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SUMMARY

Restructuring of the U.S. electricity industry in the 1990s changed the traditionally vertically
integrated electric utility system. With restructuring, the generation and transmission, assets of
electric utilities were “unbundled” as competition was introduced in wholesale electricity markets.
Utilities were also required to provide open, non-discriminatory access to the transmission services
they continued to own. Independent system operators were established to assure access to transmission
and administer the wholesale electricity markets created in many regions of the nation. These
electricity markets conduct auctions to determine wholesale electricity prices in day-ahead and real
time. Many financial energy transactions are pursued in a day-ahead energy market with the real time
energy market acting as a balancing market.

In this paper we will focus on the day-ahead energy market and day ahead energy prices. Various
financial instruments drive day-ahead energy prices, including price sensitive bids by generating units,
physical load demand and price sensitive bids by virtual transactions. Day-ahead energy price spikes
can be defined as sudden increases in an energy price for relatively short time period. Literature has
shown that energy price spikes can either be due to supply demand interactions or due to strategic
withholding [1]. Supply / demand interactions can be categorized as a shortage in supply or substantial
increase in demand whereas strategic withholding can be categorized as market power by generating
units. Energy price spikes due to supply/demand interactions send the right price signals to market
participants, whereas energy price spike due to strategic withholding should be carefully mitigated.

Energy price spikes may also be due to virtual transactions in wholesale energy markets. There is
limited literature on energy prices spikes related to virtual supply and load bids. In this paper, we
study the impact of virtual transactions on energy prices and study how lumpiness in supply curves
can escalate this impact. We present a small case study to show how virtual load bids can result in
day-ahead energy price spikes. Further, we also show that the frequency of day-ahead energy price
spikes can increase if the generator bids and price sensitive virtual load bids are “lumpy”.
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BACKGROUND

Historically, electricity markets of the United States were vertically integrated. In a vertically
integrated environment, a utility would own the generation, transmission and distribution assets of the
electric system in their service territory. In the 1990s, the electric power industry was restructured and
independent system operators (1ISO) were established. An ISO runs a wholesale electricity market to
allow trading between generators, retailers and other financial institutions. Other than providing a
platform to buy and sell energy, an ISO helps to operate the grid reliably and optimally. An 1SO runs
electricity markets day-ahead and in real time and calculates day-ahead locational based energy prices
(LBMPs) and real time LBMPs. In a perfectly competitive electricity market, each generator bids its
marginal cost and there exists no market power. In reality, each 1SO adopts certain measures to
mitigate market power and increase market efficiency. One such mechanism to increase market
efficiency is virtual bidding. Virtual bidding involves financial transactions scheduled in the day-
ahead energy market and settled in the balancing market. 1SOs allow the use of virtual transactions as
they tend to converge day-ahead LBMP’s and real time LBMP’s, thereby promoting market efficiency
and reducing customer cost.

The majority of market activity and settlements happens in the day-ahead energy market. The real time
energy market is a balancing market based on the deviations of actual operations of generating units
from their day-ahead energy schedule. In 2012 net day-ahead energy settlements in the New England
electricity market were worth $4.9 billion and net real time energy settlements were worth $0.3 Billion
[1]. Hence, the majority of settlements in the wholesale energy market depend on day-ahead LBMP’s.
Any price spike in day-ahead LBMP’s should thereby be reflective of either scarcity in supply or high
demand. Strategic withholding or any other market power should not be the cause of these price
spikes.

In this paper, we investigate the impact of virtual transactions on day-ahead LBMP’s. More
importantly, we show how virtual transactions can introduce a price spike and hence send an
inappropriate market signal. We also investigate the issues related to lumpiness in the supply curves.
In section 2, we review the related literature on energy price spikes and describe the role of virtual
transactions in the energy market. In section 3, we present a small example of five generators and
three virtual load bids to show how virtual transactions can expose lumpiness in the energy market
price. In section 4, we conclude the paper with potential measures that might help to mitigate the
inappropriate price spikes that may be set by virtual transactions.

LITERATURE REVIEW

Various studies have been conducted on the issue of price spikes in the day-ahead wholesale
electricity market. In a paper by John Kwoka [2] the study examines price spikes using two different
analytical approaches. In a micro theoretic approach the study examines price spikes that are either
supply or demand induced. A higher demand period during hot summer days can result in a demand
induced price spike while a loss of a substantial generating capacity can result in a supply induced
price spike. In an auction, generators can manipulate their bids resulting in energy price spike.

An example of demand induced price spike is seen in Texas market, where warm temperatures drove
the hourly day-ahead electricity price to above $500 per megawatt hour (MWh) between 5:00 pm and
6:00 pm on April 26 and April 27 2012 [3]. An example of supply induced price spike is seen in the
Midwest ISO during the week of June 22-June 26 1998, where unplanned outage of an above average
amount of generating capacity drove the price to extraordinarily heights for a narrow and short lived
time interval, according to a report by FERC [4].

