtained

from the KKT conditions associated with the non-linear constrained problem. The

Lagrangian function associated with the objective of problem P9 is

L& = (B = y(n + aSq = Qa))xu = Cul) + 177 (e = (B~ ¥(aSa - Q) — &1 = 2¢,a5,)) (64)

oLLP i

E:ﬁ—m—anu—yxu—y(xu+an—Qd)+u1pp=0 (65)

aLPpP 1

aui?’p =Xy~ ; ('B - ]/(C(Sd - Qd) — €1~ ZCZC(Sd) =0 (66)
1

'’ <xu _%(ﬁ —v(aSa-Qa) =1 - Zczasd)> =047 20 (67)
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If the optimal solution is constrained theff? % = %(ﬁ —y(aSq-Qq) — 1 — 2c,aS,) and

1P? > 0. From equation (65) we get

, _ _ 2 _ 2 _
M;pp _ my+B(@2nty)—2ncy ZVC1+(27W+¥ )Qg+a(=2ny—y“—-4nc;—4yc;)Sq > 0 . Therefore the

condition when the optimal solutioni&? %% is
my + B(2n +y) — 2nc; — 2ycy + 2ny +¥?)Qq + a(—2ny — y? — 4nc, — 4ycy)S; = 0 (68)
Since the optimal solution is binding whfzi‘i’p > 0, the optimal solution will be non-
binding whenuipp < 0. Therefore the condition under which the optimal solution of problem
P9 will bexPP~B-NB jg
my + B(2n +y) — 2nc; — 2yc; + 2ny +¥?)Q4 + a(—2ny — y? — 4nc, — 4yc,)S; < 0 (69)
2.4.3 Equilibrium solution of IPP model
We next define the characteristics of the equilibrium solution to the Stackgtagin the
IPP configuration. An equilibrium solution of a game is the solution/strategyviftaoh no
player in the game has any incentive to deviate from. (Gibbons, 1992)
Definition of Stackelberg Equilibrium: The equilibrium solution to the Stackelberg game in
the IPP configuration is defined as the set of decisions, &, x4, y.,"} that satisfy the
following conditions

e The generation quantity;, and the associated electricity prigemaximize the host

utility’s profit given the supply of electricity to the retail elecity customers by the

cogeneration facility for the electricity.
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e The cogeneration output of electricity, and heaty.,, maximizes the qualifying
facility’s profit for a given electricity pric&,. and satisfies the electricity and heat
demand of the thermal host.

Similar to the CGPE model the IPPE model has three possible solutions. Basedeairothe
given parameterg, 5,y,m,n, S4, Q4, ¢1, 2}, we get conditions which determine which of
the solutions is the Stackelberg equilibrium. The conditions are derived based on the
Lagrangian multiplier associated with the constraints to the generatianngaroblem of
the electric utility. The IPP configuration has three possible equilibrivaticos. We

mainly focus on two solutions, non-binding solution and binding solutionRvithc; +
2c,aS,. This is because the behavior and the quantity of electricity supplied by the
cogeneration facility is the same in the two possible binding solutions. A sumnthey of

possible equilibrium solutions to the IPP model is provided below in Table 4.

Condition xPP xigp
Non-Binding; 2¢,(B + 2¢,Q4 —m) + y(c, —m) P.—c
CN3 <0 2my +2(n+vy)cy) 2¢,
Binding with B —v(@S; -Qq) — ¢1 — 2c,a8, asSy
P.=c¢ + 2c,aS, ; Y
CN4 >0
Binding with B—m+y(Qa—aSa) aSq
P. < ¢, + 2c,aSy; 2(n+7)
CN4 <0
Constants: ¢, = w; ¢, = 2.
a a
CN3 = 2(ny? + 4nyc, + 2y2c, + 4nc2 + 4yc?)aS; — m(y? + 2yc,) — 2B(ny + 2nc, +
ye2—y24 2ycZeuPn+cI2 ny+ y 2+ 4nc2+ 4yc2—2ny 2+ 2nyc2+ 2y2c2Q4
CN4 =my + B(2n+7y) — 2n¢; — 2y¢, + 2ny + y2)Qq + a(—2ny — y? — 4nc, — 4yc,)S, ;

Table 4. Equilibrium solution(s) of the | PP configuration Stackelberg game
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The consumer surplus associated with the equilibirum solution of the Stackelrergnga
the IPP configuration model is given below

CSipp = v(Sa) +v(Qa) +v(QF") — BPP Q" (70)

Similar to the CGP modet,(S,;) andv(Q,) are considered to be constant and the utility to
the retail electricity consumers is obtained from the inverse demandiunthe consumer
surplus expression is similar to the CGP model since the cost to the thermaldaisyiolg
the heat and electricity demand consumed is accounted for in the profit function of the
cogeneration facility rather than in the consumer surplus.Therefore the corssuptes of

the IPP model is given below

y(QiPPy 2

——— with Q77" = x7 + x7 — Qa (71)

CSipp = v(Sq) +v(Qq) +
The total surplus associated with the equilibirum solution of the IPP model is

TSipp = CSipp + PSipp = CSipp + T? +l? = v(Sy) +v(Qq) + v(QF?) -
Pvipp(xi'lpp)Q;pp + Pvipp(xipp)(xégp _ Qd) _ ch(xé'z;p) + P‘:;pp(xipp)xipp _ Cu(x;‘gs)
Therefore the total surplus in the IPP model is

TSipp = v(Sa) + v(Qa) + v(QF") = Cog(x57) = Culxl™) (72)
[llustrative Numerical Example: Based on the numerical values provided in Table 3 a
illustrative numerical example is shown below.

Stepl : Calculate the value of the const&i3 andCN4 to be 0.64928 gnd -2.18148

respectively. Sinc€EN3 > 0 andCN4 < 0 the equilibirum solution is the binding solution

with B. < ¢; + 2c,aS,. The generation quantity of the electric utility that is associated with
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this equilibirum solution igP? = ﬁ_m?('r(fr‘gasd)

= 1843.483. The associated electricity

price PPP= 77.51 ($/MBtu). The profit to the electric utility is $ 9754.483.

ipp _
Step 2: Based on the electricity price, the cogeneration facilimaﬁes,% =
2

204.4434. The generation level required to satisfy the heat demand of the thermal host is
aS; = 340. Since the optimal generation plan for the cogeneration facili{,%’i’s=

PP,
2¢cy

Max{ ,aS4}, thexi’;” = 340. The cogeneration facility satisfies the electricity

demand of the thermal host and sells the remaining , 340 -50 MBtu = 290 MBtu to retail
electricity customers at the prevailing electricity price. Tésaiated profit to the

cogeneration facility is $3255.517.

2.5 Self-Generation with cogeneration (SCG) model

In the SCG model, the thermal host’s heat demand and electricity dematigfisdsby the
cogeneration facility. The cogeneration facility and the thermal hestiainteraction with

the electric utility or the retail electricity customers. The epgeneration system

configuration is shown in Figure 4. The total cd3{?, of satisfying the heat and electricity

demand of the thermal host@s, (aS,) = a+caS, +c,a2S2which is the cost of

cogenerating exactly the quantity of heat and electricity required téysaggust the heat

demand of the thermal host.
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Retail electricity customers

A
Xy

Electric utility

Cogeneration facility

S Qq

\4 \ 4
Thermal host

Figure 4. Self generation with cogener ation (SCG) configuration model

The electric utility’s generation planning problem in the SCG is giveswbel

Max 757 = R (X,)%,—C, (X,) (73)

In the SCG model the inverse demand function of the retail electricity custamethe
generation cost function of the electric utility retain the same functional &s in the CGP
and IPP models. The optimal generation quantity of the electric utility iB@t& model is

obtained from its FONC as

scg _ ﬂ_m
X C2(n+7) (74)

The consumer surplus in the SCG model is given by the following expression
CSiy = V() +V(Qy) +V(X™) = P (X)X ~Ces (@) (75)
Similar to the CGP and IPP models we estiméte® ) from the inverse demand function of

the retail electricity customers and obtain the consumer surplus to be

cs, =v(sd)+v(Qd>+§x392 —Cu(aS)) (76)
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The total surplus corresponding to the SCG model is the sum of the consumer surplus and the

profit of the electric utility

TS, =CS, + 72 =V(S) +V(Qy) +Y(Q®) —C,(X?) — Cog (X2) (77)

2.6 Heat Production without cogeneration (HP) model
In the HP model, the thermal host utilizes a conventional heat/steam generatisfyats
heat demand and purchases electricity from the electric utility tdystédiglectricity

demand. The energy generation system configuration is shown in Figure 5.

Retail electricity customers

A

Xu'Qd

Electric utility

Heat production unit

Qq

S

\4
R Thermal host

Figureb5. Heat Production without Cogeneration (HP) configuration model

The thermal host does not gain revenue due to electricity sales but incurs the cost of

satisfying its energy needs. The total c&¥, of satisfying the heat and electricity demand
of the thermal host is given & =C, (S,) +P™Q, =i+ |S, +kS.. C.(S,) =i+ |S, +kS

is the quadratic cost function of a conventional boiler.
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The electric utility’s generation planning model is the profit maxatian problem P10

given below
MX?XHQE’:R(QT)Qr—CU(&HR(Qr)Qd with Q =x,-Q, 78)

Q; is the total electricity supply by the host utility to the retail eleityricustomers. The

inverse demand function and the generation cost function for the electric etiigyns the
same as in the CGP and IPP models. Since problem P10 is a nhon-linear unconstrained
problem the optimal generation quantity for the electric utility in the HP hoagebe

obtained from its FONC as

:/B_m+7Qd (79)

hp
T e )

The consumer surplus in the HP model is
CS, =W(S,) +V(Q) +V(Q™) -R(Q™)Q" ~-CF (80)
Similar to the CGP model the utility in consumi@y® MBtu of electricity to the retail

electricity customers is the area under the invdeseand function. Unlike the CGP model,
the cost of satisfyin§ MBtu of useful heat an@q MBtu of electricity for the service utility
is included in the consumer surplus expressioh®HP model. This is because in the HP
model, the thermal host is only a consumer of gatst and heat and does not supply any

energy products as in the case of the CGP modeteldre,

CS, =v(sd>+v(Qd>+§Qrp2—th (81)
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The total surplus is the sum of the consumer sarphd the producer surplus. In the HP
model the producer surplus includes the profibtdlectric utility and the consumer surplus

corresponding to the consumption of the thermal &nd the retail electricity customers.

