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Abstract

This paper studies the issue of locational market powermblgers in a market that is situ-
ated on a network. Locational market power arises whenitotatadvantage allows suppliers
to act non-competitively and raise prices above competitivels. We propose a quantifiable
definition of locational market power and analyze its prtipsrover a general network. We
also conduct a detailed analysis of the topological causheomarket power for a real elec-
trical network using network analysis tools. We show theategic alliances among small
generators with geographical advantage can lead to signifamounts of market power. In
the case of inelastic demand, the collusive behavior amoppgliers leads to higher incidence
of locational market power. The market power is curtailedl@smand becomes more respon-
sive to price, supporting the view that efficient marketsuiexjactive participation from the
consumers. We also observe that if the supply is more eldsiic demand then supply can
override some of the effects of elastic demand.

1 Introduction

Market power is the ability of a firm to raise the price of a protlabove its fair and competitive
level. Locational market power is a special kind of marketvpothat arises when locational
advantage allows suppliers to act non-competitively. Kkangple, in case of the electricity market,
binding transmission constraints can prevent adequat@ettion. Transmission constraints can
create isolated geographic markets where generators eandwal monopoly. Such constraints
may occur naturally or by manipulation of transmission Ifaes or generator dispatch patterns
[8,16]. Generators can exert monopoly power over the laxd if network topology allows no
other suppliers to serve the load. Also, strategically gdiagenerators or phase shifters can be
operated to deliberately congest lines that are neededelgotmpetitors [1, 3].
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In this paper, we focus on the issue of locational market p@anising out of the locational and
network constraints in the electricity market. The topiamdrket power is of particular interest
to policy makers and regulators as they consider restringfuhe electricity market. Exercise
of market power by the suppliers can wipe out any potentialggto the consumers that would
be expected to result from a deregulated and restructuesdrieity market. Research by [4]
finds that the welfare loss due to finite transmission capatiCalifornia between 1998 and 2000
accounted for 29-38% of the total welfare loss. Many othseagchers in the past have addressed
the concerns related to market power, for instance, [1-8,82 14, 15, 17]. However, most of the
previous studies have analyzed this issue from the geoerafipacity perspective because high
concentrations of ownership of generation usually alldvesaxercise of market power. Studies on
the transmission aspects have mainly examined the issyeoftcansmission access and its impact
on market power. Our contribution lies in understandingtaesmission level market power which
can be measured by the generators’ control on the networkgisn an indiscriminate access to
the transmission network. The network flow is determined lbypyrfactors including transmission
constraints, network topology and geographic locationhef generators and consumers. These
factors determine the extent of control each supplier cantet the distribution level regardless
of its production capacity. The network used in this study real network of the city of Portland,
Oregon, with over 600 nodes and over 700 transmission lines.

We propose a quantifiable definition of locational market @oand conduct a detailed analysis
of the topological cause of the market power. This study esklrs questions of the following kind:
(i) Does larger generation capacity always imply higherkatpower? (ii) How critical is the
location of the generator and the topology of the network)?Gan strategic collusive behavior by
the generators result in higher market power? (iv) Doesameemarket power of the generators
increase with the increase in coalition size? (v) How do #salits differ for elastic demand and
supply versus inelastic demand and supply functions? (Viat¢an the policy maker do to limit
the market power of the suppliers?

2 Definitions

We first propose a new quantitative definition of market power Section 2.1, we establish a
model for markets with network constraints and describe ti@amarket power definition applies
to such markets. Then we show that it is a general model; aalamarket that has no network
constraint can be fitted into this model as a special case.

Definition (Market Powe) Let S be the set of suppliers arid be the set of buyers in a market.
For a subset of suppliers’ and a subset of buyefl', let E(S’, T") be the amount of realizable
exchange in the market if only and7” participate. For any supplier her market power, denoted
by P(s), is defined as the decrease in realizable exchangddkes not participate in the market,
i.e., P(s) = E(S,T)— E(S—s,T). If asubset A of suppliers, called a coalition, opts out &f th
market, their collective market power is defined/&sd) = E(S,T) — E(S — A, T).

In other words, a supplierhasP(s) units of market power if the total amount of the demand
that can be fulfilled decreases B(s) in the absence of supplier The market power of a single
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suppliers; is of particular interest. It describes how much suppdieis guaranteed to provide,
which in turn will affect her selling price. The quantify(A) when|A| > 1 is important as well
because it signifies how much market power the suppliers rave if they were to merge into a
single entity.

Example2.1 Consider a market with one buygmwho has a demand of 10 units of a good, and
three supplierss,, s3, andss who can produce 9, 5, and 3 units, respectively.