In this paper we study day-ahead energy price spikes due to virtual transactions. Energy price spikes
indicate the degree of flexibility of supply and demand in responding to sudden changes in the system.
In theory, energy price spikes, if sustained for larger time periods, should trigger new capacity
additions. However, if energy price spikes are induced due to virtual transactions, they may not



directly imply the need to add either new generation capacity or ramp flexibility. A virtual supply or
load bid is a non physical financial transaction introduced in a day-ahead energy market only. A
virtual load bid is a bid submitted by a market participant representing its willingness to buy a quantity
(MW) at a cost ($/MWh) if the day-ahead LBMP goes below the bid. A virtual supply bid is a bid
submitted by a market participant representing its willingness to sell a quantity (MW) at a cost
($/MWh) if day-ahead LBMP goes above the bid. Virtual transactions are scheduled in the day-ahead
energy market only. In real time, virtual suppliers and virtual loads settle their day-ahead transactions
by buying and selling, respectively, the amount of energy they were scheduled in day-ahead to provide
or buy. Virtual transactions assist in the convergence of day-ahead and real time energy prices and
hence increase market efficiency [5].

There has been abundant literature discussing the benefits and risk associated with virtual bidding.
One such benefit is to increase market efficiency. If a day-ahead energy price is higher than real time
energy price, virtual bidders will bid virtual supply in the day-ahead market and sell it back in real
time. At equilibrium, day-ahead energy prices will converge to real time. The same is true if day-
ahead energy prices are lower than real time; virtual bidders will bid virtual load and buy it back in
real-time. This too tends to increase in market efficiency.

There have also been studies to discuss the manipulation of day-ahead prices by virtual bidding. A
paper by John Birge [6] discusses virtual bidders and financial transmission rights (FTR) in MISO
electricity market. It observes that during the time period between 2010 and 2012, the day-ahead
prices were lower than real time prices but virtual bidders bought more energy than sold, hence
sustaining negative profits for a time period longer than year. They observed a correlation between
lower virtual profits at a node and larger FTR profits.

FTR correspond to the distribution of congestion revenues. Transmission line congestion between two
nodes will correspond to the distribution of congestion revenue, directly proportional to the difference
between LBMP’s at the two nodes, to anyone holding FTR’s for that transmission line. The paper by
John [6] discusses about artificial transmission line congestion imposed by virtual bidders in order to
manipulate the FTR profits

Another paper by Hogan [7] discusses price manipulation due to existence of multiple market clearing
prices. Degenerate solutions to economic dispatch arise when the vertical segment of demand curve
intersects with the vertical segment of aggregated supply curves. Any market clearing price within the
degenerate range would satisfy the no arbitrage situation for any market participant, but would not
send the right market signal. According to Hogan, the reported price would send wrong price signals
to other supply or demand offers, and any small change in quantity of supply and demand would
change market clearing prices by a lot with a small change in dispatch solution. In the context of this
paper, demand curves can be price elastic virtual bids, which can result in a degenerate market
solution, hence resulting in price manipulation.

CASE STUDY

In this section we present a case study to illustrate the impact of virtual transactions on day-ahead
energy prices. Further we also demonstrate how the lumpiness in supply and demand curves can
increase the frequency of the price spikes.

Let us assume a day-ahead energy market with five generators and three virtual bids and a physical
hourly load of 290 MW. For simplicity, we assume no transmission line network, no reserves and no
regulation requirements. It is straightforward to add complexities to the model once the framework is
built. Table 1 shows the energy bids, minimum and maximum energy output for five generators and
three virtual loads. Virtual loads bids are non physical financial transactions that bid in day-ahead
energy market only.



Table 1. The Energy Bids Example

Generator/ Virtual Minimum energy Maximum energy Energy bid ($/MWh)
Load output (MW) output (MW)

Gl 0 100 5

G2 0 100 10

G3 0 100 15

G4 0 100 20

G5 0 100 140

V1 -50 0 100

V2 -50 0 80

V3 -50 0 10

As seen in Table 1, we assume lumpy supply and virtual bids with G5 bidding substantially higher
than other generating units and V3 bidding substantially lower than other virtual loads. Virtual loads
will bid substantially higher if they want to get accepted in the day-ahead energy market, and bid
substantially lower if they do not want to get accepted in the day-ahead energy market. With fewer
virtual load bids, this behaviour will result in lumpiness in virtual demand curves. In general, the ISO
solves a day-ahead security constrained unit commitment and a day-ahead security constrained
economic dispatch to operate electric grid reliably and optimally [5]. In this paper, we assume G1,
G2, G3, G4 and G5 are committed and we solve for the optimum generation dispatch to meet physical
load and price elastic virtual load.

