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Abstract 
  The objective of this paper is to test how 
spot prices are affected by forward contracts using 

experimental economics.  One set of tests used students 

to represent suppliers in an electricity auction with 1) 

no forward contracts, 2) permanent forward contracts, 

and 3) renewable forward contracts.  In the latter test, 

the price of a new forward contract is affected by 
conditions in the spot market.  An identical set of tests 

was also conducted using computer agents to represent 

all of the suppliers.  The objective was to demonstrate 

that computer agents can be used effectively to test 

electricity auctions and do additional sensitivity tests to 
supplement the results obtained using humans. 

     The results show that holding a forward 

contract is an effective way to mitigate high prices if the 

same contract is held for all trading periods and the 

price of this contract is independent of the spot prices 

(i.e. is fixed).  However, there is more speculation and 
the spot prices are higher when a forward contract is 

renewed periodically and spot prices influence the 

forward price. With a renewable forward contract, a 

price spike increases a supplier’s current earnings in 

the spot market and expected future earnings from a 

new forward contract.  The overall conclusion is that 
long-term bilateral contracts will reduce speculative 

behavior, but this effect will be dissipated in an active 

forward market with a large amount of secondary 

trading. 

 The results using computer agents were 
encouraging.  In the first set of tests, two students 

competed in each market with four computer agents. In 

almost all cases, the average earnings of the computer 

agents were higher than the average earnings of the 

students.  In the tests with all computer agents, two 

computer agents replaced the students, and these agents 
(latent speculators) were more likely to speculate than 

the other computer agents.  The average spot prices and 

average earnings with all computer agents 

corresponded closely to the highest values obtained by 

the students. 

 

1. Introduction 

 

High spot prices during the energy crisis in 
California (2000/01) provided an incentive for 
regulators to introduce a number of different ways to 
mitigate high prices in other restructured markets for 
electricity. One way, that was identified explicitly when 
the FERC intervened in the Californian market during 
the crisis, was to encourage suppliers and the incumbent 
utilities to hold forward contracts. In addition, the 
Market Surveillance Committee (MSC) of the California 
Independent System Operator reached the following 
conclusion (September, 2000): 

 
“The June 2000 price spikes can be attributed 

to several factors. The primary cause was the lack of 

sufficient forward energy and ancillary service 

purchases for the month of June 2000 by utility 

distribution companies…. There are significant benefits 
to load-serving entities from purchasing forward 

financial contracts. First, forward market purchases 

limit the spot price exposure faced by a load-serving 

entity. It is subject to spot price risk on its real-time 

energy requirements only to the extent that they differ 

from its forward market purchases. The second source 
of benefits is that forward market purchases from a 

generation unit owner limit the incentives this supplier 

has to exercise market power in the spot market. …The 

Independent System Operator argued that unrestricted 

forward contracting by the utility distribution 
companies would have substantially mitigated the 

market power in the past and would do so in the future.” 

 

In other words, regulators believed that forward 
contracts would reduce the incentives for suppliers to 
speculate and exploit market power in an electricity 
auction (Wolak 2001; Wolak 2003; Allaz and Vila, 
1993). The implication is that spot prices should be 
lower when suppliers hold forward contracts, and that 
unrestricted trading in the forward market should 
eliminate speculation. 
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A countervailing argument is that market 
power in the spot market results in higher forward 
prices. Harvey and Hogan (2000) argued that a forward 
contract would be an effective tool to mitigate market 
power if demand is price responsive and the forward 
price is not influenced by the spot price. Otherwise, the 
attractions to a supplier of holding a long-term forward 
contract substantially decrease. Further, they argued that 
the simple fact that a hedging contract reduces exposure 
to spot market prices is not sufficient to conclude that 
hedging contracts would reduce the average price paid 
for electricity. Mount and Lee (2004) explained why 
high forward prices were paid in California during the 
crisis, and why the risk faced by buyers and sellers 
(generators) in a deregulated electricity market are very 
asymmetric. Suppliers hold call options because they are 
not obligated to generate if the spot price is lower than 
their operating cost but, in contrast, buyers, with an 
obligation to serve load, have no such protection. Under 
these circumstances, buyers were willing to pay high 
risk premiums in forward contracts to stabilize the cost 
of their purchases. In other words, the long-term 
forward contracts may not mitigate high spot prices 
when spot prices are abnormally high.  
 The objective of this paper is to use 
experimental economics to test how suppliers change 
their strategies when they hold a forward contract and 
how the spot price is affected. One set of tests uses 
students to represent suppliers in an electricity auction 
with 1) no forward contracts, 2) permanent forward 
contracts, and 3) renewable forward contracts.  In the 
latter test, the price of a new forward contract is affected 
by conditions in the spot market.  An identical set of 
tests was also conducted using computer agents (i.e. 
artificial intelligence) to represent all of the suppliers. 
The objective is to demonstrate that computer agents 
can be used effectively to test electricity auctions, do 
additional sensitivity tests and supplement the results 
obtained using humans. The tests are run on a computer 
platform, PowerWeb, developed by researchers in 
PSERC, that replicates the physical constraints of 
meeting loads on an electrical grid and determines the 
spot price in a typical uniform price auction for 
electricity. 
 

