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The electricity industry has been one of the first to face technological changes motivated by sustainability
concerns. Whilst efficiency aspects of market design have tended to focus upon market power concerns, the new
policy challenges emphasise sustainability. We argue that market designs need to develop remedies for market
conduct integrated with regard to environmental externalities. Accordingly, we develop an incentive-based
market clearing mechanism using a power network representation with a distinctive feature of incomplete

information regarding generation costs. The shortcomings of price caps to mitigate market power, in this
context, are overcome with the proposed mechanism.

1. Introduction

The emergence of competitive markets for electricity has presented
a particularly challenging area for research and policy related to their
efficient market arrangements. Whilst specific regulatory approaches
vary globally, the market designs for power must seek to adapt to the
technical complexity of electricity supply systems with both spatial
and temporal constraints in market clearing as well as seeking to
provide financially complete microstructures for the hedging and risk
management by participants. Furthermore, this must be achieved whilst
recognising that regulatory surveillance will generally be inevitable
to deal with possible scarcity pricing and excess producer rents due
to imperfect competition. Moreover, the social and political scrutiny
to which electricity becomes subject for prices and reliability sharp-
ens the importance of avoiding mistakes in market designs. Thus,
electricity provided an early application for performance-based regu-
lation, e.g., the Incremental Surplus Subsidy of Sappington and Sibley
(1988), and for auction theory, as reviewed by Wilson (2002), with
the supply function equilibria of Klemperer and Meyer (1989) being
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applied by Green and Newbery (1992) to the analysis of inadequate
competition in the new electricity market in England and Wales. There-
after followed a substantial stream of gaming, conduct and incentive
research, e.g., by Borenstein et al. (2002), and Joskow and Tirole
(2000), Fabra et al. (2006), among many. Whilst the body of knowledge
on the efficient design of wholesale electricity has become substantial,
many of the issues which are emerging, e.g., regarding global warming,
relate to the externalities of electricity, and this opens up a wider
perspective on market efficiency and new questions regarding the
market arrangements.

Remarkably, more electricity regulators are now being directed
to include sustainability objectives in their actions and incentives to
influence participant conduct. For example, in the EU, the latest policy
directive, the so called Clean Energy for All Package' requires mar-
ket mechanisms to evolve to meet decarbonisation targets, whilst in
Britain, the electricity regulator, Ofgem has explicit policy targets to
align with the Net Zero 2050 target.? These wider regulatory objectives
require new electricity market clearing principles to emerge.
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Thus, in liberalised electricity markets, an Independent System Op-
erator (ISO) usually has the regulated obligation to clear the market
according to a least cost dispatch algorithm based on the supply and
demand information provided by the market participants. The ISO
therefore ensures the technical performance of the power system in real
time as well as facilitating competition between wholesale producers
and consumers. Externalities are not directly observed in the market
and are therefore not generally part of the ISO’s regulated objectives
in clearing the market. Thus, they are often considered separately,
e.g., with carbon taxes (Maryniak et al., 2019) on producers or via
separate markets for carbon allowances (Limpaitoon et al., 2011). How-
ever, it is not a matter of principle that externalities should be excluded
from the ISO’s consideration. System operators with substantial reser-
voir and hydro resources, for example, often have to dispatch against
multiple ecological, environmental and agricultural constraints (Rand,
2018). Similarly, they have sometimes been directed to give priority
dispatch to the wind and solar facilities.® Furthermore, pricing formulas
have variously included considerations of security (through loss-of-
load, e.g., by Canizares et al., 2001) and there is increasing interest in
developing stochastic clearing because of the increase in intermittency
(two stage recourse clearing, e.g., by Tang et al., 2019). Consistent
with this, it is therefore a research question whether it is feasible to
include externalities directly and more explicitly in an ex ante market
pricing formulation. We find it is and we develop an analytical solution,
capable of computational scalability in a nodal market clearing context
that is incentive compatible with social welfare maximisation, widely
interpreted to include multiple externalities.

Furthermore, electricity markets often manifest concerns about the
abuse of market power by producers. Surprisingly, whilst the ex post
economic analysis of market power has been extensive and most com-
monly based around the theory of loss in social welfare (deadweight loss)
as summarised by Prabhakar Karthikeyan et al. (2013), the design of
ISO dispatching rules that would be welfare maximising, ex ante, and
thereby incentivise nonabusive behaviour, have received little theoret-
ical attention. Yet, again, this is not due to any fundamental principle
that participant misconduct should only be constrained after evidence;
indeed the principle of modifying the market settlement prices ex ante
is well established in the real-time balancing mechanisms. In order to
disincentivise market participants from going out of balance in real-
time, the ISOs have been directed in several jurisdictions to introduce
penalties into the imbalance prices (Shinde et al., 2021). We there-
fore consider if, and how, a theoretical extension of this principle of
modifying the market price mechanisms, ex ante, could be extended to
the wholesale markets in order to disincentivise the exercise of market
power and thereby reduce the need for ad-hoc remedies. We develop
an implementable solution to this proposition alongside the inclusion
of externalities.

