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Abstract 
 
The implementation of electricity markets in various U.S. 
jurisdictions has resulted in multiple markets at different time 
scales for trading the same electricity commodity. This multi-
settlement system allows the participation of players with 
physical resources and loads, as well as financial entities. 
Given the strong interactions of market and system 
operations, the multiple markets and the participation of 
financial players make the operational reliability management 
an increasingly challenging task. While the nature of the 
interactions between the system and market operations is well 
understood on a qualitative basis, the quantification of the 
operational reliability impacts on the overall economics of 
electricity markets is, typically, not performed. In this paper, 
we develop a general approach to quantify the market 
performance as a function of operational reliability criterion 
in a multi-settlement environment while taking into account 
the participation of players with physical resources and load, 
as well as financial entities. The quantification provides 
meaningful measures of the monetary and the resource 
dispatch impacts of the compliance with the operational 
reliability criterion in force. We illustrate the application of 
the proposed approach to the ISO-NE system in the 
quantification of the comparative impacts of two different 
security criteria for the 2005 - 2006 day-ahead and real-time 
markets. Through this study, we gain insights into the 
distinctions between day-ahead and real-time markets, as well 
as the impacts of participating financial entities in addition to 
those with physical generation assets or loads.   
 
Keywords— electricity market performance, social welfare 
maximization, consumer and producer surplus, congestion 
rents multi-settlement systems, day-ahead and real-time 
markets, financial entities, security assessment, operational 
reliability criterion. 
 
 
I. Introduction 
 
The recent blackouts around the globe have provided an 
impetus for creating improvements in the operational 
reliability of large-scale power systems. A direct outcome is 
the setup of NERC as the first the Electric Reliability 
Organization for the North American grid [1] in accordance 
with the 2005 Energy Policy Act [2]. Operational reliability 
management is a highly challenging task, and even more so in 
the presence of  competitive electricity markets, with both 
financial entities and the physical load or asset owning 
players. Since system and market operations strongly interact, 
any change in the system operational reliability impacts the 
economics and vice-versa. While the nature of the interactions 

between the system and market operations is well understood 
qualitatively, the quantification of the operational reliability 
impacts on the overall economics of electricity markets is, 
typically, not performed. In this paper, we propose an 
approach to quantify the dependence of the performance of 
electricity commodity markets on the operational reliability 
taking into account the interactions of the electricity markets 
and the presence of the two types of participants – physical 
and financial. We illustrate the application of the proposed 
approach to the large-scale ISO-NE system for the study of 
the monetary impacts of changing current operational 
reliability criterion in force to two other criteria considered. 
 
A key issue in system operations is the specification of, and 
the compliance with the operational reliability criterion. 
Operational reliability and system security are synonymous 
terms and we use them interchangeably in this paper. System 
security is defined as the ability of the interconnected system 
to provide electricity with the appropriate quality under 
normal and contingency conditions [3]. The security criterion 
specification entails the construction of the set of the 
postulated contingencies together with the associated 
preventive and/or corrective control actions for each 
contingency [4]. For a given operating state, security 
assessment requires the verification that no violation occurs 
for any of the postulated contingencies taking fully into 
account the deployment of the associated security control 
actions. As these actions affect the economic utilization of the 
resources, there is a need to assess the monetary impacts of 
complying with the security criterion. This task is 
complicated further in the market environment since players 
may or may not have physical resources or loads and the 
markets are strongly interrelated over time. 
 
The typical electricity market structure employs a sequence of 
markets consisting of the hourly day-ahead markets, or 
DAMs, and the real-time markets, or RTMs, which take place 
every 5 to 10 minutes [4]. The RTMs are strictly physical 
markets and serve as the balancing mechanism to adjust real-
time differences from the DAM outcomes. Such a structure is 
commonly referred to as a multi-settlement system [6]-[7] to 
underline the fact that there are multiple settlements at 
different points in time for the same commodity. Although the 
DAMs are financial markets in contrast to the purely physical 
RTMs, both markets are cleared using an identical approach. 
A key difference between these markets is the nature of the 
participants. While financial entities may participate in the 
DAMs, only players having physical resources or loads can 
participate in the RTMs. In addition, while the demand may 
be price responsive in the DAMs, the demand is, typically, 
fixed in the RTMs.    
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The regional transmission organization, or the RTO, manages 
the market operations, as well as the system operations. The 
strong inter-relationships between system security 
management and market mechanisms imply that the ability of 
the RTO to ensure secure system operations is strongly 
dependent on, and also impacts, electricity markets. The price 
responsive nature of the buyers and the participation of the 
financial players in the DAMs are key factors in these 
relationships. In fact, such factors contribute to the tight 
coupling between system and market operations. The basic 
thrust of this work is to establish a concrete basis for 
quantifying the economic efficiency of electricity markets as 
a function of the system security criterion taking explicitly 
into account the presence of the financial players in addition 
to the physical asset participants.  
 