2. Optimum Offer Behavior in a Spot Market  

 

2.1. A Supplier’s Expected Profits 

 
This section shows how a supplier’s optimum 

offers for different generators are affected by holding a 
forward contract. In a wholesale spot market, our 
framework assumes that suppliers possess some market 
power, and therefore, that offers influence the spot price. 

In addition, since forward prices reflect expectations 
about future spot prices, the current spot price influences 

forward prices. Let S
tP  denote the wholesale spot price 

at time t, 
S

tQ denote the quantity sold by supplier i  in 

the spot market, N denote the duration of the forward 

contract, 
F

tQ  denote the quantity that supplier i  has 

previously agreed to deliver in a forward contract at a 

forward price FP and F
tP  denote the forward price for 

a new contract with delivery in periods t+1, t+2,…,t+N. 

There are several simplifying assumptions: F
tQ = FQ is 

predetermined; the cost function is linear, QcQC ⋅=)( ; 

all suppliers are risk neutral; the discount rate is zero.  
Using the assumptions made above, the 

expected profit of a supplier with a forward contract, for 

a predetermined quantity FQ and price FP , is the sum 

of 1) the expected profit from the spot market at time t, 
2) the fixed profit from the contract sale at time t, and 3) 
the expected profit from renewing the contract. The 
third term is included because spot prices influence 
forward prices. The contract terminates at time T and is 
automatically renewed for N periods. The expected 
profit at time t<T is: 
 

(1) =tπ   )()()( cP
F

QNcP
F

Qc
S

tP
S
tQ

F
T

F −+−+−       

 
If the supplier does not hold any forward contracts (i.e. 

FQ =0), the expected profit simplifies to )( cQP S
t

S
t − . 

  F
tP is the forward price at time t for buying a 

new N-period contract starting in period t+1. It is 
specified to be an exponentially weighted moving 
average of the current and past spot prices: 
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where 10 ≤≤ λ  is a smoothing constant. We assume that 

a supplier knows F
tP  after the spot market at time t has 

cleared. For T>t, the forward price at time t for delivery 
in periods T+1 to T+N is: 
 

(3) 

=

−
−

+− −+−=
T

tj

S
j

jTF
t

tTF
tT

PPP )1()1( 1
1

|
λλλ  

If the value of λ is zero, the forward price ( F
tT

P
|

) is not 

influenced by the current spot price. If 10 ≤< λ  and a 
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forward contract is renewed at period T, the forward 

price is influenced by the current spot price, S
tP , and 

the coefficient for S
tP  is tT −−⋅ )1( λλ .  

In earlier research (Mount and Oh, 2004), we 
showed that the observed behavior of spot prices can be 
predicted by a supplier using an inverse form of residual 
demand curve:  

(4) 
)(

1

,2,1 tttt

S
t

DQ
P

−⋅+
=

ββ
 

where FS
tt QQQ += , tD is the load and the two 

parameters ( 0,0 ,2,1 >> tt ββ ) are updated by a Kalman 

filter, using  realized sales and observed spot prices. 

From (4), tQ can be written as follows: 

 

(5) ttS
t

tt
P

DQ ,2,1 /)1( ββ−+=  

 

2.2. The Optimum Offer 

 

The optimum offer o
tP  can be derived by 

differentiating (1) with respect to 
S

tP . The first-order 

conditions for maximizing the expected profit imply that 
the optimum offer prices are: 

 

• No forward contract (
FQ = 0): 

(6)       
D

c
Po

t ⋅−
=

21 ββ
                               

• Permanent forward contract (
FQ >0, ∞=T ): 

(7)     
)(21

F

o
t

QD

c
P

−⋅−
=

ββ
                      

• Renewable forward contract ( FQ >0, ∞<N ): 

(8)    
))1((21

FtTF

o
t

QNQD

c
P −−+−⋅−

=
λλββ

 

 
Comparing (6) and (7), the optimum offer price is 
always lower with a permanent contract than it is with 

no contract since 02 >⋅ FQβ . This implies that a 

supplier with a permanent forward contract has less 
incentive to speculate in the spot market. These results 
are consistent with Wolak (2000).  