In Example 2.1, the three suppliers can satisfy all 10 urfitteonand of the buyer. Supplier 1
has 2 units of market power, because without her in the maokét 8 units of demand would be
sold. Neither supplier 2 nor 3 has market power because tire demand can be fulfilled if either
one was absent. Market power is defined for any subset ofisuppbo. For example, if suppliers
2 and 3 were to merge into one entity, they would have 1 unit afket power because without
them, supplier 1 could only supply 9 units of demand. The geme of market power through
mergers is one of the central topics of this paper.

2.1 Market Power in a Network Constrained Market

We establish a model for studying markets over a networkrbedpplying the previous definition
to such a setting. Letr = (V, E) be a directed graph with edge capacities £ — R*. There

is a set of suppliers C V and buyerd’ C V. Each supplier has a production capacity, and each
buyer has a demand. These are given by the funcfiénsS — R* andd : T — R™, respectively.
Let D = >, d(t) be the total demand. The goods sold to the buyers over a Hetwast be
delivered as a feasible network flow, which is a non-negdtinetion f : £ — R such that (i) at
each node ¢ SUT, the flow is conserved, i.€),,.._(, w)er (€) = D .0—uvner f(€), and (i)
the flow satisfies the edge capacity constraints, i.e., fonea E, f(e) < C(e). In the context
of this paper all of our graphs are undirected, which meaasdhch undirected edde:, v} of
capacityC'({u, v}) is simply two directed edge@:, v) and (v, u) each with the same capacity.
Henceforth, unless explicitly stated, all edges are asdumbe undirected, otherwise the notation
becomes quite cumbersome.

In a market subject to network constraints, the realizakthangeF (S, T") is the maximum
flow from S to 7" subject to not only the production capacity constraintg,adsio the network
capacity constraints. It can be computed as a maximum flolwamarket graphG/(S), which is
constructed frond~ as follows. Connect each € S to a super-sourcewith edge capacity/ (s; ).
Connect each; € T to a super-sink with edge capacityl(¢;). We callG(S) the market graph of
G.

Suppose the suppliers and the buyer in Example 2.1 are tboate network as in Figure 1.
The production capacities and the demand are the same ae.bElfi@ difference, however, is that
the good needs to be delivered from the suppliers to the iby@ugh the capacitated network. Its
corresponding market graph is shown in Figure 2.

The maximum network flodrom s to ¢ in the market grapld-(.S) is equal to the amount that
can be traded and delivered in the market subject to the mieteapacity constraints, supplier
production capacity constraints and demand functions,the realizable exchangé(s,T"). In
our example of Figures 1 and 2(S,T") = 10.



Figure 1:A market with network constraints. Figure 2:Market graph of Figure 1.

Similarly for any subset’ C S of suppliers, we can construct teabmarket graplof S’ on
G by connecting onlys; € S’ to s with edge capacityl/(s;) and connecting; € T to ¢ with
edge capacityl(t;). We denote this grap&(S’). Now we extend our market power definition to
a network constrained market. L@(.S) be the market graph of such a market. The market power
of AisP(A) = E(S,T)— E(S—A,T),whereE(S,T) is the maximum flow frons to ¢ in G(5)
andE(S — A, T) is the maximum flow froms to ¢ in G(S — A).

Figure 1 shows the previous example with network conssateach supplier has the same pro-
duction capacity and each buyer has the same demand as befdhe edge capacity constraints
have now been added. Figure 2 is the corresponding market gifethe market in Figure 1. We
show that the suppliers may have different market power whemarket is network constrained.
For suppliers;, the maximums — ¢ flow in the submarket grap&'({s., s3}) is 7; so her market
power P(s;) = 10 — 7 = 3. Similarly suppliers, has market poweP(s) = 10 — 9 = 1 and
s3 has market power 0. It essentially calculates the diffexdretween the maximum flow on the
network when all generators are online and the maximum floenandne or more generators are
removed. If this difference is positive, it shows that howqgpal a supplier or coalition is in its
ability to deliver the power on the network. Once a supplies heen determined to be pivotal, it
can potentially extract the entire consumer surplus froecttnsumers.

Please note that the production capacity is one of the mairces of market power, however,
network constraint may also create market power for suggpéiesome particular locations in the
network. For instance, the market power of suppliecomes from the network capacity con-
straints and the network topology, rather than its productiapacity. When there is no network,
so does not have any market power. In this paper our aim is torstated the emergence of market
power due to network topology and capacity constraints.

The model of markets with network constraints at first mayrsézbe too specific, and only
adaptable to markets over networks. A careful glance wolhivsthat a simple resource (pro-
duction) constrained market can also fit this model. We cdrthmimarket in Example 2.1 on a
network with infinite edge capacities as in Figure 3. Its esponding market graph is in Figure 4.
Clearly this market is equivalent to the original markethsiit the network, i.e., they have the
same market power functions.
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Figure 3:A normal market with a network. Figure 4:Market graph of Figure 3.