The economic efficiency of electricity markets is analyzed 
both empirically and analytically. The empirical studies 
investigate the adverse impacts of market participants’ 
behaviors on the performance of electricity markets [8]-[11]. 
The analytical studies, on the other hand, focus on the impacts 
of constrained system operations on markets to determine the 
unavoidable losses in the economic efficiency of electricity 
markets [12],[13]. The impacts of financial market 
participants and speculative trading are also analyzed with a 
focus on the relationship between day-ahead and real-time 
market prices. The study in [14] examines the relationship 
between day-ahead and real-time market prices in the “Mid-
Atlantic Electricity Market” and illustrates that mean day-
ahead prices are lower than mean real-time prices. The study 
on speculative trading in [15] suggests that financial entity 
participation would increase the market efficiency and 
decrease the so-called “average procurement cost” of 
electricity. In [6]-[7], it has been argued that the multi-
settlement approach may also enhance the economic 
efficiency of electricity markets due to the improved price 
certainty, market liquidity and market power mitigation. The 
interactions between the system security criterion and the 
associated economics are investigated using the marginal 
costing information to determine the prices of system security 
and to evaluate expected system security costs [17]-[20]. The 
study in [23], for the first time, proposed a method to quantify 
the market performance as a function of system security 
criterion in single settlement environment in a way that 
appropriately reflects the RTO operations. However, there is a 
clear need to explicitly take into account the multi-settlement 
system and the different nature of the DAM participants and 
the RTM players. This work is intended as a step towards 
fulfilling this need. To that end, this work investigates the role 
of financial entities in electricity markets within a multi-
settlement environment and extends the approach proposed in 
[23] to markets with financial entities in a multi-settlement 
environment. 
 
In this paper, we develop a general approach to quantify the 
monetary impacts of complying with a specified security 
criterion in a multi-settlement market environment. The basic 
building block of the proposed approach is the quantification 
of the market performance for a system snapshot under a 
specified security criterion. This quantification, based on the 
emulation of the way the RTOs currently operate the markets 

and the systems, provides meaningful measures of the 
financial and the resource dispatch impacts. We extend the 
snapshot analysis and quantify the performance of both the 
DAM and the RTM taking into account the interrelationships 
among them. The evaluation of the impacts over a longer 
period requires an extension of the snapshot analysis. We 
develop such an extension so as to be able to capture the 
impacts of diverse system and market conditions – changes in 
the network parameters, the set of resources and the market 
participants’ behaviors. For a different criterion, we undertake 
this approach and quantify the corresponding market 
performance. Based on the market outcomes under different 
criteria, we carry out comparative market performance 
assessments. 
 
The proposed approach has a wide range of applications such 
as the justification by the RTO of the decision to modify the 
security criterion to be used and the costs/benefits analysis of 
network improvements to mitigate the market performance 
impacts of a set of specified contingencies. We illustrate the 
application of the proposed approach to the large-scale ISO-
NE system to quantify the dollar impacts of changing from 
the current security criterion to two other ones using the 
actual 2005 - 2006 day-ahead and real-time data – the 
historical system model and the bids/offers submitted – with 
the actual market clearing methodology. These studies 
capture in a meaningful way the impacts of the changes with 
respect to the current security criterion. We analyze the 
impacts of the multi-settlement system on the social welfare 
attained in the RTMs and discuss in detail the role of financial 
entities and that of the security control actions.  
 
This paper contains five additional sections. The nature of the 
problem and the market performance quantification for a 
system snapshot are described in section II. We devote 
section III to the discussion of the interrelationships between 
a DAM and one of the corresponding RTMs. In section IV, we 
provide the proposed approach and discuss its possible 
applications. We illustrate the application of the proposed 
approach to the large-scale ISO-NE system in Section V and 
present the study results in detail. Section VI provides 
concluding remarks.  
 