The optimum offer price with a renewable 
contract is more complicated. Comparing (7) and (8), 
the optimum offer price is always higher with a 
renewable forward contract than it is with a permanent 

contract since 0)1( 2 >− − FtT QNβλλ . However, 

comparing (6) and (8) shows that the optimum offer 
price with a renewable contract is higher than it is with 
no contract if N is large, T-t is small and the following 
condition holds.  

 (9)  
N

tT 1
)1( >−⋅ −λλ                                                  

 
Since the maximum of the LHS of (9) is 0.25 (when 

λ =0.5 and 1−= Tt ), contracts with N<5 always reduce 

speculation compared to (6).  
The following example demonstrates how a 

supplier changes her behavior by holding a forward 

contract:  1β =0.0413, 2β =0.000067, D=526MW, 

c=$45/MWh, FQ =50MW and the installed capacity of 

a supplier is 150MW/h. A price cap of $100/MWh is 

imposed in the market. The optimum offers ( o
tP , o

tQ ) 

with both no contract and a permanent contract are 
unchanged by the number of periods to renewal, T-t. 
Assume T=10 and t=7. With a permanent contract of 
50MW, the spot price is 20% lower 

( oP =$86/MWh $69/MWh) and the quantity 

dispatched is 33% higher ( oQ = 83MW/h  125 

MW/h) than it is with no contract. 
 
 

 

Table 1. The Optimum Offers in the Spot Market 

No Contract 
Permanent 
Contract 

Renewable 
Contract T-j 

 P* Q* P* Q* P* Q* 

9 86 83 69 125 72 118 

7 86 83 69 125 74 112 

5 86 83 69 125 78 101 

3 86 83 69 125 88 80 

1 86 83 69 125 100 59 

 

 
The optimum offer price with a renewable 

contract in Table 1 increases as the current period 
approaches the renewal period (t T).  When T-t < 4, 
the optimum offer price is higher than it is with no 
forward contract and a supplier will exploit market 
power and speculate more aggressively. This type of 
behavior is presented in Figure 1 for different values of 
N.  The RHS of Figure 1 (T-t N) supports Allaz and 
Vila (1993) who argued that spot prices tend towards a 
competitive equilibrium when N is large. However, 
when t approaches the renewal period T (the LHS of 
Figure 1), the optimum offer price with a large N is 
higher than it is with a small N.  In other words, the 
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situation is reversed and there is more speculation when 
N is large. 

 

Figure 1. Optimum Offer Price with Contracts 
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According to the MSC September Report 

(2000), a larger forward commitment will make a 
supplier less aggressive in the spot market. The MSC, 
therefore, expects lower spot prices when the quantity of 
forward contracts increases.  Harvey and Hogan (2000) 
challenged this conclusion by asking the question: if 
suppliers have market power, why would they 
voluntarily surrender that market power in a forward 
contract?  In contrast to the MSC, they expected 
suppliers to exploit market power and raise the forward 
price.  

Table 2 shows that the MSC is correct if a 
supplier holds a permanent contract (and when the 
number of periods to the renewal of a contract is large).  
However, if the renewal period is close at hand, a 
supplier speculates more aggressively with a large 
contract than with a smaller contract. This happens 
because the effect of the current spot price on the profits 
from the forward contract in (1) is large enough to 
compensate for lower profits in the spot market.  
 
 

Table 2. Impact of Contract Quantity  
on Optimum Offers 

No 
Contract 

Permanent 
Contract 

Renewable 
Contract 

T-t 

          

Q 
 

o
tP  o

tQ  o
tP  o

tQ  o
tP  o

tQ  

30 75 109 78 101 

50 69 125 74 112   7 
 80 

86 
 

83 
 63 147 68 128 

30 75 109 93 71 

50 69 125 98 62 2 
 80 

86 
 

83 
 63 147 100 59 

3. The Experimental Framework  

 
All of the experiments were conducted using 

PowerWeb (an interactive, distributed, Internet-based 
simulation platform developed by PSERC researchers at 
Cornell University) to test different electricity markets 
using human decision makers and/or computer agents.  
An Independent System Operator (ISO) determines the 
optimum dispatch of generators and the spot (nodal) 
prices paid to suppliers. The PowerWeb environment is 
designed to run unit commitment and optimal power 
flow routines to minimize the cost of meeting load 
subject to the physical constraints of an AC network.  
However, for our experiments, the network constraints 
are not binding, and in each trading period, the same 
spot price is paid to all suppliers using a uniform price 
auction (last accepted offer).  