3 Supermodularity: An Incentive to Collude

We now prove several theoretical results about market polagrshow why suppliers have an
incentive to merge. The analysis is based on our model of etsawviith a network. Note that these
results are true for any market with a network. Normal markathout the network are a special
case of our model, with infinite edge capacities, therefoegésults of this section hold for normal
markets too.

Theorem 3.1.Market power is supermodular, thatis, forady B ¢ S, P(AUB)+ P(ANB) >
P(A)+ P(B).

We first introduce some terms in the network flow theory. Frasmaximum flow minimum
cut theorenmof Ford and Fulkerson [5, Chapter 26], the maximum flow freto ¢ in a network
is equal to the minimum cut betwearandt. A cut is a partition of the nodes into two disjoint
subsets such thatandt are in different subsets. The size of a cut is the total capacithe
edges connecting the two subsets, and a minimum cut (or at)risca cut of minimum size. For
example in Figure 2, the partition of the nodes into disjeits{ s, s1, s2, } U {s3,b,t} is a cut of
capacity 13. However, the min-cut{s, sq, sq, s3, b} U {t} which has capacity 10. This equals the
maximum flow froms to ¢. In general, there may be several min-cuts, though in trasngse the
min-cut is unique.

ForanyS’ C S, Let f(S’) = mincut(G(S5’), s, t), thatis, the maximura—¢ flow in submarket
graphG(S’). Let A, B C S. For any min-cut of7(A), let X (A) be the set containing Likewise,
for any min-cut ofG(B), let X (B) be the set containing Finally, letX(¢) = G(S) \ (X(A) U
X(B)). For simplicity of notation, letz(A) = X(A) \ (X(A) N X(B)), andz(B) = X(B) \
(X(A)N X (B)). Leta denote the set of edges @(A) between:(A) and X (¢), anda their cut
capacity inG(S). Letb denote the edges ii(B) betweenz(B) and X (t), with cut capacitys,
and letc be the edges between(A) N X (B) and X (¢), with capacityy. Denote the set of edges
in G(S) betweenc(A) andz(B) by d, with cut capacity. Finally, lete be the edges itw(.S) from
z(A) to X(A) N X (B) with capacitye, and letf be the set of edges i#(S) betweenz(B) and
X (A)N X(B), with capacityp. To summarize, the edge setd, ¢, d, e and f of the graph(5),
which are shown in Figure 5, have respective capaditjes v, ¢, €, ande.

It is important to realize that though the sets of edges defat®ve are fixed, their capacities
may be different in a submarket graph as opposed t6'(if), because submarket graphs are
subgraphs of7(S). We will denote capacity of an edge set in a submarket graph siybscript.
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Figure 5: A picture of the notation in the proof of Theorem.3.1

For example, for any se&t’ C S of sellers;ys is the capacity of the edgesnin the graphG(S’).
We will often omit the subscript where this distinction issilevant. For exampley = o for any
S’ because none of the “dynamic” edgess;} can lie ina. Next, we prove two lemmas.

Lemma 3.2. Forany A, B C S, we havey, + v = YauB + YanB-
Proof: We can patrtition the edges ifinto four categories:
M {s,si}, si € A\ B,
() {s,s;},s; € B\ A,
)y {s,si}, s € AN B,
(IvV) all other edges.

By definition, v, is the capacity of the edges in (1), (lll), and (IV), ang is the capacity of the
edges in (1), (1l1), and (IV). In contrasty 4z is the capacity of the edges in (1), (I1), (Ill), and
(IV), andv4~p is the capacity of the edges in (lll) and (IV). The lemma nolicfes. [ |

Lemma 3.3. The functionf is submodular, i.e.f(A) + f(B) > f(AU B) + f(AN B).

Proof: Observe thaf (A) = a+ya+ 0+ ¢aandf(B) =+ v+ I+ ep. Becauser + b+ cis
a cut of G(A U B), though not necessarily the minimum cut,

fLAUB) <a+ B+ vaus.

Similarly,c+e+ fisacutofG(ANB), and sof (AN B) < yang + €ans + ¢anp- Using Lemma
3.2, and the facts thaty~z < ep, ande s~ < ¢4, We conclude that
f(A)+ f(B)=a+B+ya+yB+ep+da+20
>a+B+va+vB+ep+ oa
> a+ B+ vauB +YanB + €anB + GanB
> f(AUB) + f(AN B).



Proof of Theorem 3.1: We first write market power as

P(A) = mincut(G(S5), s, t) — f(S\ A)

P(B) = mincut(G(S), s,t) — f(S\ B)
P(AU B) = mincut(G(5), s,t) — f(S\ (AU B))
P(AN B) = mincut(G(S), s,t) — f(S\ (AN B))

By Lemma 3.3,

P(A) + P(B) — P(AUB) — P(AN B)
=—f(S\A) = f(S\ B)+ f(S\ (AUB)) + f(S\ (AN B))
<0,

and hence the theorem. [ |
In the field of coalition game theory, a superadditive fumeton the power se®(S) is called
acharacteristic function

Corollary 3.4. If A,B c SandAN B = (), thenP(AU B) > P(A) + P(B). In other words,
market power is superadditive.