 
II. Market Performance Assessment of a System 
Snapshot  
 
We introduce specific assumptions concerning unit 
commitment decisions, ancillary services and the market 
participants’ behaviors so as to allow the side-by-side 
comparison of different security criteria impacts for a given 
system. We assume that the unit commitment decisions fully 
reflect the requirements of the particular security criterion in 
force. As the focus of this investigation is limited to the 
energy commodity in the DAMs and the RTMs, we assume 
that the provision of ancillary services under the RTO 
framework do not impose additional constraints. For the 
purposes of this study, we furthermore assume that the 
bidding behavior of each market participant is independent of 
the security criterion in force. Since we replicate the RTO 
actions, we ensure compliance with the security criterion in 

 



 

force, but implicitly ignore the probability of any contingency 
in the studies. 

 
The modeling of the large-scale interconnected system 
operated by the RTO requires the explicit representation of the 
areas that make up the system as well the tie lines that inter-
connect them in market and system operations. We consider a 
power system network consisting of K interconnected areas 
denoted by the set   with each area { : 1, ,k k = LAA }K kA  
having a node set  whose cardinality is . Each area 

 is connected to one or more other areas via tie lines. 
We associate a security criterion  with a specific 
contingency list  and a specified control action – 
preventive or corrective – for every contingency on that list. 
A preventive control action associated with a postulated 
contingency entails the modification of the pre-contingency or 
base case state, to eliminate any potential violation, if that 
contingency were, in fact, to occur. On the other hand, an 
associated corrective control action involves the deployment 
of generation re-dispatch/load curtailment to modify the post-
contingency state after the contingency does occur.  

kN |k|N
k ∈A A

C
CJ

 
We carry out the analysis at a time t using the system 
snapshot. Under a specified security criterion, the RTO 
decision making problem takes explicitly into account the 
multi-area structure and the constraints imposed by the tie line 
limits. While the interconnected system has a single market 
operated by the RTO, the network structure and the other 
physical considerations necessitate that we consider the 
market players in each area separately. We denote by  
( ), the collection of sellers (buyers) of area . Each 
seller (buyer) submits price and quantity offer (bid) function, 
indicating the willingness to sell (buy) the amount of energy 
for the duration represented by the snapshot to (from) the 
RTO. Bilateral transactions coexist with the RTO market 
operations. We represent a bilateral transaction 

kS
kB k ∈A A

wω  by the 

triplet { , , }w w wm n tω w . The from node is  of k
wm ∈N kA , 

the exporting area, the to node is  of  r
wn ∈N rA , the 

importing area, and the desired transaction amount is wt . The 
set of all the bilateral transactions is denoted by 

1{ , , }Wω ω= KW . Each transaction submits a willingness to 
pay function, which specifies a willingness to pay for the 
requested transmission services as a function of the 
transaction amount delivered [23]. The RTO weighs the 
willingness to pay of the bilateral transactions with that of the 
individual market participants to determine the amount of 
transmission service provision to each player. For this 
purpose for the given snapshot of the system, the RTO solves 
a security- constrained market problem, with the objective to 
maximize the social welfare under the security criterion , 
whose contingency index set is denoted by J

C
C.. We state the 

security constrained market problem as: 
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subject to  
 
          ( ) ( ) ( ) ( ) ( ) ( )( ) ( )0 0 0 0 0 0 0= ↔s bg p , p , t , , 0χ γ λ  (2) 

         ( ) ( ) ( ) ( ) ( ) ( )( ) ( )0 0 0 0 0 0 0
h≤ ↔s bh p , p , t , 0χ ,γ μ  (3) 

 
and for every j ∈ CJ  
 
          ( ) ( ) ( ) ( ) ( ) ( )( ) ( )j j j j j j j= ↔s bg p , p , t , , 0χ γ λ  (4) 

          ( ) ( ) ( ) ( ) ( ) ( )( ) ( )j j j j j j j
h≤ ↔s bh p , p , t , , 0χ γ μ  (5) 

                      ( ) ( ) ( ) ( )j jj 0
s≤ ↔−s s s

pp p μΔ  (6) 

 ( ) ( ) ( ) ( )j jj 0
b≤ ↔−b b b

pp p μΔ  (7) 

            ( ) ( ) ( ) ( )j jj 0
t≤ ↔− tt t μΔ          . (8) 

 
 
Here, we use the superscript ( j ) to denote the contingency 
case j with the base case denoted by (0). We use sp  ( dp ) to 
denote the injection (withdrawal) vector and t  to denote the 
vector of the bilateral transaction amounts of the W 
transactions. χ  is the vector of the system states or 
dependent variables and γ  is the vector of the control or 
independent variables other than those for real power. We 
associate a vector with the right-hand side of each constraint, 
which we call the dual variable of that constraint. The 
relations in (2) and (3) represent the operational constraints 
for the base case, while those in (4)–(8) represent the 
operational constraints for each contingency case and 
associated control action. The equality constraints in (2) and 
(4) describe the nodal power balance equations for the base 
case and for each postulated contingency case, respectively, 
resulting in a total of  power flow equations. The 
base case 