After each trading period, the ISO announces a 
forecast of the load in the next trading period.  Load is 
completely price inelastic but it does vary from period to 
period.  The forecasted load is generated randomly using 
a uniform distribution from 430 MW to 550 MW. The 
actual load is also generated randomly using a uniform 

distribution (Forecast ± 20 MW). The average load is 
82% of the total installed capacity, which corresponds to 
realistic conditions in the summer when the load is 
relatively high.  

For each trading period, each supplier submits 
offers to sell (or withhold) five blocks of capacity into 
the auction.  A price cap (maximum offer allowed) of 
$100/MWh is enforced by the ISO (to keep the 
payments to participants in the test reasonably low).    If 
the total capacity offered into the auction is less than the 
actual load, the ISO covers the shortfall by purchasing 
expensive imports from another market. However, when 
a shortfall occurs, the spot price is set by the highest 
offer and not by the price of imports. 

Each supplier owns five blocks of generating 
capacity with capacities 50, 20, 10, 10, 10 (MW) and 
production costs 20, 40, 48, 50, 52 ($/MWh generated), 
respectively.  In addition, there is a fixed standby cost of 
$5/MW to cover the opportunity cost of being available 
when a block is offered into the market.  Withholding a 
block from the auction is the only way to avoid the 
standby cost for that block. There is also a fixed cost 
charged each period to cover capital costs 
($1200/period, to make earnings roughly equal to profits 
in excess of competitive levels). These capacity and cost 
structures are the same for all six suppliers and they 
remain the same in all of the markets tested.  
 Three different markets were tested during the 
fall semester, 2003 using 20 students majoring in 
applied economics or electrical engineering (the tests 
were part of a course on electricity markets).  Each 

N
tT −

$/MWh 
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student represented a supplier in the market.  In 
addition, some of the suppliers were represented by 
computer agents.  The three tests were 1) no forward 
contracts, 2) a permanent forward contract, and 3) a 
renewable forward contract. 

In a recent paper, Mount and Oh (2004) have 
shown that computer agents can replicate the type of 
volatile price behavior seen in the PJM market during 
the summer of 1999. Each agent represented a supplier 
and estimated the residual demand curve for their 
capacity in the market.  This estimate was updated each 
period using a Kalman filter.  An important requirement 
for generating realistic prices was having an appropriate 
structure of firms in the market because six identical 
firms resulted in too many price spikes.  

In our experiments, two students compete with 
four agents.  Two of these agents represent Vertically 
Integrated Firms (VIF) that have to meet a fixed 
proportion of load and are paid a regulated price 
(=$60/MWh) for this load.  These firms have less 
incentive to speculate than the other firms. The other 
two agents are “Initial Price Takers (IPT)” (believe that 
price spikes can not occur).  However, initial price 
takers can learn to speculate if high prices do occur, and 
in this sense, these two agents reinforce the behavior of 
the students.  If the students do not speculate, none of 
the computer agents speculate, but if the students 
speculate, the agents learn to speculate and make the 
market easier to exploit.  

An identical set of tests was also conducted 
using computer agents to represent all six suppliers by 
replacing the students by two “latent speculators” 
(believe price spikes can occur).  These agents are more 
likely to speculate than initial price takers, and initial 
price takers evolve into latent speculators if there are 
high prices.  The primary objective of the tests with all 
agents was to determine how well the computer agents 
can replicate the typical offer behavior of the students.  

The students in the tests represented 
experienced traders, and they received an initial briefing 
about how suppliers behave in the PJM market. Hence, 
the students understood the rationale for speculating, 
and why hockey-stick offers cause price spikes. The first 
test (no contract) consisted of 25 trading periods, and 
the next two tests, conducted a week later, consisted of 
20 trading periods each. Each student was paid in direct 
proportion to her cumulative earnings and told that the 
objective of the tests was to earn as much money as 
possible.  The results from the initial trading periods 
were treated as a learning period for developing an offer 
strategy, and the average results from the last 10 periods 
in each test were used in the analysis. 