TSpp = v(Sa) + v(Qq) + v(QIF) — Cu(x?) = Ch(Sa) (82)

2.7 Economic performance of Cogeneration under PURP A w.r.t. the

benchmarks

In this section of the paper, we evaluate the econperformance of PURPA by comparing
the total surplus in the CGP model with the threedhmarks — HP model, SCG model and
IPP model. We use total surplus as the measuwreariomic welfare performance since it
accounts for the economic benefits to all the pgdints in the system including the retail
electricity customers. If we only consider the gsofo the electric utility and the
cogeneration facility, the economic performancdwataon will not give a completer picture.
Also since PURPA is a result of government inteticenand the government will be more
interested in maximizing total surplus rather tivadividual participant profits, the total
surplus as a performance criteria for economicavelfs appropriate.

2.7.1 Comparison of total surplus in CGP and IPP co  nfigurations

To explicitly understand the benefits of PURPA veed to compare the cogeneration facility
as an Independent Power Producer (IPP) model a@dgeneration under PURPA (CGP)
model. Since one of the intents of PURPA is to enage generation and sale of electricity

from non-utility electricity producers that are raduel efficient, PURPA stipulates that
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electric utility’s have to purchase power at a getermined, fixed ratd. This fixed rate is
called the PURPA buyback rate (Joskow and Jon&3; Fose and NcDonald, 199P).is
set by the regulating authority of the state whikeehost utility and qualifying facility are
located, on a case by case basis and is equivalém avoided cost of the host utility. The
avoided cost is defined as the cost the electilityudvoids by not purchasing or generating
the quantity of cogenerated electricity sold thyithe cogeneration facilityThe intent of
PURPA was to provide the cogeneration facilitied ather qualifying facilities a captive
customer in the form of the electric utility. Tteason the buyback rate is the electric
utility’s avoided cost was to make the transactiost neutral to the electric utility and the
wholesale/retail electricity markets (Hirsh, 1991).

In the IPP configuration model, the generation sald of electricity from
cogeneration facilities and other non-utilitiep@ssible due to the de-regulation of the
electricity industry. In the IPP configuration, egsuring that local utilities provide fair
access to transmission and distribution services¢eneration facilities, the participation of
non-utility generators in ensured in retail and {gsale markets (where they exist). The main
difference between the IPP and CGP models is ihe pt which the cogeneration facility
sells electricity. In the CGP model the price islgea regulatory mechanism while in the
IPP model the price is set by the game betweendyeneration facility and the electric
utility. By comparing the total surplus in theseotmodels we will be able to evaluate the

economic performance of cogeneration under PURPA
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The IPP model has three possible equilibrium smhgsti-binding solution Witﬁrim’ =c +
2c,aS, , binding solution witl?™*? < ¢; + 2¢,aS,; and non-binding solution witA?? >
1+ 2¢caS,.

Case (a): Binding solution with P?? < ¢; + 2¢c,aSy;

If the equilibrium solution of the IPP model is thiading solution wit2™? < ¢, + 2c,aS,

thenxP? = as, andx.’? = £ ‘m;(yrf‘f; ‘;_Qd). From equations (40) and (77) we see that the

total surplus expressions are very similar and thigr only the utility to the retalil

electricity customers, the cost of generation ®dlectric utility and the cost of cogeneration
to the cogeneration facility.

The utility to the retail electricity customersagunction of the total electricity supplied to

them. In the CGP model the total electricity suggblio the retail customers is as follows,

cgp _ B-m Zn(xigp—Qd) o

T 7 2(n+y) 2007 (Non-arbitrage mode) or

cgp _ B-m _ vQa 2n(xcg" - Qq) (Arbitrage mode) )
r 2(n+y)  (n+y) 2(n+y) g

The total supply of electricity to the retail custers in the IPP model, Whaﬁg = aS,; and

ipp _ B—m-y(aSq—Qa)

whenx, "~ = Z@ey) , IS
ipp _ B-m (2n+y)(@Sq—Qq)
T 7 2(nty) 2(n+y) (84)

If the equilibrium solution of the CGP configuiatiis arbitrage mode binding

solution thenx;2” = aS,. From equations (83), and (84) we have Q& > Q59 and the
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utility of the retail electricity customers is gternin the IPP model than the CGP model i.e.

v(QF") > v(Q7").

The cost of generation for the electric utilityass in the CGP than in the IPP model since
from equations (28) and (44)*P > x 97 thereby reducing the cost of generation in the
CGP model. The cost of cogeneration is the sarbetimthe CGP and IPP models.
Therefore the condition under which the CGP moeglilts in greater total surplus than in
the IPP model is

v(Q7") = v(Qr") < (") — () (85)

The condition (85) can be written mathematically as

ipp cgp\ _ Y ;nipp? cgp2 iop _ cgp ipp? _ _cgp2
BQF7 = Q) =2 (QF" = @7") <m(x” — 7Y + n(xfT — %)

Simplifying the above expression (details in Appzrig) we get
B+yQa—m < (—n)aS, (86)

Sincex?? > 0, we haves + yQ, — m > yaS,. Therefore the condition (86) will not occur.
Hence if the equilibrium solution of the CGP moiahe arbitrage-binding solution and the
equilibrium solution of the IPP model is such tthe cogeneration facility only generates
electricity to satisfy the thermal host's heat dathahe CGP configuration does worse in
terms of total surplus than IPP configuration. Témults of the comparison are summarized

in Table 4. (Details in the Appendix B )
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Criteria CGP PP Condition
Total Surplus Higher
Consumer Surplus Higher
Profit of cogeneration facility Higher P, > PPP
Profit of electric utility Higher

Table5: Comparison of economic perfor mance between the CGP and | PP
configuration when equilibrium solution in CGP is ar bitrage/binding and equilibrium

solution in IPP isIPP binding with P?? < ¢, + 2c,asS,.

If the equilibrium solution of the CGP configuratiis arbitrage mode non-binding

. Pg— AL Ps—
solution thenxfs? = 2=2 > aS, . If aSy + Qq < 2% with A= === — S, thenQ7?" >
2 2

Q?’pand the utility to the retail electricity customevil be greater in the CGP configuration

than in the IPP configuration. The cost of generafor the electric utility is less in the CGP
than in the IPP model since from equations (28)(add xP* > x5 thereby reducing the
cost of generation in the CGP model. Since in casiee non-binding equilibrium solution
to the CGP modek 7" = Psz;czcl > aSy, the cost of cogeneration will increase. This $etad

the following condition for the total surplus iretl@GP model is to be greater than the total

surplus in the IPP model.

v(Q:77) — v(Q;pp) + Cu(xflpp) — Cy(x77) < Ceg(x2d?) - (fcg(x?;p (87)
The condition (87) states that if sum of the gaiuntility to the retail electricity market
customers in the CGP model is less and the gdhmetelectric utility due to reduced

generation cost is less than the additional costecelectric utility in generating that
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additional electricity, then the total surpluslie tCGP configuration will be greater than the
total surplus in the IPP configuration.

If the equilibrium solution of the CGP configuiatiis non-arbitrage mode binding

solution thenx;2” andx, 7" = B_m_zz(’r’fys)d_%). SinceQPPand QS differ only in the

quantity of electricity that the electric utilitysplies ande,”” > xS and QP > Q5.
Hence the condition under which the total surpliuthe CGP configuration will exceed the
total surplus of the IPP configuration is the sas@quation (82). In case of the non-

arbitrage solution the condition in equation (8&)difies to
(-n)(@Sq-Qa)>p-m (88)

SincexP? > 0, we have8 — m > y(aS; — Q). Therefore the condition in equation (88)
will never be satisfied. Hence if the equilibriugigion in the CGP model is the non-
arbitrage binding solution, the total surplus ia @GP model will be lower than the total

surplus in the IPP configuration. The resultshef tomparison are summarized in Table 5.

Criteria CGP PP
Total Surplus Higher
Consumer Surplus Higher
Profit of cogeneration facility Higher
Profit Surplus of electric utility Higher

Table 6: Comparison of economic perfor mance between the CGP and | PP
configuration when equilibrium solution in CGP is non-arbitrage/binding solution and

the equilibrium solution in the IPP configuration is | PP binding with PP < ¢, +
2c,aS,.
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If the equilibrium solution of the CGP configuiatiis non-arbitrage mode non-

binding solution thenxg? = %= > as, . If aSy < then witha= -

P aSq
Q597 > QiPPand the utility to the retail electricity customevl be greater in the CGP
configuration than in the IPP configuration. Thetoof generation for the electric utility is
less in the CGP than in the IPP model since frouations (28) and (44),.F? > x<9°

thereby reducing the cost of generation in the @tBel. Since in case of the non-binding

equilibrium solution to the CGP modef,” = B4 5 as,, the cost of cogeneration will
increase. This leads to the following conditionttoe total surplus in the CGP model is to be
greater than the total surplus in the IPP model.

v(Q59P) — v(QFP) + €y (xPP) — €, (x59P) < Ceg(x237) — ch(xlpp (89)

It should be noted that the above condition issdrae as in the case of the arbitrage mode
non-binding solution.

2.7.2 Comparison of total surplus in CGP and HP con  figurations

From equations (40) and (82) we that

TSeqp = V(Sa) + v(Qa) + v(Q77") — Cu(x9") — Ceg(xca¥

TSnp = v(Sa) +v(Qa) +v(Q7") = Cu(xi”) = Cn(Sa)

TS.4p andTSy,, differ in the third, fourth and fifth terms only.@lthird and fouth terms of

the total surplus expression are the economicyutdi the retail electricity customers and the
cost of generation to the electric utility. Theliterm inTS,,, is the cost of generatirfy

(MBtu) using a conventional boiler while T, it is the cost of cogenerating” MBtu
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of of electricity andrx;3” (MBtu) of heat. In comparing the total surplus tiee HP and

CGP models we have to compare the four possibl#bégm solutions of the CGP model —
arbitrage/binding solution, arbitrage/non-bindildusion, non-arbitrage/binding solution and
non-arbitrage/non-binding solution with the optimalution of the HP model. The
occurrence of one of the equilibrium is dependenthe set of parameters,

{a p,7,mn,c,c,,5,,Q}

The total electricity suppl@;, to the retail electricity customers is greatethia CGP model
than in the HP model. Since the supply is greaténé CGP model the utility to the retail
electricity customers is also greater in the CGRehaor his is mathematically shown as
follows. The total electricity supply to the retalectricity customers in the HP configuration
is given by

n —m+yQ
"= X" — g, with x? —%.