To solve for optimum generation dispatch we solve following optimization problem:

Min(P1,P2,P3,P4,V11,V12,Vl3) Cgl " Pl + ng " P2 + CgB " P3 + Cg4 " P4 + Cg5 " Pg5 + Cvl " Vll
+ Cv2-VI2+ Cv3-VI3

subject to
Pgl + Pg2+ Pg3+ Pg4+ Pg5+VI1+VI2+VI3 = Load (D
Pglmin < Pgl < Pgl max (2)
Pg2min < Pg2 < Pg2 max 3)
Pg3min < Pg3 < Pg3 max 4
Pg4min < Pg4 < Pg4 max (5)
Pg5min < Pg5 < Pg5 max (6)
Vilmin < VI1 < VI1 max 7
VI2min < VI2 < VI2 max (8)
VIi3min < VI3 < VI3 max 9

Where Pgl, Pg2,Pg3, Pg4, Pg5 are the optimum generation schedules, VI1,VI2,VI3 are the optimum
energy schedules that are purchased by virtual transactions, Load is the physical inelastic load,
Cg1,Cg2,Cg3, Cg4, Cgb5 are the energy bids for five generators Cv1,Cv2,Cv3 are the virtual load bids,
Pglmin, Pg2min, Pg3min, Pg4min,Pg5min are the minimum generation levels, Pglmax, Pg2max,
Pg3max, Pgdmax,Pgbmax are the maximum generation levels, VI1min, VI2min, VI3min are the
minimum energy levels that can be purchased by virtual loads, VI1max, VI2max, VI3max are the
maximum energy levels that can be purchased by virtual loads. The parameters for the case study are
given in Table 1.




The objective is to maximize the social benefit by minimizing the total cost of generation. Equation
(1) is the power balance equation and Equations (2)-(9) enforce the physical generating limits and
limits on the energy levels that can be purchased by virtual loads. Table 2 gives the optimal
generation schedules and optimal energy schedules purchased by virtual load bids. Energy price is
then equal to the energy bid ($/MWh) of the marginal unit which is equal to the energy bid offer of the
physical generator G4 ($20/MWh).

Table 2. Generation and Virtual Transaction Schedules for 290 MW Load

Generator/ Virtual Bids MWs cleared
Gl 100

G2 100

G3 100

G4 90

G5 0

VIl -50

VI2 -50

VI3 0

Figure 1 shows the graphical interpretation of the market clearing process. Energy bids from
generators are stacked from minimum to maximum. Corresponding to physical inelastic load of 290
MW, 100 MW of virtual price elastic load is met from the less expensive generators and G4 acts as
marginal unit setting the energy price of $20/MWh.

Next, let us assume the hourly load increases by 20 MW from 290 MW to 310 MW. This increase in
the load can be due to change in weather conditions. Let us now clear our day-ahead energy market
with the net physical load of 310 MW.
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Figure 1. Market Clearing for 290 MW Load

Table 3 gives the optimal generation schedules and optimal energy schedules purchased by virtual
load bids. Energy price is then equal to the energy bid ($/MWh) of the marginal unit which is equal to
the energy bid offer of the virtual load VI2 ($80/MWh). Figure 2 shows the graphical interpretation of
the market clearing process.



Table 3. Generation and Virtual Transaction Schedules

For 310 MW Load

Generator/ Virtual Bids MWs cleared

Gl 100

G2 100

G3 100

G4 100

G5 0

Vil -50

VI2 -40

VI3 0
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Figure 2. Market Clearing for 310 MW Load

With a slight increase in load from 290 MW to 310 MW, energy price increases from $20/MWh to
$80/MWh. This is in particular due to lumpiness in energy supply curves and inclusion of virtual load
bids in the day-ahead energy market. With no virtual load bids, price would only increase from
$15/MWh to $20/MWh. This analysis highlights the ability of virtual transactions to set the day-ahead
energy prices.

Load variations occur in real time on a daily basis, due to consumer behaviour and other factors. As
seen in the case study, a small increase in load can result in high prices due to the interaction between
lumpiness in supply curves and virtual transactions. Hence, virtual transactions can more frequently
set the day-ahead energy prices if the supply curves are lumpy.

CONCLUSION

This paper has shown the impact of virtual transactions on day-ahead energy prices. It has
demonstrated how the virtual load bids can cause a day-ahead energy price spike. In general, virtual
transactions earn profits from the arbitrage between the day-ahead and real time energy prices. But,
virtual traders can also set the day-ahead energy prices to increase their revenues. As an example, if a
virtual trader also owns a generation facility, it can deliberately introduce a day-ahead energy price
spike to yield profitable revenues for its generating utility. To mitigate this issue of price spikes due to
virtual trading, more virtual transactions are necessary. This will reduce the lumpiness in supply
curves and will reduce the discontinuity in day-ahead energy prices.
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