1+CJ| |
(3) and each contingency case (5) inequality 

constraints state the system components’ operational limits, as 
well as the constraints arising from the physical, engineering 
and policy considerations. The constraints on the decision 
variables associated with the security control action for each 
contingency j ∈ JC. are expressed in (6)–(8). The preventive 
control actions have a zero range, in contrast to the corrective 
actions whose non-zero range reflects the additional 
flexibility to address the onset of the contingency. We use 

( ), , ;W CSM B  to represent the security-constrained market 
problem in (1)-(8).  
 
We distinguish explicitly between fixed demand buyers and 
those with price-responsive demand. The fixed demand bid is 
a special case of the price-sensitive bid in that a specified 
quantity is submitted without price information. Such a bid 
indicates an unlimited willingness to pay for the electricity 
purchases to meet the fixed quantity bid, i.e., the buyer is 
willing to pay any price to obtain the electricity amount in the 
bid. There are, however, difficulties in determining the 
appropriate value of the benefits of the fixed demand buyers. 
In order to include these buyers’ benefits in the objective 
function of  ( ), , ;W CSM B , we use a constant τ  per MWh 

 



 

benefit value for the fixed demand. 
 
The market performance under the specified security criterion 

 for the snapshot system may be quantified from the market 
outcomes given by the solution of . We use the 
optimal value of the social welfare  under  as a 
measure for the economic performance of the market as a 
whole.  

C
( , , ;W CSM B )
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We use the system social welfare given in (1) and decompose 
into area components. For each area kA , we evaluate   
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to determine the area kA  contribution to the system social 
welfare1. In addition, we also evaluate the participant surplus 
for each player. The seller s  with a generating unit at node i 
of the area kA  has a producer surplus 
 
 

( ) ( ) ( )( )0s k 0 0
i s s sp pσ λ β∗ ∗ ∗⎡ −⎣C C

⎤
⎦ , (10) 

 
where,  is the locational marginal price (LMP) at node i 
of the area k corresponding to the base case conditions. The 
consumer surplus for a buyer b  with demand at node i in area 

( )0
iλ
∗

kA  is 
 
 ( )( ) ( ) ( )b 0 0 0

b b i bp pσ β λ∗ ∗ ∗⎡ −⎣C C
⎤⎦

                                                

. (11) 

 
However, the LMP at each node may be different for a 
constrained grid. In fact, for lossless system, the nonzero 
LMP difference is an indication of congestion. Consequently, 
when congestion is present in the system, the LMP at each 
node may be different. Each LMP represents the costs to 
supply an additional unit of energy at the node. The LMP 
differences also yield nonnegative revenues for the RTO. The 
RTO also collects the revenues from the buyers and makes 
payments to the sellers for the energy traded in the pool. 
Absent congestion, in a lossless system, the revenues from the 
buyers exactly equal to the payments to all the sellers. When 
congestion occurs, however, the revenues from the buyers 
may exceed the payments to the sellers. We refer to the 
difference between the revenues and payments as the 
congestion rents of which the RTO collects. 
 
We also use metrics related to the demand served. We use the 
total dispatched load to evaluate the total cleared demand 
quantity under criterion   and denote it by C
 

 
1 The contributions of the bilateral transactions are not included in (9) since it 
is arbitrary, as to what portion of the contributions are allocated to which 
area.  
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We compute the area-wide net injection to indicate amount of 
net power imported into to an area kA  with 
 

 ( ) ( )
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where  denotes the portion of the ktW

kA  net imports due to 
the bilateral transactions in the set W .   
 
The values of the metrics in (9)-(13) are used in the 
performance quantification of the market for a given snapshot 
and constitute the basic building elements in the 
quantification. We conceptually represent this structure in 
Fig.1.  
 

 
Fig. 1 Conceptual market assessment structure for a system 
snapshot 
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In a multi-settlement environment, the electricity market are 
interrelated. As such the market performance quantification 
needs to take into account such interrelationships. We next 
extend the analysis into such an environment.  
 

 
III. Market Performance Assessment of a DAM 
and the Corresponding RTMs  
 
The actual system conditions may differ from the outcomes of 
a DAM. The RTO uses market forces to handle such deviation 
and runs RTMs every 5-10 minutes. For each hour h, the DAM 

 has M RTMs, ,R ,L ,R . We 
establish the linkage between D  and 

( )hD ( 1)h,R ( 2)h, (h,M )

h

{ }( ) : 1, ,h,m m M= LR . 
 