From equation (83) we can see that

cgp _ B-m | n(x'=Qad) _ mp , NXy' YQd
T = 2 iy = Or —(n+y)+2 oty )(Non arbitrage mode) or

cgp p-m YQd n(xﬁgp—Qd) hp cg A
= — + =Q rbitrage M
T 2(n+y)  (n+y) n+y) T ( n+y) (Arbitrage Mode)

Since, Q5% > QIP, v(Q59P) > (QIP). Therefore the utility to the retail electricitystomers
is increased in the CGP model when compared tattliy to the retail electricity customers
in the HP model. Also, from equation (38) and (8@)have that the consumer surplus of the

V(QT )

CGP and HP configurations a8, = v(Sg) + v(Qq) + and CSp, = v(Sy) +

V(QT )

v(Q,) + —%— respectively. The expressions differ only in tadue of the total electricity
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supply to the retail electricity customers. Sigg&” > Q7% €Sy, > CSpp and the consumer
surplus is greater in the CGP configuration (foy ehthe four possible equilibrium
solutions) than in the HP configuration.

From equations (28) and (35) we have that

cgp cgp
cgp _ B-m+yQa—2yXxcg" _  pp  ¥Xcg ] ]
u = 2(nt7) =X T (Non-Arbitrage Mode) or

cgp
cgp _ B-m+2YQa-2¥Xcg" _ np v cop _ Qa .
Xy = 20t =%, = Gy (g” — ) (Arbitrage Mode)

Therefore, the generation quantity of the electtility is less the CGP model than in the HP
model. This reduces the cost of generation to lgwtree utility i.e.C, (x577) < C, (x2P).

The cost of cogeneration is generally higher thast of generating process heat using a
conventional boiler (Joskow and Jones, 1983). Héme¢hermal host incurs additional cost
in energy production in the CGP model than in tierhbdel. Therefore the condition under
which the total surplus in CGP model will be greal@an the total surplus in the HP model is
given below

v(Q77) = v(Qr") + Cu(x”) = Cul(xi”") < Ceg(xg") = Ca(Sa)

cgp

= Teg oy hpy _
) [ng +ym+ 2 (Qq +3x7)

ny(n+2y)x2

vy 1> Ceg(xE8) — Cn(Sa) (90)

Therefore cogeneration under PUPRA (CGP) will teisuthigher total surplus than heat
production (HP) without cogeneration by the therhwadt, if the additional cost of
cogeneration incurred by the qualifying facilityte CGP model is less than the gains in
total surplus due to the increased utility to tetbgctricity customers and the cost reduction

to the electric utility.
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2.7.3 Comparison of total surplus in CGP and SCG co  nfigurations

In the HP model there was no cogeneration and heceomparison between the HP and
CGP models helped identify the conditions undercitiogeneration is advantageous to the
society. But the previous comparison does notie@tglidentify if cogeneration under
PURPA is economically beneficial. One of the inseoit PURPA is to promote non-utility
electricity producers such as cogeneration fagdiand small power producers (Hirsh, 1999).
Especially those industrial and commercial cogermrdacilities that due to their very high
heat demand and low electricity demand as modaléus dissertation which will have
excess electricity generated at minimal extra casthe SCG model the thermal host
though attached to a cogeneration facility is moin@lependent power producer or qualifying
facility. The cogeneration facility does not supplgctricity to the retail electricity
customers or to the electric utility. The SCG mduaps identify the conditions under which
cogeneration facilities being electricity suppliersadvantageous from a total surplus
perspective.

From equations (40) and (77) we that

TSeqp = v(Sa) +v(Qa) +v(Q7"") = Cu(x"") = Ceg(xcg”

TSseg = v(Sa) + v(Qa) + v(xy) — Cu(xu™) — Ceg(asSa)

Sincev(S,;) andv(Q,) will remain constant among all models we focusoonomic utility

to the retalil electricity customers , the cost @fgration to the electric utility and the cost of
cogeneration to the thermal host to compare tla $otplus in the CG and SCG models.
We once again compare the four possible equilbsalations of the CGP model —

Arbitrage/binding solution, Arbitrage/non-Bindinglstion, Non-Arbitrage/binding solution
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and Non-Arbitrage/non-Binding solution with the iopal solution of the SCG model. The
occurrence of one of the equilibrium is dependenthe set of parameters,

{a p,7,mn,c,c,,5,,Q}

The total electricity suppl@r, to the retail electricity customers in the SCGdeldsx,,’

scg _ B-m

since the electric utility is their sole suppligy™ = x;.7 = TR

From equation (82) we can see that

cgp _
cop — p-m | nleg —Qa) _ >4 4 M (Non-Arbitrage Mode) or

2(n+y) (n+y) (n+y
cgp _ B-m YQd n(xﬁgp—Qd) scg n(xﬁgp—Qd) .
= — + + Arbitrage Mode
T 2(n+y)  (n+y) (n+y) =0Cr (n+y) (n+y) ( 9 )

If the equilibrium solution in the CGP model iswarbitrage mode, binding or non-
binding, the total electricity supply to the retaliéctricity customers is always greater than

the total electricity supply in the SCG model.Hétequilibrium solution in the CGP model is

scg 27’1+‘}/

the arbitrage mode then from expressi@h¥’ > @, if and only ifx;;? >

—Qa-

The cost of generation to the electric utilityess in the SCG model than in the CGP model.
This is because the electric utility’s optimal gextien quantity is less in the CGP model
than in the SCG model. From equations (26), (28)(89) we have the following

relationship between the electric utility’s opting&@neration quantity in the CGP model and

the electric utility’s optimal generation quantitythe SCG model

Q
xeg? = xg? — (xég” =& L (AM) o xZfP = x57 — (xE5” — Qu) 7 (NAM)

SinceaSy > Qq by assumption anef;” > aS, , x;g" > Qq. Thereforex;” < x;;? and

andc, (x%97) < Cu(x5%9).
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If the equilibrium solution in the CGP model isiting for the cogeneration facility
(i.e.xcy” = aSy) then the cost of cogeneration to the cogenerddicility remains the same
in both the SCG and CGP models. If the equilibraotution in the CGP model is non-
binding for the cogeneration facility (i.ez;” > aS,) then the cost of cogeneration to the
cogeneration facility is higher in the CGP configfion than in the SCG configuration.

Therefore if the parametefrsz, 5, , mn,c,c,,S,,Q,}, are such that the CGP model’s

equilibrium solution is non-arbitrage and binditog the cogeneration facility, the total
surplus of the CGP model will always greater thantotal surplus of the SCG model. If the
parameter set is such that the equilibrium solubiothe CGP model is arbitrage and binding

for the cogeneration facility then the total sugpai the CGP model will be greater than the

total surplus of the SCG model if and onlyxff® > ((2n+7)Q,)/2n. If the parameter set is

such that the CGP model’s equilibrium solution am#binding (arbitrage or non-arbitrage)
for the cogeneration facility, the total surplugiod CGP model will be greater than the total
surplus of the SCG model under the following caodit

v(Q:97) = v(Q79) + Cu(x,?) — Cu(x97) < C_Cg(xggp) — Ceq(aSy) (91)

If the cogeneration facility cogenerates more elgty than that required to satisfy the
thermal host’s heat demand, the total surplus@fd@P configuration will be greater than
that of the SCG configuration is that the additlaust of cogeneration incurred by the
thermal host in the CGP model is less than theeas® in economic utility to the wholesale
electricity customers in the CGP model and the maiction to the electric utility in the

CGP model.
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CHAPTER 3. ENVIRONMENTAL BENEFITS OF COGENERATION
UNDER PURPA
3.1 Introduction and overview of emission control i n electricity

generation

In this chapter of the dissertation we study theegation planning problem and the
associated environmental performance of a hostywihd qualifying facility under a

PURPA contract. The qualifying facility and hoslityt trade electricity due to the Public
Utilities Regulatory Policies Act (PURPA) contracthile the host utility is also regulated for
its emissions of nitrogen oxides (W@ seasonal cap and trade program. As in chaptiee 2
interaction of the host utility and the qualifyifegility as part of the PURPA contract is cast
as a Stackleberg game with the host utility adehder and the qualifying facility as the
follower. The optimal generation plan for hostitgiend the qualifying facility are
determined and the total N@missions in the system associated with this @tgeneration
plan is calculated. The model is referred to asibgeneration under PURPA with emission
control or CGPE model.

To evaluate the environmental performance of t6€E model, the total NO
emissions CGPE model is compared with the totagsioms from the three benchmark
models introduced in chapter 2. In all three beratithe electric utility’s NQemissions
will be regulated by a seasonal cap and trade anoagrhe configurations of the benchmarks
remain the same as in chapter 2 with the additicdheoelectric utility’s NQ emissions will

be regulated by a seasonal cap and trade progitarsymbol and definitions of the decision
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variables and parameters used in this chapteraea m Table 7. The optimal value of the

common decision variables in each configuratioteisoted by adding a superscript to the

variables symbol corresponding to the model name‘snym. For example, the optimal

generation quantity of the host utility in the CGREdel is denoted hy,?"¢ while the

optimal generation quantity of the electric utilitythe SCGE model is denoted &}/?° .

Symbol

Description

Decision Variables:

ty

Xy Electricity generated by electric (host) utility Btu)
Xeg Electricity cogenerated by the qualifying facil{tylBtu);
Yeg Heat energy cogenerated by the qualifying faci
qs Electricity sold by the qualifying facility to theost utility (MBtu) (n CGPE model only)
qp Electricity purchased by the qualifying facilityofin the host utility (MBtu)
P, Electricity price paid by the retail electricitystomers ($/MBtu)
Parameters:
Qq Electricity demand of the thermal host (MBtu)
Sq Heat demand of the thermal host (MB{u)
Py PURPA buyback price at which the qualifying fagilgells electricity to the host utility as part
the PURPA contract ($/MBtu).
a Power to heat ratio of the cogeneration facilityr(stant)
P, Price of an Ngallowance in the allowance market ($/tgn)
ew €cg,€p No, emission rate of the electric utility, cogeneratfacility and het production unit respectively
(Ibs/MBtu)
Ay Annual Ng allowance allocation for the electric utility (f®n

Table 7. Notationsin chapter 3.
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Emission control is a critical issue is electyiggeneration. It has been estimated that
electricity generation is responsible for 62.6%wifur dioxide emissions, 21.2% of nitrogen
oxides emissions and 40% of carbon dioxide emissidinese emissions are directly linked
to air pollution and climate change issues. Hendbe 1990’s the emissions from electricity
generation units are regulated by many programs.(lban Air Act was passed in 1990 and
all electricity producers of capacity greater t2&MW are regulated for sulfur dioxide (80
emissions and nitrogen oxides (@mission. The regulatory programs associated tivéh
Clean Air Act was a federal cap and trade progransf} that was phased in over a decade
and a mandatory NGmission limit for coal based power plants enfdroe generation
units. Based on the success of the national caprade program in 1994, a regional cap and
trade program for both sulfur oxides (@nd nitrogen oxides (NPwas implemented in
the South Coast Area Basin. This was followed bgasonal NQtrading program in 1999
that was implemented in North eastern United Statesmbat ozone formation. Though
carbon dioxide emissions are not yet federally laggd, regional and state based efforts to
bring about carbon dioxid€(,) trading programs are being implemented in Nodteza
states and Western states of the country (Rode20G6).