This follows from the fact that ifA and B are disjoint, thenP(A N B) = 0, and is the main
practical result of the theorem. It simply says that a cmadipbf suppliers has at least as much
power as the sum of the individuals’ market power, or in otherds, P is a characteristic function.
Notice that in particular, if # j, thenP({i,j}) > P, + F;, i.e., two suppliers never have incentive
not to merge.

4 Experimental Setup and Methodology

Our study uses the power grid of Portland, Oregon. It incduthe topological locations of gen-
erators (suppliers) and consumers, and the transmissiea &long with their capacities. The
Portland grid has 776 lines and 662 nodes. Of these nodesr818ad serving (consumer) nodes
and 41 are generator nodes. The maximum flow in the markehdrgf) or in the submarket
graphG(S’) for a subsetS’ of generators is computed using Goldberg’s implementatfotine
push-relabel algorithm [13].

The demand data is generated from the consumer peak dentaiheé fsummer of year 1999
available from the FERC website. The total peak demand fotldPal is 6986.62MW. We use
the US Department of Energy (DOE) website to obtain capatdya on the generators. Even
though the EIA-860A Database provides data on all powertplainis not easy to identify which
generators in the database correspond to the 41 Portlaedagers. We use the following method
to assign capacities to the generators used in this studyakdomly select generator capacities
from the database to assign to Portland generators sudéstim of all the Portland generators’



capacities is at least 1%0of the total Portland demand. This technique ensures teaghkigned
generator capacity is large enough to meet the city’s demand

In order to analyze the role of price elasticities of supptg @emand on the market power
of the generators, we consider four different scenarios witferent combinations of demand
and supply elasticities: (i) inelastic demand and inetastipply (ii) inelastic demand and elastic
supply, (iii) inelastic supply and elastic demand, andéiastic demand and elastic supply. In case
of price elastic demand and supply, we allow the price to batyveert20 and$30 in increments
of one!

For the constant demand case, we use the peak demand dateERG1to assign demand to
each of the consumer nodes. For assigning the constantysaimlunt to generators, we use the
methods described above for assigning capacities.

In case of the elastic demand, we use- a — bp to represent the elastic demand function
whereq is the quantity demandeg, is the price,a is the inelastic demand aridrepresents the
elastic coefficient of the demand. Fgy;, i.e. $20, the quantity demanded is maximum which we
know is equal to the peak demand. Based on this relation gitih eonsumer node, we determine
the corresponding value afafter we pickb from

1 1 1
{1—075,...75,1,2,...,10}

uniformly at random. This linear demand function for eachszomer node is used to measure the
price responsiveness of consumers. The average elastiadgmand in our experiments is about
0.01.

In case of the elastic supply, we uge= c + dp, a linear function where is the quantity
supplied,p is the price and: is the inelastic supply. We pick the supply function coeéiits
in such a way that total supply is more than total demand atpaice. It is sufficient to ensure
this at the minimum price $20. For each generator node, we takues ofd between 0 and 40
uniformly at random and determinresuch that at price $2@, is equal to the generator capacity
value selected in the constant supply case. The average gigsticity of supply in our experi-
ments is about 0.19. Interested readers can find exact vafuesiablesh andd on the web at
http://staff.vbi.vt.edu/chenj/pub/JEBO.Market.Posgéwpe.txt.

For each of the four scenarios, we first compute the locdtinagket power of each supplier as
defined in Section 2. We then create supplier coalitionszef 8ithrough 6. For each coalition size,
we compute the market power of each possible combinatidmeicdalition. For instance, if there
are 3 generators and the coalition size under considereignwe would calculate the market
power of coalition between suppliers 1,2; 2,3; and 3,1. Wemare and analyze the market power
distributions of these different coalition sizes. For thelastic supply and inelastic demand case,
we tabulate the results and provide quantitative detati$dsuhe price elastic demand and supply
cases, we report the mean and maximum market power agaalgiarosize and market clearing
price along with the graphical analysis. Showing the refsuleach price increment for the price
elastic cases would make the paper very repetitive and long.