 

 

4. Analysis of The Test Results 

4.1. The Experimental Design 

 
In Test 1, none of the six suppliers holds a 

forward contract, but the two vertically integrated firms 
(agents) must meet one sixth of the load at a 
predetermined price. In Test 2, regulations require that 
each student must hold a forward contract for half of her 
capacity, and has already signed a contract for 50MW 
(the first block of capacity) at a fixed price of 
$60/MWh. These contracts are in place for all periods. 
Hence, the objective is to maximize the profits from 
selling the remaining four blocks of capacity (the first 
block is submitted automatically). In all other respects, 
the conditions are the same as Test 1.  

In Test 3, each student has to renew a 10-
period forward contract of 50MW every 10th period 
during the test. The forward price is given in (2) with 

λ =0.25 and a random residual added. The value of λ is 

not a priori information for the suppliers. The computer 

agents are designed to estimate λ  based on the previous 

spot and forward prices. Simulation results show that the 

agents’ estimates of λ  are accurate after 3 periods. In 

Test 2 and Test 3, the students were paid for the forward 
contracts as well as for the earnings in the spot market. 
In Test 3, the first contract price was set at $60/MWh 
for periods 1 to 10, and this contract was renewed in 
periods 10 and 20. The students’ earnings were 
computed to reflect the forward prices in the two new 
contracts and not the initial contract (the actual revenue 
from the first two contracts is augmented by  

)60(1050 20 −⋅⋅ FP . The reason for doing this was to 

provide the students with the same incentive to increase 
the forward price throughout the test. 

 
  

4.2. The Regression Model 

 
The results from the three tests were 

summarized using the cumulative earnings for each 
supplier during the final 10 periods of each test. For Test 
3, the revenue from the forward contract in periods 11 to 
20 was revised to reflect the average revenue from the 

last two contracts ( FP101050 ××  is replaced by 

2/)(1050 2010
FF PP +×× ). In most cases, FF PP 1020 >  

because the students’ ability to speculate successfully 
improved during the test. For each test, there are 10 
sessions with six suppliers in each session (two students, 
two VIF agents and two IPT agents). 

Since the primary objective of the analysis is to 
determine how forward contracts affect the behavior of 
the students, the regression model is specified to make it 
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easy to test hypotheses about the earnings of the 
students as follows: 
 
(10) 

ijk

i j i

K

k

ikikijij

i

iiijk eSFMy ++++=
= = =

−
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3

1

1

1
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where ijky = log profit for periods 11 to 20 for type of  

                      firm j in session k of market i. 

           iM  = 1  for Test i 

                  = 0   otherwise 

           ijF  = 1 for Test i and Firm j  

    = 0  otherwise 
j   = 1  for a student 
    = 2  for a VIF agent 
    = 3  for IPT agent  

            ikS = 1 for Test i and Session k 

                  = 0 for Test i and Session not k or K 
                  = -1 for Test i and Session K 
  

The dummy variables for Test 1 ( 1α ) and for 

students × markets ( 2111, ββ and 31β ) are set to zero, 

and the coefficients for sessions × markets sum to zero 

(

=
=

K

k

ik

1

0γ  for i=1,2,3). Consequently, the earnings of 

a student are represented by μ  in Test 1, 2αμ + in Test 

2 and 3αμ +  in Test 3. 2iβ  is the additional earnings 

of a VIF agent in market i compared to a student, and 

3iβ is the corresponding value for a IPT agent.  

The main hypotheses of interest in the analysis 
are as follows: 
1. Permanent contracts reduce the earnings of students 

( 02 <α ). 

2. Renewable contracts may not increase or reduce the 

earnings of students ( 03 =α ). 

3. For Test 1, VIF agents should earn less than students 

( 012 <β ) and IPT agents should earn the same 

( 013 =β ). 

4. For Test 2, VIF agents should earn less than students 

( 022 <β ) and IPT agents should earn more ( 023 >β ). 

5. For Test 3, VIF agents should earn less than students 

( 032 <β ) and IPT agents should earn the same 

( 033 =β ). 

 

 

 

 

4.3. Estimation Results 

 
Table 3 summarizes the parameter estimates of 

the estimation model (10). The critical value of the t-
statistic with the 95 percent confidence level, 180 
observations and 35 variables is 2.16. Therefore, a 
variable is significant when the corresponding t-value is 
larger than 2.16 or less than -2.16.  