Hence since 1990, the generation of electricitlasely related to emission control
and regulatory programs. In chapter 2 of the diaien we evaluated the economic
performance of PURPA. In this chapter we extendoiec model to include the emission
regulatory program and evaluate the environmermdbpmance of our main model — the

CGPE model.
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We specifically focus on the N@missions. This is because the majority of
cogeneration capacity is located in Texas, thehdadt and California totaling about 42% of
the country’s cogeneration capacity (USCHPA, 2001all the above mentioned states, the
electric utilities have their have their N@missions regulated by the CAIR program or the
RECLAIM program. Being a part of the regulatory gmram and participating in the permits
market will have a direct impact on their genemajtanning and hence their interaction with
qualifying facilities. Therefore, it is critical tstudy the impact the NOegulatory program
has on the relationship between the host utility tae qualifying facility.

3.1.1 Overview of NO , emission regulatory programs

In this paper we focus on the regulation of NfMissions. We focus on the ozone season cap
and trade program that have been in effect in tiehiNeastern United States since 1999. In
1999 the Ozone Transport Commission’s®80dget Program (OTC) came into effect. It
was transitioned into the larger NBudget Trading Program (NBP) in 2004. The NBP
covered a larger geographic region and had margstit rules than the OTC program. The
year 2008 was to be the last year of the NBP progvéh it transitioning into the Clean Air
Interstate Rule’s (CAIR) seasonal program was toeemto effect in 2009. The CAIR ozone
program expanded the geographic region to includewestern states and Texas. In
addition CAIR also included an annual N&nhd SQ programs. The NOBudget Trading
Program (NBP) that s the was in effect since 200¥0i eastern states and was to be

transitioned into the CAIR program cease to bdfieceafter the ozone season of 2008.
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The models in this paper will be based on thewedCAIR ozone program for NO
emissions. If and when the program or some modifegdion is implemented the program
will still be a cap and trade program. The NfPogram is in effect from of May*tto
September 30 the summer months, when ozone pollution is mastgent. The
participating states allocate allowances to theca#fd units along with a cap on the total
emissions in the state during the annual ozonerezdMay £'to September 30 The
affected units should retire one allowance for géaahof NQ that they emit during the 5
month period. The EPA will oversee a regional alose market where the affected units
can trade allowances. The types of units thategelated by the CAIR program include all
fossil —fuel burning boilers serving generatorsapbacity greater than or equal to 25 MW
that generate electricity for sale. The electrilitytstudied in this paper is regulated by the
Clean Air Interstate Rule (CAIR) for its N@missions.

The CAIR program provides exemption for units tipadlify as cogeneration units
which meet certain efficiency standards and selnore than one third of their total
electricity generation or 219, 000 MWh whichevegiisater of electricity on an annual basis.
This exemption for qualifying facilities and smpfwer producers has been a part of all the
emission control regulatory programs that have lieeffect since the Clean Air Act. In our
paper we study the scenario when the cogeneratwmlity is not part of any regulatory
program.

However it should be noted that in September 20G8CAIR program was taken to
court and due to the outcome of these legal pracgedhe program has been put on hold

and the Environmental Protection Agency (EPA) retgeebto re-evaluate the program (EPA,
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2008). However, several generating utility compariave already installed emission
monitoring devices and purchased permits in prejoarféor the CAIR regulatory program. It
is believed that to prevent losses in profit analthebenefits and prevent electricity
generation costs from being increased some forseasonal NQprogram will be put into
effect in 2009 while the EPA pursues other optidtreposals include continuation of the
NOx Budget Trading Program (NBP) in 2009 (Mathias,@06lence the models we study in

this paper will remain appropriate.

3.2 Literature Review

The effect of the NQtrading program on the generation planning oflantec utility has

also been previously studied. The OTC Budget pragras been studied with reference to
market power and leader follower behavior in Chedh ldobbs (2005) and Chen et al (2006).
In both papers, the permits market was modeledoéig@polistic market with a few major
firms who'’s permits output into the market deteresithe price of the permits. They do not
explicitly model cogeneration facilities or accotmt power purchases by host utilities due
to PURPA. The environmental implications of cogatien have been studied extensively.
While most of the studies have focused on solutiahe economic dispatch problem of
cogeneration units with emission constraints ( \&e&h et al, 2003; Tsay et al, 2001) a few
have focused on the generation planning aspedg&neration units. In Wu and Rosen
(1999), they develop an energy equilibrium modetiamtify the environmental benefits of
cogeneration in reference to distributed generatitmwever the study is based on generation

units in Canada and do not address PURPA or thadhgi PURPA on the emissions from
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the host utility. Similarly, in Rong and Lahdeln2007), the authors consider the effect of
CGO, emissions trading on the production plan of a negation facility. Their study is a
multi-period model that accounts from uncertaimyéat demand, electricity price and
permit price. Once again the study was based oarggon systems outside of the United
States and does not address the impact of anyatemsd other than CQemission

regulations on the production plan of the cogeimardtcility. In this part of the thesis we
aim to study how the presence of a PURPA contrapacts the behavior of an electric
utility in terms of NQ emissions. We also hope to compare the envirotahperformance

of the cogeneration under PURPA model with theetlmenchmarks that we have developed

in chapter 2.

3.3 Modeling Assumptions

In addition to the modeling assumptions listedhapter 2, due the inclusion of emission
control and participation of the electric utility ihe permits market there are certain
additional assumptions.

A9: The electric utility is the price taker in the pets market. This assumption is justified,
since Chen and Hobbs (2005) considered the PeramsghNew Jersey-Maryland (PJM)
power market and the OTb, Budget Program’s permits market covering the agestof
Connecticut, Delaware, Maryland, Massachusetts, Nampshire, New Jersey,
Pennsylvania, Vermont, New York, Rhode Island, MaMorthern Counties of Virginia and

District of Columbia (Overview of OTC Budget Progra2008).
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A10: Itis also assumed that the electric utility w#ll all excess permits in the permits
market, i.e. permits are not banked for future Uises assumption is justified since in the
NBP program, banked permits were devalued as thogr@ssed. In effect after a period of
time one permit will not cover one ton of pollutafhis was referred to as Progressive Flow

Control (PFC).

3.4 Cogeneration under PURPA with emission control (CGPE)

model

In the CGPE model the interaction between the tyiradj facility and the host utility remain
the same as in chapter 2. However, in the CGPE Inthéeelectric utility’s N@ emissions
are regulated as part of a cap and trade programce-the host utility is a participant in the

Noy permits market. The system configuration of thePEGnodel is given in Figure 6.

Retail electricity

y
Or
- A-€.X No, Per mits
Host dectric  |e—  » "

Market

Qualifying Facility

Cogeneration

\ 4 \ 4
Thermal host

Figure 6. Cogeneration under PURPA configuration with emission control (CGPE)

model
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The generation planning problem of the qualifyiagility, its optimal solution and its
reaction function remain the same as in chaptelofvever, the host utility's generation
planning problem is modified to include its pagiiion in the Neregulatory program.

3.4.1 Host utility’s generation planning problem wi th emission control

The profit functionT,;27¢, of the host utility consists of five terms — raue from retail
electricity sales, cost of generation, cost of pasing cogenerated electricity from the
qualifying facility as part of the PURPA contrattte revenue from selling electricity to the
cogeneration facility at the electricity priBein a bilateral transaction and revenue/cost from
selling or purchasing permits in the Nwermits market. The profit of the host utilityas
function of the reactions of the qualifying fagilit Similar to chapter 2, the host utility has
two possible generation planning problems to acctmrrthe two different reactions of the
qualifying facility.

Non-Arbitrage Mode ( P, > Ps ): In this case the reaction of the qualifyingiliscfrom

equation (18) is substituted in the profit functiefi’° of the host utility. The profit

maximization problem (P6) of the host utility is diked as follows,

I\iajf ngﬂpe = lg(xu + xcg - Qd) - )/(Xu + xcg - Qd)z - Cu(xu) - Ps(xcg - Qd) -

Xy

Pn(euxu - Au) S.t Xy < %[:8 - Ps - y(xcg - Qd)] (94)
The problem P6 of the host utility is a non-linpasblem with linear constraint. The

corresponding Lagrangian function is
Lce%pe = ﬁ(xu + Xcg — Qd) - )/(xu + Xeg — Qd)z - Cu(xu) - Ps(xcg - Qd) - Pn(euxu -

Ay) = 2777 G = 1B = Py = ¥ (g = Qu) (95)
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Therefore the optimat,, can be determined from the first order necessadysafficient

conditions as follows

cgpe

a eu
FONC:’;T =f - Zy(xu + Xeg — Qd) -m—2nx, — P,e, =0 (96)
cgpe NBLNAM __ B—m—Ppey—2y(xcg—Qq)
Xy, = 2 (97)

Equation (97) is the non-binding solution of pexhbl P6. The optimal solution if the

constraint is binding isc97¢-%-V4" = %[,8 — P, —y(xcg — Q4)]  whena$9P¢ > 0. When

2nyxcg+2Ps(nty)—2nf—y(m+B+eyPn)—yQa2n
Y

the optimal solution is bindind,?"¢ = This leads

to a condition on the electricity dema@g, of the thermal host based on which the optimal

generation quantity of the electric utility, is such thaP, > Ps,

2nyxcg+2Ps(nty)—2nf—y(m+pB+eyPp)