1This price range is chosen because it represents the liketpge wholesale marginal cost per MWh of electricity.
http://www.eia.doe.gov/cneaf/electricity/wholesalbplesale.html



Rank Capacity Market Power | Topological Property
% Total Capacity ID| % Total Flow ID | Degree ID
1 15.68 98 22.40 83 11 83
2 14.69 306 14.23 39 8 108
3 10.77 122 13.64 98 7 114
4 10.08 445 8.33 356 6 39
5 9.96 83 7.80 445 5 356
6 9.74 475 7.26 60 4 89
7 8.90 60 4.56 475 4 40
8 6.32 39 3.47 493 4 130
9 3.70 356 3.02 130| 3 98
10 2.16 220 2.52 122| 3 70
11 1.54 493 2.41 601, 3 55
12 1.34 130 1.67 306 3 487
13 1.07 601 1.11 487 3 479
14 0.70 328 0.75 220, 3 122
15 0.66 67 0.69 348, 2 60
16 0.49 487 0.69 328, 2 a7
17 0.44 348 0.69 100 2 453
18 0.31 100 0.60 17 2 445
19 0.27 17 0.54 310, 2 310
20 0.24 310 0.50 514, 2 100

Table 1: Twenty largest generators and their capacities.

5 Discussion of Results

5.1 Inelastic Demand and Inelastic Supply

In this subsection we examine the market power of the gemrsrassuming that both demand and
supply are constant and not responsive to price. The demsdix@d at the peak demand level and
the supply is set based on the method described in Section 4.

TheCapacitycolumn of Table 1 identifies the twenty generators who owretigeest generation
capacity. The top 4 generators own more than half of the totaket generation and the top 10
generators own almost 92of the total generation capacity. This implies that the oéghe 31
generators together have onlyf &f the capacity. ThiMarket Powercolumn identifies the twenty
generators who have the maximum market power, andapelogical Propertycolumn identifies
those who have the largest degree. The degree of a node &gmha@n a network is the number
of links (transmission lines) the node is connected to. Timp@se of this table is to compare the
correlations between capacity, degree and market powbeajénerators.

Intuitively, one would expect high generation capacity eyators to be the ones with high
market power. From Table 1, it is clear that the highest dapaenerators are not necessarily
the ones with the maximum market power. The second largesicdst generator (with ID 306)



which controls about 1% of the generation capacity has less théf @& market power. On the
other hand, generator ID 83 has less thaft 1 the total generation capacity but has more than
20% of the market power. Similarly, generator ID 39 has only 6:3®tal generation capacity
but has 14.2% of the market power. These observations naturally sugbastdctors other than
production capacity are responsible in determining theketgrower of the generators.

In this study we find that a generator’s topological degreeplay a dominant role in deter-
mining its control on the total flow of the network. If we compahe list of top twenty generators
with the largest degree and those with the maximum markeepawve find 11 out of the 20 IDs are
the same, indicating a strong positive correlation betwberdegree of a generator and its market
power. Generator with ID 83 has both the maximum market p@amerthe largest degree. Five
out of the top nine generators in these two lists completegrlap. These observations strongly
suggest that market power of a generator is determinedsitgatly by its location in the network.
If it is located at a high-degree node, then it is likely to édarge market power. The economic
consequences of the degree of a generator have never bdeaddiafore.

Tables 2, 3and 4 show the market power of generators underatif coalition sizes. Columns
1 and 4 of these tables show the generator IDs of the coaiti®nlumns 2 and 5 show the actual
market power (in MW) each coalition can have and columns 3@Gskdow the market power of
the coalition in terms of the percentage of the total flow. \&feort only the top twenty coalitions
in terms of their market power. To calculate the market paverach coalition, we first calculate
the total network flow with all generators on the network. e exclude the members of the
coalition i.e. no flow is supplied from those members on thievagk. The new network flow
excluding the members is calculated. The difference inwhertetwork flows is the market power
of the coalition. Table 2 shows that the biggest coalitiom lsa made between generators 83 and
39 who independently also control the most flow. It is cleanfrcolumn 5 of Table 2 that nineteen
of the top twenty coalitions include generator number 83Whilone controls almost 22/4of the
total network flow. In fact, our results shows that the getwesathat belong to the most powerful
sizek coalition are also members of the most powerful $fze- 1) coalition.

Table 3 shows results of coalition sizes 3 and 4. Note thaff &itle top 20 size 3 coalitions lead
to over 37, of market power. Similarly, all of the top 20 size 4 coalitsocan have over 50 of
the market power. The best size 4 coalition can control al®@s of the market. Table 4 shows
the market power of size 5 and size 6 coalitions. Market pawasistently increases with the
coalition size. It is alarming to see that all top 20 size @litioas can control 6% or more of the
market.