TT

)

he DAM is a voluntary bid-based, financially binding market 
which, typically, corresponds to a collection of 24 separate 
hourly energy markets, one for each hour of the following 
day. Due to its mostly financial nature, participation in the 
DAM is not limited to players with physical resources. For the 
hour h DAM, we assume that the snapshot used for hour h 
represents the system for that entire hour. We suppress the 
hourly notation in what follows. The analysis of the hour h 
DAM complying with the security criterion , i.e. D , uses 
the snapshot market problem M B , and we write 
shorthand:  

C
( , , ;W CS

 
( ), , ;↔ W CSD M B . 
 

In this formulation, we explicitly take into account the entities 

 



 

that constitute the set of sellers and the set of buyers at hour h. 
In terms of this set-based formulation, we have flexibility to 
consider the subset of the participants with physical resources 
and that of the financial entities. We use superscript r ( f ) to 
denote the participants with physical resources ( financial 
players ). Therefore, the set of sellers S  is simply the union 
of  and .  rS fS
 
By its very nature, the RTM participation is limited to the 
players with actual load and physical generation assets. We 
consider the RTM that complies with the security criterion C  
for the sub-period m in the hour h and denote it henceforth by 

, . We use again the system snapshot 
approach to analyze the real-time market  and formulate 
in an analogous manner to the snapshot market problem 

 to represent  and write:  

( )mR 1, ,m = L M

)
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( )mR
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( )( ) , , ;r rm ↔ WSR M B C . 

 
Each  uses the offers of the sellers with physical assets 
who participated in  and the real-time fixed demand of the 
buyers of the subset of , the set of buyers. The solution 

 determines the market clearing of . 
The  market outcomes specify the deviations from the 
corresponding  outcomes for this sub-period. The market 
performance of each market, be it  or D , may be 
quantified in terms of the metrics defined in 

( )mR
D

rB B

( , , ;r rM BS W C ( )mR

( )mR
D

( )mR
(9)-(13).  

 
 

 
Fig. 2 Conceptual market assessment structure for the multi-settlement 
system  
 
The interrelated settlement, as shown in Fig.2, requires the 
introduction of additional measures of the surpluses of the 
individual participants. We present these metrics by focusing 
on the single RTM  corresponding to the DAM . We 
use the notation “^” to denote the optimal values attained in 
the clearing of . The producer surplus of a seller s at 
node i with a generating unit is 

( )mR D

( )mR

 
 ( ) ( )* * * * * *( ) ˆ1 ˆ ˆs i s i s s sm p p p pM λ λ β⎡ + − −⎣S s

⎤
⎦ . (14) 

 

Similarly, the consumer surplus of a buyer b with physical 
demand at node i is evaluated using  
 
 ( ) ( )* * * * * *( ) ˆ ˆ1 ˆ ˆb i b i b b bm p p p pM λ λ β b

⎡ ⎤− − − +⎣ ⎦S . (15) 

 
The producer surplus of a financial seller fs  at node i is 
modified by the R  outcome and is given by ( )m

 
 (* * *( ) ˆ1

f f i is s
m pM λ λ⎡ −⎣S )⎤⎦ . (16) 

 
Similarly, the consumer surplus of a financial buyer  at 
node i  is evaluated using 

fb

 
 (* * *( ) ˆ1

f f i ib b
m pM λ λ⎡ − +⎣S )⎤⎦ . (17) 

 
The surplus of a bilateral transaction wω  is evaluated by  
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The second term disappears unless  In addition to the 
market participants, the RTO may have a surplus due to the 
difference between revenues from the buyers and payments to 
the sellers. It can shown that the surplus S of the RTO is 
given by 
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Taking into account the surplus of RTO, and M RTMs we 
express the social welfare attained by the multi-settlement 
system for the mth sub period by 
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then, from the relations in (14) - (17), it follows that 
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which is the social welfare S  attained in R . The 
outcome in 

( )ˆ m ( )m

(21) indicates that the social welfare attained in 

 



 

multi-settlement system is  
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In fact, the mere presence of the DAMs, results in surplus 
transfers of the social welfare attained under RTMs between 
market participants.  
 