< Qa (98)

2ny
Therefore the optimal solution to the host utibtgieneration planning problem in the Non-
Arbitrage mode is

B—m—Ppey—2y(xcg—Qq) 2nyxcg—2nf—(m+B+eyP)y+2Ps(n+y)
xcgpenam _ 2(y+n)

u %[’3 — P, —y(xcy — Qq)], otherwise

, when Q4 > P

(99)

Case (b): Arbitrage Mode (P,- < Py) In this case the profit maximization problem (P)he

host utility is modified as follows,

QMax T{gﬂpe = lg(xu + xcg - Qd) - )/(Xu + xcg - Qd)z - Cu(xu) - Psxcg + leg -

Xu

VQd(xu + xcg - Qd) - Pn (euxu - Nu) s.t Xy > %[ﬁ - Ps - )/(xcg - Qd)] (100)
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The problem P7 is a non-linear problem with lineamstraints and the optime] can be

determined by using the FONC to be

NB_AM __ B-m—Ppey—2yxcg+yQq
xCOPENBAM _ néu”2VXcg (101)
2(y+n)

Since the constraint in P7 is a strict inequatitg, optimal non-binding solution in equation

(101) should be strictly less than the upper bapetified in equation (101). The condition

2nyxcg+2Ps(n+y)—2nf—y(m+pB+eyPn)-y(y+2n)Qq
14

that ensures this B¢ = > 0. Similar to the

non-arbitrage case we can convert the conditialimit on the electricity demar@, of the

thermal host. Therefore the optimal generationnogtigeneration quantity;, is such thaP,

< Psis
cgpe_am _ B=m=Pneu=2y(xcg=Qa) 2nyxcg—2nf—(m+p+ey Pn)y+2Ps(n+y)
u = Yo , when Q; < 2 (102)
Let CNG = 2 ¥eg=2nB-(m+ftenPn)y +2Ps(nty) o
2ny
CN6 = @nyxcg—2np—(m+B+eyPr)y+2(n+y)Py) (103)

y(y+2n)

It can be seen that CN6 > CN5.

3.4.2 Equilibrium solution of CGPE model

In this section we define the Stackelberg equilitrifor the game between the electric utility
and cogeneration facility when the cogeneratioilifacs an Independent Power Producer.
The equilibrium solution is one from which no play@s an incentive to change from

(Gibbons 1992).
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Definition of Stackelberg Equilibrium: The equilibrium solution to the Stackelberg game i
the CGP configuration is defined as the set ofsiess, {,,", P, x.4", ycq " 45" qp "} that
satisfy the following conditions
e The generation quantity, and the associated electricity prigemaximizes the host
utility’s profit and results in the optimal comptiee with the NQregulatory program
when she has a valid PURPA contract with a qualifyacility as part of which she
trades electricity.
e The cogeneration output of electricity, and heaty,,, electricity sold to the host
utility g and electricity purchased from the host utiljifyfor a given electricity price
P, maximizes the qualifying facility’s profit and ssftes the electricity and heat
demand of the thermal host
Similar to the CGP model in chapter 2, the CGPEehbds six possible solutions of which
for a given set of parametds, 8,7, m,n, S4, Q4, ¢1, c2} We have mutually exclusive
conditions those results in an unique equilibrivtnsummary of the equilibrium solutions to

the CGPE model is given in Table 8.

www.manaraa.com



78

Case p;ore x, 0P xeabe
Non Binding Case
Q4 < CN2 P.<P, B—m—Fe, —2yx,; +vQq P—c
2(y +n) 2¢,
CN2 < Qg < P =P [B =P, —v(xeq — Qu)] Eza
2c,
CN1 Y
Q4 > CN1 P. > P, B —m— Pre, — 2y (xcg — Qu) Fs—¢
2(y +n) 2¢,
Binding Case
Q4 < CN2 P. <P, B—m—Pey—2yxey +vQq aSq
2(y +n)
CN2 < Qq < P.=P [B =P —v(xeg — Qa)] @S
CN1 Y
Q4 > CN1 P.>P, B —m — Pey — 2y (xcg — Qu) asq
2(y +n)
Constants CN1 = 2nyxcg—2nf—(m+p+eyPr)y+2Ps(n+y) “CN2 = (2nyxcg—2nf—(m+p+eyPn)y+2(n+y)Ps) :
2ny y(y+2n)
ca’+fate . ba+d.
G = 22 O = T

Table 8: Equilibrium solution(s) of the CGP configuration Stackelberg game
To determine the environmental performance of t&€E configuration we compute the
total Ng, emissions. The Naemissions from the electric utility are straightviard to
estimate. However for the cogeneration facilitg, No, emissions estimate should account
for the fact that the use of the cogeneration teldgy displaces the emissions that will be
generated if the thermal host’s electricity andt likemand are satisfied by separate heat and

electricity generation. Hence we estimate the regtaxhissions from the cogeneration
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facility. This calculation is based on the CHP esiuis calculator developed by the EPA
(EPA, 2008).
Therefore the net emissions is calculated as fallow
Net Emissions = Cogeneration facility emissionsisplaced Thermal- Displaced Electricity
Hence the net emissions from the cogenerationtfacilthe CGPE configuration
NE gpe = echﬁﬁpe —eyQa — enSq (104)
It should be noted though that if at the equilibrisolution the qualifying facility operates in
the Arbitrage mode then the emissions displacedaltiee generation of thermal host’s
electricity demand should not be included in thewation of the net emissions from the
qualifying facility. This is because even though tiualifying facility generates the quantity
(thermal host’s electricity demand), it sells theutity to the host utility and purchases the
same quantity from the host utility.
Therefore, the total Neemissions in the CGPE configuration is utility déhd cogeneration
facility

cgpe

TE gpe = ey x,0P¢ + NE gpe = eyxy, " + echggpe —e,Q4 — enSa (Non-Arbitrage)

or TE gpe = eux,0P¢ + NE gpe = eux,7P¢ + echggpe —epS, (Arbitrage) (105)

wherex,;”P andx;;"¢ are the electricity generated by the electridtytiind cogenerated by

the cogeneration facility at equilibrium.
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3.5 Cogeneration facility as an Independent Power P roducer with

emission control (IPPE) model

In the IPPE model too the cogeneration facilityemgration planning problem, solution and
reaction to the electric utility’s decisions rem#ie same as in the case of chapter 2. The
electric utility’s generation planning problem ahe equilibrium solution of the Stackelberg

game in the IPPE model are presented below. Tiiggewation of the IPPE model is shown

in Figure 7.
Retail electricity customers
A A
Xu
- As-euXy No, Per mits
Electric Utility | >
Xeg-Qd Mar ket

Cogeneration facility

Sy l v

Thermal host

| ndependent Power Producer

Figure7. Cogeneration facility asan Independent Power Producer configuration with

emission control (I PPE) model
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3.5.1 Electric utility’s generation planning proble m with emission control
Therefore, the residual dematj,(P.) = Qr(B.) — Sc4(P-) is the generation quantity of the
electric utility. The electric utility being the &tkelberg leader is able to choose the
electricity price that maximizes its profit. Theaotion function of the cogeneration facility
determines the residual demand function of thetrétadtility. The reaction function however
is discontinuous with the discontinuity occurringemB,. < ¢; + 2c,aS,; . If B. > ¢; +
2c,aS,, the reaction of the cogeneration facility is adtion of the electricity price. If

B. < ¢, + 2c,aS,, the cogeneration facility’s reaction is to supfsked quantity of

electricity,aS; — Q4 to the retail electricity customers. This leadsno cases — case (a)

. . .
whenxy’® = aS; and case (b) whery?* = ==X > a5,
2

Case (a) xg *(B) = aSq
Similar to chapter 2 we obtain the residual denfandd by the electricity based on the
reaction of the cogeneration facility. The generaplanning problem of the electric utility

whenxé’;pe(Pr) = aS,, is the profit maximization problem (P13) giveridve,

M .
xix T[gl)lp = Pr(xu)xu — Cy(xy) — By(eyxy, — Ay)

Sitx, = 1/y (B —y(aSs — Qa) — ¢4 — 2¢,a8,) (106)
where P.(x,) = B —y(xy + x, — Q) is the residual inverse demand function facechby t
electric utility andC, (x,) = | + mx, + nx,? is the cost of generation to the electric utility.
Problem P13 is a non-linear constrained optimingpimblem. The optimal generation

guantity for the electric utility can be obtainesing the concept of active and inactive
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constraints. The optimal unconstrained solutioprablem P13 is obtained from the FONC

of P13.
FONC:
omf? = —m—2nx, — 2ycaxy | 2Bca—y(—C1+2¢3(—Qatxw)) _ 0
dxy y+2c; Y+2c;
Therefore,
ippe—B—NB __ B—m—Pney—2y(aSq—Qq)
X, = 2t7) (207)
wherexPP¢~5~NBis the unconstrained optimal solution of the optition problem P13.

pe-B-B _ B-y(aSq—Qa)—c1
Y

-2 S ..
©2%°d The condition under

The constrained solution to P13xii§

which the optimal solution will be the constrairsadution or the unconstrained solution can
be obtained using the KKT conditions associateti ioblem P13. The Lagrangian function

associated with P13 is

L& = Py = Cu() = Palewy = A + 1 0oy =~ (B = ¥ (aSq = Q) = &1 = 2c,aS,)) (108)

aLZ’f o _2yCxy | 2BCa—y(=C1+262(=Qa+Xw)) ippe _

il 2nx, 20, + e, +u; =0 (209)

) ni’f}’ 1

W = xu —;(ﬂ - ]/(an - Qd) - Cl - 2C2a5d) = O (110)
. 1 A

Mippe <xu _;(ﬁ —y(aSq—Qq) — 1 — 20205501)> =0 Hippe =0 (111)

From equation (111) we have thdt?¢ 2% = ﬁ_y(“sd_Q“g—Cl_zczasd whenu!PP¢ > 0. We

determingu?P¢ by substitutinge’?*"®~F in equation (109) and solving ff"?°.

my +B2n+y) =2 +vy)c; +yve By + Cny +y3)Qq — 2ny +y? +4(n +y)cy)aS, =0 (112)
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Since the optimal solution to P13d%7°~#7% if 4P?¢ > 0, the optimal solution to P13 will
bexPPeENE if uiPPe < 0
u ) .
my +B2n+y) =2 +y)c; +yve By + 2ny +y3)Qq — 2ny +y? +4(n +y)cy)aS, <0 (113)
Let
CN7 =my+p@2n+vy) —2(n+y)c, +ve,P, + (2ny + yz)Qd - (2ny +y* + 4(n + y)c,)as, (114)