Figure 6 shows that the average market power of the coalyjo@s up with the coalition size.
The average market power of a size 1 coalition is 86MW wheli@asize 6 coalitions the average
market power goes up to 520MW. Figure 7 shows that the maximamket power also mono-
tonically increases with the coalition size. It increagest806MW to 2651MW as coalition size
increases from 1 to 6. This result shows that in the absenpeiad responsiveness of demand,
the mergers between generators can lead to higher exploite#tthe consumers. As coalition size
increases, the generators’ control on the network flow as®s, resulting in higher incidence of
market power.
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GenID Mktpow (MW) %Total | Gen ID Mktpow (MW) %Total
83 806.40 22.40, 39,83 1318.49 36.63
39 512.09 14.23| 83,98 1297.40 36.04
98 491.00 13.64| 83,356 1106.40 30.74
356 300.00 8.33 | 445,83 1087.35 30.21
445 280.95 7.80| 60,83 1067.58 29.66
60 261.18 7.26 | 39,98 1003.09 27.87
475 164.00 4.56 | 83,475 970.40 26.96
493 125.00 3.47 | 83,493 931.40 25.87
130 108.70 3.02| 83,130 915.10 25.42
122 90.62 2.52 | 83,122 897.02 24.92
601 86.70 2.41 | 83,601 893.10 24.81
306 60.00 1.67 | 83,306 866.40 24.07
487 40.04 1.11 | 83,487 846.44 23.51
220 27.00 0.75 | 220,83 833.40 23.15
348 25.00 0.69 | 83,348 831.40 23.10
328 25.00 0.69 | 83,328 831.40 23.10
100 25.00 0.69 | 83,100 831.40 23.10
17 21.50 0.60 | 17,83 827.90 23.00
310 19.60 0.54 | 83,310 826.00 22.95
514 18.00 0.50 | 514,83 824.40 22.90

Table 2: Market power of generators with coalition size 1 and

Avg Market Power vs Coalition Size

Inelastic Demand, Inelastic Supply

500
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400
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avg market power (MW)
200 300
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Max Mar ket Power vs Coalition Size

Inelastic Demand, Inelastic Supply

2000 2500
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max market power (MW)
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Figure 6: Average market power for dif- Figure 7: Maximum market power for dif-
ferent coalition size under inelastic demand ferent coalition size under inelastic demand
and inelastic supply. and inelastic supply.
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GenID  Mktpow (MW) %Total GenID Mktpow (MW) %Total
39,83,98 1809.49 50.27 39,83,98,356 2109.49 58.6
39,83,356 1618.49 44.96 445,39,83,98 2090.44 58.0
445,39,83 1599.44 44.43 39,60,83,98 2070.67 57.51
83,98,356 1597.40 44.38 39,83,475,98 1973.49 54.8
39,60,83 1579.67 43.88 39,83,98,493 1934.49 53.7
445,83,98 1578.35 43.8% 39,83,98,130 1918.19 53.2
60,83,98 1558.58 43.30 39,83,98,122 1900.12 52.7
39,83,475 1482.49 41.18 445,39,83,356 1899.44 52.7
83,475,98 1461.40 40.60 39,83,98,601 1896.19 52.6
39,83,493 1443.49 40.10 39,60,83,356 1879.67 52.2
39,83,130 1427.19 39.65 445,83,98,356 1878.35 52.1
83,98,493 1422.40 39.51 39,83,306,98 1869.49 51.9
39,83,122 1409.12 39.14 445,39,60,83 1860.62 51.6
83,98,130 1406.10 39.06 60,83,98,356 1858.58 51.6
39,83,601 1405.19 39.04 39,83,98,487 1849.53 51.3
83,98,122 1388.02 38.56 445,60,83,98 1839.52 51.1
445,83,356 1387.35 38.54 39,220,83,98 1836.49 51.0
83,98,601 1384.10 38.4% 39,83,98,348 1834.49 50.9
39,83,306 1378.49 38.29 39,83,98,328 1834.49 50.9
60,83,356 1367.58 37.99 39,83,98,100 1834.49 50.9
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Table 3: Market power of generators with coalition size 3 4nd
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Gen ID

Gen ID

445,39,83,98,356
39,60,83,98,356
445,39,60,83,98
39,83,475,98,356
445,39,83,475,98
39,60,83,475,98
39,83,98,356,493
39,83,98,356,130
445,39,83,98,493
39,83,98,356,122
445,39,83,98,130
39,83,98,356,601
39,60,83,98,493
445,39,83,98,122
39,60,83,98,130
445,39,83,98,601
39,83,306,98,356
39,60,83,98,122
445,39,60,83,356
39,60,83,98,601

Mktpow (MW) % Total
2390.44 66.4
2370.67 65.8
2351.62
2273.49 63.1
2254.44 62.9
2234.67 62.0
2234.49 62.0
2218.19 61.6
2215.44 61.5
2200.12 61.1
2199.14 61.Q
2196.19 61.Q
2195.67 60.9
2181.07 60.5
2179.37
2177.14 60.4
2169.49 60.2
2161.29
2160.62 60.0
2157.37 59.9

1445,39,60,83,98,356
6445,39,83,475,98,356

65.33 39,60,83,475,98,356

6445,39,60,83,475,98
3445,39,83,98,356,493
8445,39,83,98,356,130
739,60,83,98,356,493
2445,39,83,98,356,122
439,60,83,98,356,130
2445,39,83,98,356,601
9445,39,60,83,98,493
139,60,83,98,356,122
0 445,39,60,83,98,130
939,60,83,98,356,601