 

 

IV. Quantification of the Security Criterion 
Change on the Market Performance in a Multi-
Settlement Environment 
 
Under a different security criterion , the RTO solves the 
problem  at each system snapshot in which 
the constraints in 

′C
( , , ; ′W CSM B )

(4)–(8) reflect the contingency set JC and the 
corresponding security control actions associated with each 
contingency in . We measure the impacts on market 
performance due to the change in the security criterion from 

 to by the relative performance of each metric defined in 
terms of the values under  and . In particular, the 
relative social welfare metric is 

′C

C ′C
′C C

 
 

 ′ ′Δ = −S S SC C C  (23) 
 

 

and quantifies the change in economic efficiency of the 
electricity market to the change in the security criterion from 

 to .  We use analogous expressions for each metric in C ′C
(9)–.(13) to define the corresponding relative performance 
metric in response to the security criterion change. These 
relative measures have practically useful interpretations. For 
example, the relative metric of the contribution to the social 
welfare of area kA  indicates how the market participants 
located in kA  are impacted by the change in the security 
criterion from  to . We interpret in a similar way the 
changes in the producer/consumer surpluses, the total 
dispatched load and the area-wide net injection. In a similar 
manner, we define the relative performance metrics for the 
multi-settlement system taking into account both the DAMs 
and RTMs outcomes. 

C ′C

 
 To quantify the overall performance of the multi-settlement 
system, we introduce additional metrics. From (22), the 
change in the total social welfare attained under the multi-
settlement system is equal to the change in social welfare 
attained under RTMs 
 
 ˆ ˆtotal ′′Δ = −S S SCC C . (24) 
 
To assess the impacts of the DAM outcomes on the market 
participants, we define area-wide surpluses of market 
participants. For example, to evaluate the change in the area-
wide surplus of the sellers with generating resources, we 
define   
 

 
k,r k,r

k
s s

s s
′

∈ ∈

Δ = − s∑ ∑S S S
S S

C C
 (25) 

 
We deploy analogous expressions for the financial market 
participants. We evaluate in a similar manner the changes in 
the producer/consumer surpluses taking into account the 
related settlements of the DAMs and the RTMs. 
 
Under a given security criterion, snapshots corresponding to 
different system and market conditions may result in 
markedly different market performance outcomes. Such 
differences arise for many reasons including changes in the 
load, the set of available units, and the offers/bids submitted. 
Consequently, these assessments must be carried out over a 
period to correctly capture the impacts of the different 
conditions that exist during that period. Conceptually, we 
assess the market performance at each hour of a given study 
period that is the DAM and the corresponding RTMs at each 
hour of that period. In effect, we apply the framework shown 
in Fig. 2 to each hour of the period for the specified security 
criterion. To assess the market performance impacts due to a 
change in the security criterion, the entire multiple snapshot 
procedure must be repeated for the security criterion under 
consideration. The hourly values of the relative performance 
metrics are summed to obtain the daily values which, in turn, 
are used to compute the relative performance metrics for the 
entire study period. However, for a large–scale system, such 
an approach may impose a large burden on computing 
resources. One way to deal with this complication is to 
perform the assessments for a smaller representative sample 
of the hours. In this work, we use the scheme introduced in 
[23] to systematically construct the set of sample days for the 
DAMs.   
 
The proposed approach provides a useful tool to the RTO to 
analyze the interdependence between market performance and 
the system security in a multi-settlement environment. The 
ability to quantify the monetary impacts of compliance with a 
specified security criterion makes the approach highly useful 
in regulatory studies, as well as longer–term planning and 
near–term investigations with the explicit representation of 
financial and physical asset owning players. The proposed 
approach has a wide range of applications. These include the 
studies for the justification by the RTO of the security 
criterion selection and for and the cost/benefit analysis of 
network improvements to mitigate the market performance 
impacts of a set of specified contingencies. 
 
 
V.  Application Study: The ISO-NE System 
 
We illustrate the application of the proposed approach to the 
study of the ISO-NE system and markets. The objective of 
this study is to quantify the economic efficiency of the ISO-
NE electricity markets as a function of the security criterion 
in force. For this purpose, we assess the market performance 
as a function of three distinct security criteria and perform a 
comparative analysis of the observed impacts. We measure 
the changes with respect to the outcomes under the current 
ISO-NE security criterion. 
 

 



 

We make use of the system and market data from the years 
2005 and 2006 and the actual market clearing software used 
for the ISO-NE DAM for the simulations in this study.  The 
simulation of the RTMs is also performed using the ISO-NE 
system DAM system model to represent the RTMs and use the 
DAM clearing methodology.  
 
The large-scale ISO-NE system has a multi-area structure. 
Each area of the ISO-NE system is characterized as either 
import or export. The import areas are  
 

 A.1 : Boston/NE Massachusetts   A.2 : Connecticut   
 A.3  : SW Connecticut                  A.4   : Norwalk/Stamford  

 
We treat rest of the system as a single export area and denote 
it by A.5. The detail description of the multi-area structure of 
the ISO-NE system is provided in [23], [24]. 
 