Pr C1

Case (b): x*P(B,) =
Whenx”’p (P.) =——Lis the reaction of the cogeneration facility weait the residual

inverse demand of the electric utility as

P(xu) — 20— Y(ZZCZ(T; Qa)—cy1) (115)
The generation planning problem of the electrititutivhen xlpp(P) =~ is the profit

maximization (P14) problem given below,

Maxnipp _ (2023—1’(202 (xu_Qd)_Cl))

2
X, ‘‘eu 20,4y Xy — l— mxy —nXxXy~ — Pn(euxu - Au)

Stxy <1/y (B —v(aSq — Qq) — ¢1 — 2¢;aS,) (116)

The optimal generation quantity of the electriditytin this situation is

ippe_NB __ 2C2(B+YQq—m—Pney)+y(ci—m—Ppey))
Xu - 2(ny+2(n+y)cy) (117)
wherexPP¢"%is the unconstrained solution of the optimizatiootgem P14. The condition

ippe_NB

under which thex,, will be a feasible solution to P14 is

2¢5(B+yQq—m—Ppey)+y(c1—m—Ppey))
2(ny+2(n+y)cz) <1/y (B —v(aSq — Qq) — ¢1 — 2c,aS,)
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i.e.2(ny? + 4nyc, + 2y?%c, + 4nc? + 4ycd)aS, — m(y? + 2yc,) — 2B (ny + 2nc, +yc,)—(¥? +
2yc2eulPn+c12 ny+ y2+ 4nc2+ 4yc2— 2ny2+ 2nyc2+ 2y 2c20d< 0 (118)

Let

CN8 = 2(ny? + 4nyc, + 2y2c, + 4nc2 + 4yc?)aS; — m(y? + 2ycy) — 2B(ny + 2nc, + yc,)—(y? +
2yc2euPn+c12 ny+ y2+ 4nc2+ 4yc2— 2ny2+ 2nyc2+ 2y2c20d (119)

3.5.2 Equilibrium solution of IPPE model

A summary of the equilibrium solutions of the IPREdel is provided below in Table 9.

Condition xPP xi’;’”
Non-Binding; 2¢,(B +vQy —m —PB,e,) +y(c; —m—PBe,)) P.—c
CN8 < 0 2(ny + 2(n+y)cy) 2¢,
Binding with B —m—PB,e, — 2y(aS; — Q,) asS,
B =c¢ + 2c;aS8, 2(n+y)
CN7 =0
Binding with (B —vy(aSq — Qa) — ¢1 — 2c;,a53) aSq
P. < ¢, + 2c,aSy; 4
CN7 <0
2
Congtants: ¢, = S&Hxte. o bard,
a a
CN7=my+B8@2n+7y)—2n+7y)c, +ye P, + Cny +y2)Qy — 2ny +y2 + 4(n +y)cy)aSy;
CN8 = 2(ny? + 4nyc, + 2y?c, + 4nc? + 4yc?)aS,; — m(y? + 2ycy) — 2B(ny + 2nc, + yc,)—(y? +
2ycZeulPn+c12ny+ y2+4nc2+4yc2—2ny2+ 2nyc2+ 2y 2c2Jd:

Table 9. Equilibirum solution(s) of the IPPE configuration Stackleberg game

Hence the net emissions from the cogenerationtfacilthe CGPE configuration

— ippe
NEippe - echcg - equ - ehSd
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Therefore, the total Neemissions in the IPPE configuration is utility ahé cogeneration
facility

TEippe = e, xPPe 4 NE g0 = e, xPPe + echézpe —e,04 — enSy (120)
wherexPP¢ andx?;,pe are the electricity generated by the electridgtytiind cogenerated by

the cogeneration facility at equilibrium.

3.6 Heat production without cogeneration with emiss ion control

(HPE) model

In the HPE model has the same energy generatid@nsyonfiguration as the HP model.
The HPE model differs from the HP model in the ®ileaitility’s participation in the Ng
market and its Noemissions being regulated. The energy generaggters configuration is

shown in Figure 8.

Retail electricity customers

A

Xu'Qd

Au-eXy No, Permits Market
Electric utility «—>

Heat production unit

Qq

Sy
v

Thermal host

v

Figure 8. Heat production without cogeneration configuration with emission control

(HPE) model
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The total costc;‘pe of satisfying the heat and electricity demandhefthermal host remains
the same as in chapter 2,

CMP = C(Sg) + P.Qq = i + jSq + kS4* + P.Qq. (121)

where C,(S,) = i + jS; + kS;° is the cost of generating hestby a heat production unit
and P. is electricity price at which the electric utiliglls electricity to the thermal host in an

independent transaction . The electric utility'sg@etion planning problem is the profit

maximization problem given below

MAX e = B(QFP)QF° = Cul) + B (Q17)Qu) — Paeuity — Au) (122)
with Q;”’e = x, — Q4, the electricity supplied by the electric utility the retail electricity
customers an@,.(Q77) = B — y(QIP°) the inverse demand function of the electric wtilit
C(x,) = | + mx, + nx,? is the electricity generation cost to the eleattitity. The profit

maximization problem is a non-linear problem areldptimal generation quantity can be

obtained from the first order necessary condites$ollows

hpe
FONGC % =L —2yx, —m—2nx, +yQ; — P,e, =0 (123)
hpe _ B—m—Ppey+yQq
Xy =T (124)

Since there is no cogeneration facility in thisfaguration the total Ngemissions in the

HPE model is the emissions of the electric utidihd the emissions form the boiler.

TEppe = e Xy’ + €S, (125)
hpe

wherex,,” is the electricity generated by the electric wtiéindS, is the useful heat

generated by the heat production unit.
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3.7 Self-Generation with cogeneration and emission control (SGCE)

model

In the SCGE model, the thermal host’'s heat demaddeectricity demand is satisfied by a
cogeneration facility that does not have interaith #he electric utility or the retail electricity

customers. The energy generation system configurédr the SGCE is shown in Figure 9.

Retail electricity customers

A

Xy

A€ Xy No, Permits

Electric utility
< > Market

Cogener ation facility

S Qq

\4 A
Thermal host

Figure 9. Self generation with cogener ation and emission control (SCGE) model
The total cost(; "¢ of satisfying the heat and electricity demanchefthermal host is given

below
€9 = Coy(aSy) = a+ cyaS, + c,a?S,°. (126)
ch(an): Cost of cogeneratingS, of electricity ands,; of heat.

The electric utility’s generation planning problégiven below

l\gcix ”Zf[qe = Pr(xu)xu - C(xu) - Pn(euxu - Au) (127)
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whereP,.(x,) = B — yx,is the inverse demand function of the electridtytdndC, (x,,) =
[ + mx, + nx,? is the electricity generation cost to the eleattitity. The optimal

generation quantity for the electric utility is dehined from the FONC as

scge _ B—m—Ppey
xyre = e (128)

The net emissions from the cogeneration facilitthen SCG model is

NEscge = €cgSq — €,0q — €xSq (129)
Therefore, the total Naemissions in the CGPE configuration is utility @ahd cogeneration
facility

TEscge = euxffge + NEs 4o = euxff’pe + ecgaSqy — €,Qq — enSqy (130)

scge

wherex;, is the electricity generated by the electritityti

3.8 Environmental performance of cogeneration under PURPA

w.r.t. the benchmarks

In this section of the paper compare the environiatgrerformance of the cogeneration
under PURPA configuration with the three benchntankfigurations. Though environmental
performance can be measured in many ways, we foctise total NQ emissions associated
with optimal generation plan in each configuratiesults in.

The total NQ emissions in the configurations studied in thegpapthe sum of the
emissions from the electric utility due to eledtsigeneration and the net emissions from the
cogeneration facility. The accounting of emissibrosn a cogeneration facility is not as

straight forward as the calculation of emissiowsifian electric utility. This is due to the
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generation of two useful energy products due tatigeneration technology. The EPA’s
Combined Heat and Power Production (CHP) partnersfugram have developed a simple
CHP emissions calculator. CHP is another namedgeeration. In the paper we use the
formula used in the EPA’s CHP emissions calculad@ccount for the emissions from the
cogeneration facility.

3.8.1 Comparison of IPPE model and CGPE model

In the comparison between the IPPE configuratiodehand the CGPE configuration
model.

Case (a) Binding solution with PP < ¢; + 2c,aS,

The total NQ emissions in the system in the IPPE model is

B—m—Ppe,—yaSq+yQ
TEippe = ey 2(y+yn) T+ egaSy — eyQa — enSy (131)

If the equilibrium solution of the CGPE model ig thrbitrage-binding solution, the total NO

emissions generated in the system is

B—m—Ppe,—2yASq+yQ,
2(y+n)

TE gpe = €y + ecgaSy — epSy (132)

In equation (132) we do not consider the displamesions associated with the generation
of the electricity demand of the thermal host by é¢kectric utility. This is because, in the
arbitrage solution (both binding and non-bindint)he CGPE model, the qualifying facility
sells all its cogenerated electricity to the hdsityiand purchases electricity from the host
utility to satisfy the thermal host’s electricitgmhand. By comparing the total N@missions
expression in equations (131) and (132) we sedhbainly difference between the total

NOxemissions is the based on the generation quaritihediost utility and the displaced
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emissions due to the electricity demand of thentlaéhost being satisfied by the

cogeneration facility.

ﬁ_m_Pneu_Zyan‘H/Qd
2(y+n)

ﬁ_m_Pneu_yan"’de _
u Qd

< eu 2(y+n)

u

Based on the above inequality we identify the ctioiiunder which the emissions from the

CGPE model will be lower than the emissions from fPPE model to be

TE.gpe < TEippe if and only ifaS, > Z(V;“) 04 (133)

If the equilibrium solution of the CGPE model i€ thon-arbitrage-binding solution,

B—m—Pye,—2yaASq+2yQ,
2(y+n)

TE gpe = €y + ecgaSqy — e,Qq — enSy (134)

Since the net emissions from the cogenerationitiaeite the same in both the CGPE model
and the IPPE model, the difference in the tota) M@ission in the system is based on the

NOy emissions due to electricity generation by thetakeutility.

cgpe __ B—m—Ppe,—2yaSq+2yQ, ippe _ v(@Sq—Qy)

X —_ =X
u 2(y+n) u 2(y+n)

Therefore, x597¢ < xPP¢ and the NQemissions due to electricity generation by theteite
utility is less in the CGPE model than in the IRR&del. Hence if the equilibrium solution of
the CGPE model is the non-arbitrage binding satuéind the equilibrium solution of the
IPPE model is the binding solution 2 then the tbi@, emission in the system will always
be less in the CGPE model than in the IPPE model.