60.54445,39,83,306,98,356

8445,39,60,83,98,122
7445,39,60,83,98,601

60.04 39,60,83,306,98,356

2445,39,83,98,356,487
3 39,60,67,83,98,356

Mktpow (MW) %Total
2651.62 73.66
2554.44 70.96
2534.67 70.41
2515.62 69.88
2515.44 69.88
2499.14 69.42
2495.67 69.33
2481.07 68.92
2479.37 68.88
2477.14 68.81
2476.62 68.80
2461.29 68.37
2460.32 68.35
2457.37 68.26
2450.44 68.07
2442 .24 67.84
2438.32 67.74
2430.67 67.52
2430.48 67.52
2423.97 67.34

Table 4. Market power of generators with coalition size 5 &nd
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5.2 Inelastic Demand and Elastic Supply

We now consider the case when demand is inelastic or contstatiie supply is linear in price.
With price being yet another variable, the market powerltesaecome trickier to report. In this
paper we report the average and the maximum market powerresthect to the price and the
coalition size. Interested readers can go to the website at

http://staff.vbi.vt.edu/chenj/pub/JEBO.Market.PowdirPlots.pdf

for a complete set of plots and histograms. Figure 8 and Eigulisplay the average market power
of the size 2 coalition and size 6 coalition generators retspy for different levels of prices. Here
the generators have linear supply functions. Our study findsthe market power of a supplier
is higher for larger coalition size. For coalition size 6e thverage market power goes up about
720KW as price increases fro$20 to$30 whereas for size 2, it goes up about 240KW. If the price
is kept constant &30, just the increase in coalition size from 2 to 6 increabkestarket power
from 170MW to 520MW, a difference of about 350MW. This showattthe difference in market
power due to change in price is much less compared to thediife due to the change in the size
of coalition. Figure 10 and Figure 11 show the change in tlegagge and maximum market power
due to change in the coalition size and market clearing price

Avg Market Power vs Price Avg Market Power vs Price
Inelastic Demand Elastic Supply: 2-generator Inelastic Demand Elastic Supply: 6—generator
i (¢] o
° - ~
@ (¢] i o
© ~ © ~
- o S [e)
9 ° ~ 5 o ~
gt o g o
281 o pd 8.§ ° pd
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25 ~ £° e
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£ 9 £
o :a o / o o /
5 e &g P
= o (0]
2 P ~
5 _ o} o - o
o 8o

T T
20 22 24 26 28 30 20 22 24 26 28 30
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Figure 8: Average market power for size 2 Figure 9: Average market power for size 6
coalitions under inelastic demand and elastic coalitions under inelastic demand and elastic

supply. supply.

5.3 Elastic Demand and Inelastic Supply

In Figure 12 and Figure 13 we observe the role played by ttstiely of demand. A linear demand
function is used to show the price responsiveness of demiauitively, one would expect that

the generators have smaller market power if the demand is elastic. Figure 12 and 13 show
that, given the elastic demand, as the price goes up, thegeenarket power goes down for both
size 2 and size 6 coalitions. This is an important resultesinghows how increase in demand
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Average Market Power (Inelastic Demand Elastic Supply)

market power

Max Market Power (Inelastic Demand Elastic Supply)

market power

price

Figure 10: Average market power vs. coali- Figure 11: Maximum market power vs.
tion size and price under inelastic demand coalition size and price under inelastic de-

and elastic supply.

mand and elastic supply.

responsiveness by consumers can mitigate exercise of tnoker by the suppliers. In case of
the size 6 coalitions, an increase in pricefdy) reduces the average market power by over 36KW
whereas in case of the size 2 coalitions, it goes down by a®lW. Here again, if the price is
kept fixed at$30, an increase in coalition size from 2 to 6 can increase #réeh power by almost
350MW. If we compare these results with the inelastic dencas®, it is easy to see the impact
demand elasticity has in mitigating market power. If elasiémand can create disincentives for
collusion among suppliers, it can lead to a significant drojhe average market power. Figure 14
and Figure 15 show that the average and maximum market poaease with the coalition size
and the market clearing price when demand is elastic andysigopeld constant.

Avg Mar ket Power vs Price
Elastic Demand, Inelastic Supply: 2-generator

avg market power
173.056 173.058 173.060 173.062
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Figure 12: Average market power for size 2
coalition under elastic demand and inelastic

supply.
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Avg Market Power vs Price
Elastic Demand, Inelastic Supply: 6-generator
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Figure 13: Average market power for size 6
coalition under elastic demand and inelastic

supply.