The estimated value of intercept, μ̂ , is 9.375, 

which is corresponding to the earnings of students in 
Test 1, $12,465 (shown in Table 4). Insignificant t-

values for 12β̂  and 13β̂  imply that the null to test the 

third hypothesis cannot be rejected ( 01312 == ββ ) 

and, therefore, the difference in the earnings among 
different types of firms (i.e. students, VIF agents and 
IPT agents) can be ignored. The session effect is 

marginal in Test 1 since most kS1
ˆ are statistically 

insignificant. 

The large t-values of 2α and 3α  imply that 

both types of forward contracts significantly change the 
earnings of students. However, the impacts of the two 
forward contracts are contrasting. 

In Table 3, the significant negative value of 

2α̂ (-0.182) indicates that permanent contracts reduce 

the earnings of students. As summarized in Table 4, the 
average earnings of students decrease from $12,465 in 
Test 1 to $10,144 (by 18.6 percent) in Test 2.  

The significantly positive values of 22β̂  and 

23β̂  indicate that two types of computer agents earn 

more than students in Test 2. VIF agents (IPT agents) 
earn more than students by 12.5 percent (55.7 percent) 

on average. While the positive 23β̂  is expected in the 

fourth hypothesis, the positive 22β̂  is unexpected but 

shows the capacity of computer agents in the auction. 
Similar to Test 1, the session effect can be ignored in 
most cases in Test 2. 

In contrast to the effect of permanent contracts, 
renewable contracts significantly increase the earnings 

of students. This is given by 3α̂  (= 0.37) and the 

corresponding large value of t (=6.22). This result 
rejects to the null to test the second hypothesis, and 
implies that the earnings of students increase by 
approximately 41.8 percent with renewable contracts 
($12,465 in Test 1   $17,676 in Test 3 as shown in 
Table 4).   
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Table 3.Regression Results 

Variable (Parameter) 
Parameter 
Estimate 

t-value 
 

(Pr>|t|) 

Intercept ( μ ) 9.375 223.04 <.0001 

Market2 ( 2α ) -0.182 -3.05 0.0027 

Market3 ( 3α ) 0.370 6.22 <.0001 

Market1VIF ( 12β ) -0.086 -1.45 0.1483 

Market1IPT( 13β ) 0.094 1.59 0.1143 

Market2VIF ( 22β ) 0.118 1.99 0.0487 

Market2IPT ( 23β ) 0.443 7.45 <.0001 

Market3VIF ( 32β ) -0.359 -6.04 <.0001 

Market3IPT( 33β ) 0.132 2.22 0.0283 

Session11 ( 11γ ) -0.109 -1.49 0.1373 

Session12 ( 12γ ) -0.240 -3.30 0.0012 

Session13 ( 13γ ) 0.034 0.47 0.6406 

Session14 ( 14γ ) 0.107 1.47 0.1430 

Session15 ( 15γ ) 0.115 1.58 0.1161 

Session16 ( 16γ ) -0.075 -1.03 0.3031 

Session17 ( 17γ ) 0.226 3.11 0.0023 

Session18 ( 18γ ) 0.159 2.18 0.0308 

Session19 ( 19γ ) -0.109 -1.49 0.1373 

Session21 ( 21γ ) 0.031 0.43 0.6677 

Session22 ( 22γ ) 0.131 1.80 0.0738 

Session23 ( 23γ ) -0.200 -2.75 0.0067 

Session24 ( 24γ ) 0.088 1.21 0.2285 

Session25 ( 25γ ) -0.287 -3.94 0.0001 

Session26 ( 26γ ) -0.002 -0.03 0.9777 

Session27 ( 27γ ) 0.063 0.87 0.3853 

Session28 ( 28γ ) -0.032 -0.44 0.6592 

Session29 ( 29γ ) -0.045 -0.62 0.5345 

Session31 ( 31γ ) 0.057 0.79 0.4335 

Session32 ( 32γ ) 0.264 3.63 0.0004 

Session33 ( 33γ ) -0.511 -7.01 <.0001 

Session34 ( 34γ ) 0.112 1.54 0.1256 

Session35 ( 35γ ) -0.285 -3.90 0.0001 

Session36 ( 36γ ) 0.034 0.47 0.6422 

Session37 ( 37γ ) -0.048 -0.66 0.5116 

Session38 ( 38γ ) 0.155 2.13 0.0348 

Session39 ( 39γ ) 0.045 0.62 0.5366 

 
In Test 3, the earnings of VIF agents are 

expected to be the lowest since the fixed portion of 
capacity is paid by the regulated price ($60/MWh), not 

by the high spot or renewable prices. On the contrary, 
the earnings between IPT agents and students are 
expected to be similar to each since we modeled the 
forward contract price as the average of spot prices.  