If the equilibrium solution of the CGPE model ibirage-non-binding solution, the total

NOy, emissions generated in the system is

Ps_cl)
2c) Ps—cq

3 - ehSd (135)

B—m—Ppey+yQ,;—2y(

2(y+n) cg 2

TECgpe =e,
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In the arbitrage binding solution of the CGPE motlet NQ emissions from the qualifying
facility increases due to increased electricityegation for sale to the host utility as part of
the PURPA contract. In addition the net emissiomis the qualifying facility will also
increase since at equilibrium the qualifying fagils purchasing electricity from the host
utility to satisfy the thermal host’s electricitgmhiand. Due to increased sale of electricity by
the qualifying facility, the host utility will redze its own generation quantity. Hence the
condition under which the total N@missions in the CGPE model will be less thar e

model is

Ps—cy

ecg ("t — aSy) < = (2 (PS_Cl) —yaSq = 2(n +y)Qa) (136)

2cy 2(y+n) 2cy

with ”;‘Tcl— A= aS,. A is the additional electricity generated by thelifyiag facility

because it has a PURPA contract and can sell ielecto the host utility. If the host utility
and qualifying facility utilize the same fuel anave the same combustion efficiency their
NOy emission rates will also be the same. Under swdnédition where the host utility and
qualifying facility emit NQ emissions at the same rate from condition (136have the
total NQ, emissions in the CGPE model with non-arbitrage-ioding equilibrium solution
mostly be greater than the total Nénissions in the IPPE model.

Based on the condition (136) we can determine amuppund for the emission rate of the
qualifying facility which will ensure that that &tNO, emissions in the CGPE model with

non-arbitrage non-binding equilibrium solutionés$ than the total N@missions in the

IPPE model with binding solution Wiﬂ?f”p < ¢y + 2c,aS,. This upper bound or limit on

the emission rate is

www.manaraa.com



92

ey (2yA+yaSq—2(n+y)Qq)
2A(y+n) (137)

ecg <

If the equilibrium solution of the CGPE model iswarbitrage-non-binding solution, the

total NQ, emissions generated in the system is

2 Ps—c1
B—m—Ppey+yQ,—2y( 22 ) Ps—cq

TE gpe = €y pya— + ey o ey,Q4 — enSy (138)

In the non-arbitrage binding solution of the CGP&del, the NQ emissions from the
gualifying facility increases due to increased &leity generation for sale to the host utility
as part of the PURPA contract. However due toeimsed sale of electricity by the
qualifying facility, the host utility will reducds own generation quantity. Hence the
condition under which the total N@missions in the CGPE model will be less than e

model is

2v(aSq+A)-yQ,
2(y+n)

—e(8) > e reS (139)

u 2(y+n)

u
with %— A= aS,. Ais the additional electricity generated by thelifyiag facility

because it has a PURPA contract and can sell iefecto the host utility. If the host utility
and qualifying facility utilize the same fuel anave the same combustion efficiency their
NOx emission rates will also be the same. Under swadnédition where the host utility and
qualifying facility emit NQ emissions at the same rate from condition (139 aue the
total NO, emissions in the CGPE model with non-arbitragebioding equilibrium solution
will always be greater than the total Némissions in the IPPE model.

Based on the condition (139) we can determine amuppund for the emission rate of the
qualifying facility which will ensure that that &tNO, emissions in the CGPE model with

non-arbitrage non-binding equilibrium solutionés$ than the total N@missions in the
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IPPE model with binding solution Wim"p” < ¢y + 2c,aS,. This upper bound or limit on

the emission rate is

veu(aSq—Q,+24)

ng < 2A(y+n)

(140)
A summary of the environmental performance comparisetween the CGPE and IPPE

model when the equilibirum solution of the IPPE ®ldd the binding solution Witﬁf”p <

¢ + 2c,aS, is shown in Table 10

CGPE equilibrium solution | Total NO, comparison with HPE | Conditionson emission rate of

model if emission rate of the qualifying/cogeneration
qualifying facility and host utility facility (ecg) for lower
arethe same emission in the CGPE model
Arbitrage/Binding Lower if aS, > 20’;") 04 N/A
Arbitrage/Non-binding Higher e < ey (2yAtyaSq—2(n+y)Qq)
2 2A(y+n)

Non-arbitrage/Binding Lower N/A
Non-arbitrage/Non-binding Higher yeu(aSq — Qq + 24)

<
Ceg 2A(y +n)

Table 10: Comparison of environmental perfor mance between the CGPE model and
I PPE model when the equilibrium solution in the | PPE model is binding.
Case (b) Non-Binding solution with PP > ¢, + 2¢c,aS,
The total NQ emissions in the IPPE model if the equilibriumusioin is non-binding with

PP > ¢, + 2c,aS, is

2¢2(B+YQq—m—Ppey)+y(ci—m—Ppey)) Pr—cq
TE; =e e
tppe u 2(ny+2(n+y)cy) t cg 2¢;

—e,04 — epSqy (141)

Based on the conditions for the equilibrium solotdd the IPPE model it can be seen that the

parameter values that result in non-binding sotutay the IPPE will result only in non-
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arbitrage equilibrium solutions in the CGPE motignce we only compare the
environmental performance of the non-arbitrage memelibrium solutions of the CGPE are
compared with the non-binding solution of the IRR&del. If the equilibrium solution to the
CGPE model is non-arbitrage non-binding then tied emissions from the CGPE model
will be less than the total emissions from the IPR&tlel with non-binding equilibrium
solution if the following condition is satisfied

y(c1(ny+(n+y)cz)—nyPs+2(n+y)ci Qq+co (nB+my+yey Pp—2(n+y)Ps+2nyQq)) (142)
2(n+y)cy(ny+2(n+y)cz)(P—Py)

ecg < €y

If the equilibrium solution is non-arbitrage bindisolution, then the net emissions from the

qualifying facility will be less in the CGPE modékn in the IPPE model. This is because

since at equilibriurﬂ’ri”p > ¢y + 2c,aS,, the cogenerated electricity is greater in theElPP
model. However the emissions from the electrigtytwill increase in the CGPE model
since it generates more electricity than in theBR#bdel. Hence the total N@missions

will be less if the following condition is satistie

Y (+y)ci—ymB+my+yey Pr+2(ny+n+y)c)Qq—2a(ny+2(n+y)cz)Sq) < ey (Pr_” - aS,;) (143)

u 2(ny+2(n+y)cz)

262

3.8.2 Comparison of HPE model and CGPE model

The total N@ emissions in the system for the optimal solutiothie HPE model is

B—m—Ppey+yQ,
2(y+n)

TEhpe = ey + ehSd (144)

The total N@ emissions associated with the binding equilibrastutions in the CGPE

model is

—m—P,e,—2yaS .
TEegpe = €4t . J;‘ 47% 4 e aSq — e,Qq — enSq  (Arbitrage mode) or
y+n
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B—m—Ppe,~2yaASq+2yQ, +e

TEcgpe = €y pya— cg@Sa — ey,Qq — enSq (Non-arbitrage mode) (145)

From (144) and (145) we have that the total eleitgrgeneration from the electric utility is
lower in the CGPE model. Hence if the net emissfooms the qualifying facility are less
than the emissions from the heat production uett TtE;,,, < TEj,..

If the equilibrium solutions of the CGPE model isng (both arbitrage and non-arbitrage)
then the condition on the emission rate of theityiiad) facility that ensures that the total
NOy emissions is lower is

ecg < 2ey (146)

If the equilibrium solution of the CGPE model i€ thon -binding solutions, the associated

total Ng, emissions is

‘1

P -
B—m~—Ppe,—2y( ;CZ

2(y+n) €9 2cy

)+de Pg—cq

TEcgpe = €y —e,0Q04 — e,S; (Arbitrage mode) or

Ps—cq
B—m~—Ppe,—2y( SZC

2
2(y+n)

)+2rQ » ,
Ty ecq P; L _ e,04 — enS4 (Non-arbitrage mode) (76)

2

TEcgpe = €y

Once again from (144) and (146) we have that tta #bectricity generation from the
electric utility is still lower in the CGPE moddian in the HPE model. Hence if the net
emissions from the qualifying facility are lessritthe emissions from the heat production
unit thenTE.4p,. < TEyp.. The condition on the emission rate of the quadgyfacility that

ensures that the total N@missions is lower in the CGPE model is

2epSq

ey < oot (147)
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3.8.3 Comparison of SCGE model and CGPE model

The total NQ emissions in the system for the optimal solutothe SCGE model is

B—m—Ppey

2(y+n)

TEscge = €y + ecgaSy — €,Qq — enSqy (148)

The total NQ emissions associated with the binding equilibraotutions in the CGPE

model is

—m—P,e,~2yQS .
TEegpe = €y — - +y‘; 4% + e.yaSq — e,Qq — enSq  (Arbitrage mode) or
y+n

B—m—Pye,~2yaASq+2yQ,
2(y+n)

TEcgpe = €y + ecqaSq — e,Qq — erSq  (Non-arbitrage mode) (149)

From equations (148) and (149) we see Ty, < TE,c4. - Therefore the CGPE model
has greater environmental performance than thidteo$ CGE model if the equilibrium
solution of the CGPE model is binding in the heatstraint of the qualifying facility.

If the equilibrium solution of If the CGPE modeltise non-binding solution, the associated

total Ng, emissions is

pem—Pue,~2r (510, Poey .

TEcgpe = €y o + ecg o e,Q4 —enSy (Arbitrage mode) or
pm—Pne,=2r(5H+2rQ, pey _

TEcgpe = €y Py + e i e,Q4 — en Sy (Non-arbitrage mode) (150)

The condition under which the total emissions ftbe CGPE model will be less than the

SCGE model is

V(a5d+A_Qd)
€cg < €y —= o (151)
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CHAPTER 4. CONCLUSIONS AND FUTURE RESEARCH

4.1 Conclusions

In this thesis we have developed increasing compiedels of various configurations of a
energy system that consisted of different elecitiicy- cogeneration facility relationships.
We formulated mathematical models and determinedgtimal generation plan for the
electric utility and the cogeneration facility umdiee varying scenarios. We compared the
total surplus and total N@missions of the cogeneration under PURPA cordigum with
three benchmarks. Specifically, we compared it whéhscenario where the cogeneration
facility sells electricity directly to retail elaatity customers to determine the relative
performance of cogeneration under PURPA with aigardition that is most likely in terms
of structure.