The study is performed for 40 representative DAMs and the 
corresponding RTMs selected from the years 2005 and 2006. 
This study period was chosen to allow the use of market and 
system data that reflects the most up-to-date ISO-NE 
procedures and rules. In this paper, we focus on the four peak 
demand hours of each selected market day and discuss the 
results for these 160 hours. 
The ISO-NE operates the system under the security criterion 

  which is a modified (n-2) security criterion 0C [23]. While 
the single element contingencies in are associated with 

preventive control actions, the double element contingencies 
are associated with corrective control. We select the criterion 

   as the reference criterion and consider two specific 
criteria 

 

0CJ

0C

1C , a modified (n–1) security , and , another 
modified (n–2) security. For the criterion , we consider the 
single element contingencies in  and associate each 

contingency with preventive control action. For the criterion 
, the contingency list ; however, the corrective 

control actions are replaced by the preventive control actions 
for the double element contingencies. 

2C

1C

0CJ

2C
2 0
=C CJ J

 
For each specified security criterion, we perform market 
clearing for the DAMs and the corresponding RTMs over the 
selected hours. We first focus on market performance 
quantification under the reference criterion . Since the 
demand in real-time is fixed, the cleared demand values are 
the same regardless of the security criterion in force. We 
compare the RTM demand with the corresponding cleared 
DAM demand in Fig. 3 and analyze the differences in the 
amount of commodity traded in the two markets. Fig. 3 
indicates that the cleared RTM demand values are slightly 
higher than those in the DAM, except for a few days. Such an 
outcome indicates that market participants effectively utilize 
the multi-settlement system in a way so as to decrease the 
impacts of price volatility observed in the RTMs. In other 
words, by procuring most of the demand from the DAMs, the 
buyers remain subject to price volatility in the RTMs for only 
a fraction of their demand. Similar arguments may be made 
also for the sellers.   

0C
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Fig.3 Cleared Demand in the DAMs and  in the corresponding RTMs  
 
Although Fig.3 illustrates comparable cleared demand levels 
in the two markets, the utilization of the generating resources 
may differ considerably. In Figs. 4-6 we compare the imports 
and exports of the areas with respect to those in the DAM. The 
comparison indicates that there is less utilization of the tie 
lines interconnecting the areas in the real time than in the day 
ahead, implying that the real-time demand needs of the import 
areas’ are met more by those areas’ generation units. 
Therefore, there is a decrease in the generation by the 
economic resources of the export area. We may conclude that 
the RTMs are more “area centric” than the DAMs.  
 

 
Fig. 4.  Imports of area A 1 in the DAMs outcomes and the corresponding  
RTMs results 
 
 

0

500

1,000

1,500

2,000

2,500

3,000
MW

hour

RTM DAM 

0

500

1,000

1,500

2,000

2,500

3,000
MW

hour

DAMRTM

 
Fig. 5.  Imports of area A 2 in the DAMs outcomes and the corresponding   
RTMs results 
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Fig. 6.  Exports of area A  in the DAMs outcomes and the correspondi   
RTMs results 

5

 
Since the benefits of the buyers with fixed demand is 
unknown, we assign the benefit of constant τ to be 1,000 
$/MWh/h for each MW of fixed demand in order to define a 
proxy benefit values. Such a value may be rationalized in 
terms of the bid/offer price cap used in the ISO-NE markets. 
The social welfare results for the DAMs and the 
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corresponding RTMs are presented in Fig. 7. To provide a 
comparison basis, we normalize the results using the average 
social welfare attained in the RTMs as the base value. Note 
that for a given hour, the RTM social welfare is higher than 
that of the DAM due to two factors. First, more demand is 
cleared in RTMs and second, the cleared demands have fixed 
demand nature and as such their proxy benefits are higher 
than those of the price responsive demand. 
   