This is the rationale of the fifth hypothesis: 032 <β , 

033 =β . As expected, VIF agents earn less than 

students by 30.2 percent on average (i.e. 32β̂ = -0.359). 

However, IPT agents earn more than students by 14.1 

percent on average (i.e. 33β̂ =0.132). As IPT agents 

show the capacity to make the highest earnings in the 
three tests, it is encouraged to employ IPT agents in 
experiments, instead of students, and to test market 
options. The session effect is relatively significant in 
Test 3. We will discuss about the result of session 32 
later in this paper, since it shows how a supplier’s 
extremely speculative behavior affects the earnings of 
itself and other competitors. 
 

Table 4. Average Earnings 

Variable Students VIF-Agent IPT-Agent 

Test 1 12,465 
(3,823) 

10,830 
(595) 

13,196 
(2,537) 

Test 2 10,144 
(2,573) 

11,111 
(1,019) 

16,125 
(5,259) 

Test 3 17,676 
(4,441) 

11,968 
(1,108) 

20,304 
(5,356) 

* standard deviation in the parenthesis 

 
 

4.4. Impacts of Forward Contracts on Market Prices 

 
Table 5 summarizes how the average spot and 

forward prices change by forward contracts. In Test 1, 
the average spot price is $66.4/MWh, 24 percent higher 
than the competitive level ($53.8/MWh). This high spot 
price may request retailers or the market operator to 
hedge using financial contracts. However, none of the 
two forward contracts contributes to mitigate high 
prices. Furthermore, experimental results show that the 
impact of forward contracts on spot prices can be 
exactly the opposite to be desired. The average spot 
price increases by 6% (from $66.4/MWh to 
$69.3/MWh) with the permanent forward contract (Test 
2) and by 13% (from $66.4/MWh to $74.9/MWh) with 
the renewable forward contract (Test 3).  

Regardless of forward contract conditions in 
Test 1, Test 2 and Test 3, high prices occur when the 
load is high and price spikes may not be mitigated by 
forward contracts under the industry structure like our 
experimental setting (i.e. the market share is 1/6 for six 
suppliers and it is relatively large compared to be 
desired (Mount and Oh, 2004)).  
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Table 5. Average Spot and Forward Prices 

 
Experiment 

Average  
Spot 
Price 

Average 
Forward 
Price 

Cost-based $53.8 - 
Test 1: No Contracts $66.4 - 
Test 2: Permanent Contracts $69.3 $60.0 
Test 3: Renewable Contracts $74.9 $71.3 

 
 

4.5. Computer Agents Earn More than Students  

 
If computer agents can replicate human 

behavior, they can be used effectively to test electricity 
auctions and do additional sensitivity tests to 
supplement the results obtained using humans. To 
evaluate the performance of computer agents in 
experiments, we compare the average earnings of the 
two computer agents and two students. 

The results using computer agents are 
encouraging. Figure 2 compares the average earnings of 
the students with those of the two computer agents using 
45 degree lines. In most cases, the average earnings are 
larger for the two computer agents than for the two 
students.  

It is noticeable that the earnings of students and 
IPT agents are positively correlated. For example, in 
session 32 of Test 3, one student sells 50MW to the 
forward market and withholds everything from the spot 
market consistently while the other student in the same 
session consistently submits the remaining four blocks 
with very high offer prices into the spot market. As a 
result, high spot prices persist (these two students do not 
change their behavior after the price spike). Under this 
situation, two IPT agents earn more than 2.5 times as 
both students do, by withholding less than the former 
and speculating less than the latter. It is interesting to 
note that the average earnings of these two students are 
equivalent to the highest earnings in Test 3. This shows 
the implicit cooperation increases the earnings of all 
firms including speculators. 
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Figure 2. Comparison of Average Earnings 

 
 

4.6. Simulation Results with All Agents 

 
 Since computer agents showed their capacity 
to compete with human subjects in the first set of tests, 
we ran the second set of tests with all computer agents. 
In the tests with all computer agents, two computer 
agents replaced the students, and these agents (latent 
speculators) were more likely to speculate than the other 
computer agents.  