Average Market Power (Elastic Demand Inelastic Supply) Max Market Power (Elastic Demand Inelastic Supply)

market power market power

price

Figure 14: Average market power vs. coali- Figure 15: Maximum market power vs.
tion size and price under elastic demand and coalition size and price under elastic de-
inelastic supply. mand and inelastic supply.

5.4 Elastic Demand and Elastic Supply

Figure 16 and Figure 17 show the results of change in price ankeh power when supply and
demand are both elastic. With both supply and demand being msponsive, the effect of price
on market power will be determined by the relative elasésiof the two curves. The exact shapes
of the supply and demand curve along with the topology of tte gill determine whether the
average market power will increase, decrease or stay eunsith changes in price. In our ex-
periments the elasticity of demand (0.01) is much less tharetasticity of supply (0.19) which
implies that the demand is relatively less responsive tmgés in price compared to the supply.
This causes the market power to go up with increase in price.

It is interesting to compare Figures 16 and 17 with Figureari®13, and with Figures 8 and 9.
It shows that the elastic supply brings more market poweh&sdsuppliers and elastic demand
mitigates generators’ market power. If supply elastic#tyhigher than the demand elasticity as
is the case in our experiments, it can overshadow the mitigaffect of the elastic demand.
Figure 18 and Figure 19 show that the average and maximumetnpokver increases with the
coalition size as well as the market clearing price.

6 Summary of Results

The findings of our study are summarized below.

1. The large capacity generators do not necessarily havimtaéonal advantage and hence
locational market power. In the presence of transmissiorstraints, opportunities exist
even for small suppliers to exercise market power and be pnigkers, especially if they are
located at high-degree nodes. This also suggests thatgajidina few transmission lines
could have a powerful effect on the total market power. Inifeitwork, we plan to explore
the implications of this study on the growth of the electrio&rastructure.
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Avg Market Power vs Price
Elastic Demand, Elastic Supply: 2-generator

Avg Market Power vs Price
Elastic Demand, Elastic Supply: 6—generator
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Figure 16: Average market power for size Figure 17: Average market power for size
2 coalition under elastic demand and elastic 6 coalition under elastic demand and elastic

supply. supply.

Average Market Power (Elastic Demand Elastic Supply) Max Market Power (Elastic Demand Elastic Supply)

market power market power
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price

Figure 18: Average market power vs. coali- Figure 19: Maximum market power vs.
tion size and price under elastic demand and coalition size and price under elastic de-
elastic supply. mand and elastic supply.
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2. The market power is supermodular which implies that seppllways have incentive to
collude.

3. In our experimental setup, it is shown that generatorsltelmang to the most powerful size
k coalition are also members of the most powerful size (k-eBJition where k varies from
1tos.

4. Strategic collusion between generators can signifigamtrease the size of market power.
The empirical results show that in the case of Portland,aesiic coalition of just 2 gen-
erators can result in control of about@6f the transmission flow. A coalition size of 6
generators can result in control of almost three quarteteemarket. Our analysis shows
that a merger of even a small number of generators, none of feéng very large in terms
of its production capability, can create significant nompetitive conditions in the market.

5. Our experiments show that the mean market power and themaxmarket power of the
coalitions always go up with the increase in the coalitiaesi

6. Elasticity seems to significantly affect market powere iemand elasticity is found to be
negatively correlated with market power; while the suppéstcity is positively correlated
with market power.

7. When demand and supply both are elastic, the mean and miaxmmarket power go up
with the market clearing price because supply is more eléisin demand in our experi-
ment. However, this may not be true for an arbitrary grid togg and an arbitrary market
configuration.

For interested readers, a complete set of plots and histegheave been made available at
http://staff.vbi.vt.edu/chenj/pub/JEBO.Market. PowdrPlots. pdf

7 Conclusions and Policy Implications

This research studied the issue of locational market powenased by the transmission network
and its physical constraints. Using a computable definibiormarket power, we show the impor-
tance of the location of different suppliers and their inflce in determining the total flow on the
network. The role of demand and supply elasticity is exaohaleng with the locational attributes
of the suppliers.

The results obtained in this study show that the high capacippliers are not the only ones
likely to exercise market power. In case of network basedetar locational market power is also
significantly important. Significant economic consequencan result from the non-competitive
behavior of small generators with locational advantagenddepolicy makers need to be cognizant
of this important attribute when physical constraints in arket are involved. Strategic alliances
among small suppliers can also result in market power.

Regardless of the level of the elasticity of demand and syipfigger coalition always results
in higher market power. With elastic demand, market powerEacurtailed as consumers react to
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higher prices and reduce consumption. This work suppoetsitw that efficient markets require
active participation from consumers [10, 11] and it may betlwanvesting in the infrastructure
that enables consumers to be price responsive. The stromgciion between market power and
network topology suggests that strategic placement of maegtion plants and transmission lines
can also increase the competitiveness of the market angatatmarket power of the generators.
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