 
Fig. 7.  Social welfare attained in the DAMs and the corresponding RTMs 
 
We next examine the monetary impacts of the changes in the 

e next examine the monetary impacts of the changes in the 

 
Fig. 8. Social welfare impacts 

On the other hand, we observe nearly the opposite impacts on 

he corresponding impacts of changing the security criterion 

security criterion. We use the hourly social welfare as the 
basic metric in this investigation. We normalize the social 
welfare values using the average value of the hourly social 
welfare under the reference criterion 0C  as the base value. 
We first consider the economic impa  of the increased 
import capabilities arising from changing the security 
criterion from 0C  to 1C . The analysis of the ISO-NE system 
during the study perio indicates that the replacement of the 
security criterion 0C  by the criterion 1C  results in the 
increased import capabilities of the import areas for each 
hour. The increased import capabilities are utilized leading to 
higher social welfare. We may view these improvements as a 
measure of the “costs” of not violating the constraints due to 
the double element contingencies in the reference criterion. 
Due to the fact that the system operations under the criterion 

2C are more constraining than those under the criterion 0C , 
 security change from 0C  to 2C  results in the decreased 

import capabilities of the import areas for every hour of the 
study period. Such decreased import capabilities may lower 
the social welfare. We interpret these reductions to be a 
measure of the “costs” of replacing corrective for preventive 
control actions. There are also a number of days during in 
which the change in security criterion from 0C  to either 1C  or 

2C  has no impacts on the social welfare. For such ys, 
ing into account the double element contingencies has no 

economic impacts. In fact, the market clearing is such that 
either the double element contingency case constraints are not 
binding or the impacts to the social welfare value are 
insignificant. The plots of the changes 

1
Δ CS  and 

2
Δ CS  of the 

social welfare arising from a change of the security criterion 
are given in Fig. 8.   
 

cts

d 

the

da
tak

W
security criterion on the area surpluses of the market 
participants. The change of security criterion from 0C  to 1C  
has diverse impacts on the different market participants. For 
illustration purposes, we focus on five representative days and 

indicate the impacts for these days. The security criterion 
change results in more utilization of the export area 
generation resources and, therefore, decreases the production 
of the import area units. Thus, there is a corresponding 
change in the surpluses of the areas. In Fig. 9, we give the 
plot of the changes in the surpluses sellers with generating 
resources for areas A.

.1, A.2 and A.5. 
 

 

 
Fig. 9 Changes of the total area sellers’ surpluses ( physical asset owning 
sellers) in response to the change from 0C to 1C  

 

the surpluses of the buyers. While the surpluses of the export 
area buyers are decreasing, those in the import areas are 
increasing. The buyers within the import areas are able to 
procure their demand from more economic resources in the 
export area, and thereby decrease their payments. In fact, the 
changes in the surpluses are particularly more pronounced for 
the import area A.

.2 buyers, as shown in Fig. 10.  
 
 

  
Fig. 10  Changes of the total  area buyers surpluses (physical buyers) in 
response to the change from 0C  to 1C   

 
T
on the surpluses of the financial entities are plotted in Figs. 11 
and 12. The results indicate that the change of the security 
criterion has minor impacts on the total area surpluses of the 
financial entities – be they buyers or sellers. Such impacts are 
insignificant when compared to the ones of the players with 
physical assets and loads.  
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Fig. 11 Changes of the total area sellers’ surpluses (financial sellers) in 
response to the change from to  0C 1C

 

 
Fig. 12 Changes of the total  area buyers surpluses (financial buyers) in 
response to the change from  to  0C 1C

 
Due to the fact that the system operations under the criterion 

 are more constraining than those under the criterion , 
the security change from  to  results in impacts of 
exactly opposite nature on the market participant surpluses 
than those for the security criterion change from  to . 
The decreased import capabilities of the import areas for 
every hour of the study period result in the increased 
surpluses of the import areas’ generating units and the export 
area’s buyers. In contrast, the surpluses of the export area 
generating units and the import areas’ buyers are decreasing. 

 

2C 0C

0C 2C

0C 1C

 
The ISO-NE study indicates that the electricity markets 
become more “area centric” in real time due the impacts of 
reduced participation and the fixed demand nature of the 
buyers. Therefore the impacts of changing security criterion 
from  to  are more pronounced for the RTMs than for 
the DAMs.  

0C 2C

 
  
VI. Concluding Remarks 
 
In this paper, we propose an approach for the quantification of 
the market performance as a function of the security criterion. 
We explicitly consider the interactions between the hourly 
DAM and the corresponding RTMs and the presence of 
financial players in the DAMs. The proposed approach also 
provides an important tool to analyze the ramifications of 
changing the security criterion on a solid quantitative basis. 
As such, the proposed approach establishes a concrete linkage 
between the economic efficiency of the electricity markets 
and the system security. We illustrate the application of the 

proposed approach to the ISO-NE electricity markets to 
analyze the market efficiency impacts of the current security 
criterion in force. Our investigation provides important 
insights into the interrelationships of the DAMs and the 
RTMs, as well as the role of financial entities and that of the 
security control actions.  
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