45

45

45
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Table 6 is equivalent to Table 4 in the first set 
of tests and shows the average earnings of the three 
types of computer agents. In Test 1 and Test 3, the 
average earnings of the latent speculator agents (LS 
agents) in the second set of tests correspond closely to 
the highest values obtained by the students (compare 
Table 6 with Figure 2). As a consequence, the average 
spot price in Test 1 ($73.6) and Test 3 ($90.9) and the 
average forward price in Test 3 ($89.0) are much higher 
than those in the first set of tests ($66.4, $74.9 and 
$71.3, respectively). It is noticeable that the average 
spot price is significantly higher for Test 3 (with 
renewable forward contracts) than for Test 1 (without 
forward contracts), regardless of subjects (students or 
computer agents) employed in tests. This is also 
consistent with Harvey & Hogan and Mount & Lee, 
which argue that forward contracts may not be an 
effective way to reduce high prices in the spot market if 
market power in the spot market can be transferred into 
the forward market.  
  

Table 6. Average Earnings with All Agents 

Variable LS-Agent* VIF-Agent IPT-Agent 

Test 1 18,972 12,574 22,125 
Test 2 7,343 9,057 5,456 
Test 3 28,853 16,080 37,100 
* latent speculators which replicated students in the first set of 
tests 

 
Table 7. Average Spot and Forward Prices 

with All Agents 

 
Experiment 

Average  
Spot 
Price 

Average 
Forward 
Price 

Cost-based $53.8 - 
Test 1: No Contracts $73.6 - 
Test 2: Permanent Contracts $59.7 $60.0 
Test 3: Renewable Contracts $90.9 $89.0 

 
 While none of forward contracts mitigated 
high prices in the first set of tests, permanent contracts 
in the second set of tests reduced high spot prices. The 
average spot price decreased from $73.6 without 
forward contracts to $59.7 with permanent forward 
contracts. This result is consistent with the function of 
forward contracts to mitigate high prices and speculation 
expected in the MSC report and Wolak. Also, this result 
is consistent with theoretical results developed in section 
2.  
 However, this price reduction effect of 
permanent forward contracts was not observed in the 
first set of tests. Note that the average spot price 
increased with permanent forward contracts in the first 
set of tests using two students. These different results 

may be explained by different risk attitude between LS 
agents and students. Two latent speculator agents were 
risk-neutral and maximized the expected profit for 
single period. If speculation was not the optimum for the 
period in which most of cases in Test 2, they did not 
speculate. On the contrary, some students were likely to 
bear high risk of loosing their market share or earning 
negative profits. As a result, they kept speculating and 
withholding even though this strategy gave them 
negative earnings for a couple of periods. However, this 
aggressive behavior led implicit cooperation among 
suppliers and, finally, their entire earnings increased. As 
a result, in Test 2 the earnings of the LS agents are 
significantly smaller than those of the students in the 
first set of tests (Compare Tables 4 and 6).  

 

5. Conclusions 

 

This paper investigates whether or not a 
forward contract is an effective way to mitigate market 
power and stabilize spot prices. With PowerWeb, we 
employ four computer agents and two human subjects to 
represent supply firms in a uniform price auction run by 
an ISO. We simplify the forward market as 1) the 
magnitude of a supplier’ forward sale is fixed and 2) 
suppliers inside the market can participate in the 
forward market. Patterns of load are exogenous, and 
there are 20 trading periods in each experiment.   

Different types of forward contracts are tested 
under these conditions: 1) with no forward contracts, 2) 
with permanent forward contracts (i.e. the forward price 
is fixed) and 3) with renewable forward contracts (i.e. 
the current spot price influences the forward contract 
price in the future).  

With the permanent forward contract, it is 
expected that high spot prices are mitigated: the largest 
block is already sold at a fixed price in the forward 
market; consequently, speculation does not largely 
increase the expected profit; therefore, the supplier with 
the permanent forward contract has less incentive to 
speculate. This is also true for a renewable forward 
contract if the number of periods to the renewal date is 
too large to expect that the current spot price influences 
the forward contract price in the future. While tests with 
students produced the opposite results (i.e., the average 
spot price increased when permanent forward contracts 
existed in the market), tests with all computer agents 
showed that increasing the magnitude of permanent 
forward contracts could be an effective way to mitigate 
high spot prices. 

When high spot prices can increase the forward 
price in the future, market power in the spot market is 
transferred to the forward market. As observed in the 
California crisis (2000/01), high spot prices tended to 
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increase the price of forward contracts (including long-
term contracts) when the market was dysfunctional and 
the price reduction effect of forward contracts was 
expected. Of course, high forward contract prices attract 
new investments into the market. However, when those 
high prices are the result of exercising market power, 
they impose the excessive burden on the UDCs and 
customers in the long run. 
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