We found that if in the cogeneration under PURBAfiguration the total surplus
realized is less than the total surplus realizedmthe cogeneration facility acts as an
Independent Power Producer. Contrary to the claiintise utilities we found that it was the
electric utilities that benefited the most undestsa situation. The electric utilities received
higher profits in the above described scenarioesthey were able to purchase electricity
from the qualifying facility and sell it to the egt electricity customers at a higher rate.

If the qualifying facility only generated the quigy of electricity required to
cogenerate the heat demand of the thermal hossolbaitall the cogenerated electricity to the
host utility and purchased from the host utilitg #ectricity required to satisfy the thermal
host’s electricity demand, then the total surpkx@l in the cogeneration under PURPA

configuration is lower the total surplus levellre configuration where cogeneration facility
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as an Independent Power Producer configuratiors. iStdue to the qualifying facility
engaging in arbitrage by selling electricity to thast utility at a higher price and purchasing
from the host utility at a lower price.

One of the main intents of PURPA was to encouthgeogeneration facilities to sell
their surplus electricity which in the absence ORPA would have been wasted. Due to our
comparison of the cogeneration under PURPA corditium with the self-generation with
cogeneration configuration we were able to anaifiicshow that sale of the surplus
electricity does increase total surplus. By sws@lectricity we mean the electricity that is
left after the satisfaction of the thermal hostectricity demand from the quantity of
electricity generated to cogenerate the heat demgiie thermal host. This validates one of
the success of PURPA with reference to one ohtenis which was to induce cogeneration
facilities to sell their surplus electricity. Alsothe scenario where the cogeneration option
is not available to the thermal host and it utdizeheat production unit to satisfy its heat
demand and purchased electricity from the eleatility, the total surplus was lower than in
the cogeneration under PURPA configuration.

In terms of total Npemissions the cogeneration under PURPA provedyve fower
total No, emissions in the system than the IPP configuratibaen in both configurations the
cogeneration facility generated the quantity o€eileity required to cogenerate the heat
demand of the thermal host. This was due to thetredautility reducing its generation
guantity to maintain electricity prices close te thonopoly price and also to reduce its cost
of compliance with the Naregulatory program. In comparison with the othe t

benchmarks we found that the cogeneration undeAUgdnfiguration had greater NO
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emissions when compared to the configuration witteréhermal host is self-generation with
cogeneration without interacting with the retaistmmers or the electric utility. However,
the cogeneration under PURPA resulted in a higmauat of Nq@ emissions if due to high
PURPA buyback price the qualifying facility genedimore electricity. We also identified
conditions on the emission rate of the cogenerd#oitity under which the total No
emissions in the cogeneration under PURPA conftguravill be less than the total No

emissions in the benchmark models.

4.2 Discussion

The models analyzed in Chapter 2 and 3 provideitlsimsights into the limitations and
advantages of cogeneration under PURPA. It halgdadentify conditions on the PURPA
buyback price, the electricity demand of the thedmest and the heat demand of the thermal
host based on which the justification for PURPAie@r The main limitations of the study

are discussed below.

The electricity and heat output’s are fixed aigadrratio. This proves helpful in
simplifying the initial qualifying facility model bt it over estimates the cost of cogeneration.
This limitation can be overcome by removing thestmint and replacing it with a fuel cost
based production function as in Fox-Penner (1990).

The thermal demand is satisfied by cogenerationealThis again limits the
flexibility of the model and creates a situationemthe qualifying facility might behave sub

optimally. This limitation can be overcome by indilog a ancillary boiler in the model.
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The environmental performance of a configuratian be measured in terms of two
indicators — the total Naemissions in the system and the total usable grggngerated in the
system.Estimating only the Nemissions will not completely estimate the envinental
performance of a configuration, since a systemigardition might have lower emissions
due to lower energy generation. The best enviromah@erformance of a energy generation
system configuration is one which results in higkful energy generation with low
emissions. The second preferable configuratidenms of environmental performance is
the system than results in lower emissions andraxseful energy. The least preferable
configuration is the one that results in high emiss but low useful energy. An emphasis is
placed on useful or usable energy products inybtesn. If generated useful heat or
electricity is not utilized then it should not bensidered into the calculations and should be

treated as waste.

4.3 Future Research

The problem studied in this paper can be futheloegg by considering the effect of
transmission constraints and capacity constraifgecifically, transmission constraints are a
critical to understand the arbitrage that the dyialy facility engages in in the cogeneration
under PURPA configuration. Will the qualifying faty still sell all its cogenerated

electricity to the host utility and purchase thectlicity demand for the thermal host if
transmission costs and constraints are consider@djuestion that should be explored.

Also we do not consider the scenario where thenthehost might have more electricity

demand than heat demand. Even though most of @iléyijug cogeneration facilities that
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exist in the United States are of the type to Haghker heat demand than electricity demand,
the vice-versa situation might high light more gigs into PURPA’s workings. However, it
should be noted that Joskow and Jones (1983) ttaihtogeneration facilities that are
dedicated to serve the heat load have more ecorfmangfits due to PURPA than the
facilities’ with more electricity demand. Other ersions might include introducing

stochastic elements into the generation plannindatso
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APPENDIX A. CONCAVITY OF PROFIT FUNCTIONS

cgp

Proof of concavity of Tyr W.ItXeg

an v d e f

axcg =P, — b — 2cxeq —;—szcg —ZZxcg (B.1)
o?m 9P f e

W_ —2(C+;+;) (BZ)

Since,c, f, e anda are all positive parameters, we have from equdtoa), that the second

2 Cgp
order derlvatlve—qf < 0,V feasible x4 Henceyr 7” is concave w.rt,

Proof of concavity of Tl' P w.r.t x,, in Non-Arbitrage Mode

cgp
oty

e = B — Zy(xu + Xeg — Qd) —m — 2nx, (B.3)
Pl - 9y _2n = —2(y +n) (B.4)
92,2 Y Y .

Since,y & n, are both positive, we have from equation (BHaf the second order derivative

62 P6
"4/ < 0,V feasible x,,. Hencesr™%% is concave W.r4,,.

0xy?
Proof of concavity of m}., W.r.t x,, in Arbitrage Mode

cgp
oty

9%, =p - Zy(xu + Xeg — Qd) —m—2nx, —yQq (B.5)
02mS9P
Tu‘z‘ -2y —2n=-=-2(y +n) (B.6)

Since,y & n, are both positive, we have from equation (Bl&f the second order derivative

92 t9r

s
——4- < 0,V feasible x,,. Hence, nf7 is concave W.r,,.
u
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APPENDIX B. DETAILS OF COMPARISON OF TOTAL SURPLUS

BETWEEN CGP CONGIGURATION AND IPP CONFIGURATION

|. Proof that TS g4, < TS, if the equilbirum solution of the CGP model isthe arbitrage

ipp
mode binding solution and the equilibrium solution of | PP isthe binding solution.

ipp—B-2 _ B—-m-y(aSq—Qq) . lpp lpp B-m-y(aSq—Qq) _
Xu - 2(n+y) ) cg (P) - ana - 2(n+y) + an Qd

xcgp—AM—B _ B—m-2yaSg+yQq . 9P —

cgp B-m-2yaSa+yQa _
u N 2(n+y) reg +aSa = Qa

2(n+y)

= an,

Condition for total surplus in the arbitrage modeding solution of the CGP model to have

higher total surplus than the IPP-Binding 2
g P g
ﬂQtpp lpp ,Bchp + %Q;gpz <1+ mxi'lpp + nxff’pz - mxigp . nx;ng

. s .
We know,QPP — Q9P = L22d — PP _ xe0P,

2(y+n)
yaSq ipp? cgp yasq ipp? _ ..Cgp2
ﬂ 2(]/+Tl) (Q ) <m 2( n ) + n(xu xu )
yaSa ipp? Cgpz yasa__ o ip? _  cop?
ﬁ 2(]/+7l) (Q ) m 2(]/+7l) n(xu xu ) < 0 (2)

an (2B-2m+2yQq+(2n—-y)asSy)
8(n+y)?

Simplifying using Mathematica, we <0

D28 -2m+2yQ,+ 2n—y)aS; <0

B —m+yQq < G —n)as

Sincex? > 0, we haves + yQ, — m > yaS,. Hence the above condition will not be

satisfied.
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Il Proof that TS 4, < TSy, if the equilbirum solution of the CGP model isthe non-

ar bitrage mode binding solution and the equilibrium solution of 1PP isthe binding

solution.
ipp—B-2 _ 3—m—1’(“5d—Qd) lpp _ lpp B-m-y(aSq—Qq) _

cgp—AM—-B __ B—m-2yaSq+2yQq . _cgp
u 2(n+y) 1y

cgp p-m-— Zya5d+21’Qd
+aSq — Qq

= aSa; 2(n+y)

Condition for total surplus in the non-arbitragedadinding solution of the CGP model to

have higher total surplus than the IPP-binding

ﬂQtpp lpp ,Bchp + %Q;gpz <1+ mxtilpp + nxff’pz — 1 — mxf9P — nngpz
> ﬁ(lep cgp (lep cgp ) < m(x‘pp xS9P) 4 n(x;gsz _ x;gpz)
We know,QP? — Q9 = % = xPP _ xC9P, Therefore (1) becomes
B V(;’-’(»j/d;nQ)d) (lep ;gpz) < V(;Zg/d+—n(l)d) n n(xftppz _ xlclgpz)

LED Y (ip?” - 0f#P") — m D _ (PP — 13"y <0 (2)

Simplifying using Mathematica, we get

Y2(Qa—aSqg)(2(m—P)+(2n—y)(Qa—asS4)) <0
8(n+y)?

2(m—=pB)+ (2n—y)(Qq —aSy) <0
2m —2B — (2n—y)(aSq — Q) <0

2m+y(aSy — Q4) < 2B + 2n(aSy; — Qy)
(g_n)(asd —Qa) <B-m

Sincex?? > 0, we have8 — m > y(aS; — Qy).
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