It is not just a matter of convenience to include both externalities
and market power mitigation together in the pricing mechanism. To
the extent that the exercise of market power can lead to the use of
more expensive marginal generating units, which, in turn, may be
more carbon intensive, pricing the externality costs together with the
exercise of market power can create a stronger disincentive. Whilst
there are precedents for an incentive compatible approach in principle,
we present a radically different market clearing process to the current
theory for electricity spot markets, which potentially serves to guide
regulatory approaches in practice. As such, we consider the research
contribution to be novel in its methodology, computability and in
raising the consideration of ex ante market arrangements that would
preclude, to perhaps a substantial extent, both the design of separate
externality mechanisms and the ex post remedies for market power.

3 EWEA position paper on priority dispatch of wind power, https://www.e
wea.org/fileadmin/files/library/publications/position-papers/EWEA_position_
on_priority_dispatch.pdf, Accessed: 2021-08-11.
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The structure of the article is as follows. Following a brief review
of some background research, we formulate our basic electricity spot
market model in Section 3, in which Section 3.1 presents socially opti-
mal market clearing with the impact of pollution as the environmental
externality. We use the term pollution to include a wide range of
measurable adverse effects, such as particulates and nitrogen oxides
as well as greenhouse gas emissions. In Section 3.2, we show how
pollution causes competitive market clearing to deviate from the social
optimum whereas in Section 3.3, we focus on deviations from the
optimum due to producers exercising market power. In Section 4, we
review solutions to overcome these deviations. First, in Section 4.1,
we discuss price caps as a commonly used remedy to mitigate market
power and highlight their inability to address externalities as well as
other shortcomings. Then, in Section 4.2, we propose an incentive
compatible pricing mechanism which remedies both of these issues and
highlight its properties. In Section 5, we present an example to analyse
the usefulness the proposed mechanism and in Section 6, we conclude
the article. Finally, in the appendices, we discuss potential extensions.

2. Research background

For reasons of resource adequacy and perhaps political influence,
government policies have often been tolerant of market concentration
in electricity generation, but at the cost of dominant producers and the
consequent need for market power surveillance and mitigation. Hence,
market power analysis has been one of the main themes in numerous
studies, e.g., by Kumar David and Wen (2001), Green and Newbery
(1992), Joskow (1997), Wolfram (1999), Guo and Shmaya (2019).
Reducing market concentration is fundamental to market power mit-
igation (Green and Newbery, 1992; Green, 1996a; Borenstein et al.,
1995) and this may require interventions by the competition author-
ities (Brennan and Melanie, 1998) because the electricity generating
sector does not generally facilitate ease of entry (Acutt and Elliott,
1999). The divestitures of assets (Day and Bunn, 2001) is an ad-hoc
remedy, however, often being awkward, slow, and especially prone
to legal challenges. A more expedient remedy is the use of price
caps (Vogelsang and Finsinger, 1979) as these are generally easier
to apply by the regulatory authorities. As a consequence, price caps
have been widely applied, as needed, around the world (Arocena and
Waddams Price, 2002; Green, 1996b). Whilst they are very effective by
construction - the prices do not exceed the caps - they are nevertheless
often quite inefficient to the extent that they are generally set too
high (Hogan, 2013).

In general, price regulation can apply to both the level and the
structure of prices. Price level regulation seeks long-run distribution
of rents and risks between consumers and the firm. It aims to achieve
allocative, productive, and distributive efficiencies. Caps on price level
are typically combined with cost-plus regulation to deliver a cost-
based initial price limit that stays fixed over a regulatory lag, usually
only altered by inflation and efficiency factors (RPI-X regulation).
Regulation of price structure implies short-run allocation of costs and
benefits among distinct categories of consumers or markets. It fosters
convergence to Ramsey-Boiteux equilibrium through a cap set over an
index of prices, typically calculated as the weighted sum of distinct
consumer prices.

Price structure regulation is used by Vogelsang (2001) and Hogan
and Schmalensee (2010) to regulate market power in electricity trans-
mission and resolve congestion, in the short run, as well as capital costs
and investment matters, in the long run. In a two-part tariff-cap model
(with usage and capacity fees), the usage fee relies on nodal prices
and reflects congestion, whereas the capacity charge recuperates long-
term capital costs. Both Vogelsang (2001) and Hogan and Schmalensee
(2010) rely on assumptions of perfect competition. When there is mar-
ket power in generation, prices would not reflect generation marginal
costs (Joskow and Tirole, 2005) because generators in constrained
regions will tend to withdraw capacity to increase prices, which would
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overestimate cost-saving gains from investments in transmission. Fur-
thermore, dominance in the market for financial transmission rights
(FTRs) provides incentives to curtail output (demand) to make FTRs
more valuable.

Whilst incentive-based methods are favoured in some jurisdictions,
they tend to have been more applicable to retail price controls than for
moderating the market power in wholesale prices. They seek to align
the firms’ profit maximisation with the social welfare maximisation
by introducing penalties or rewards into its actions. However, Loeb
and Magat (1979) proposed a mechanism that provides the consumer
surplus to a monopolist firm. This radical theory relieves the regula-
tor’s informational burden about the firms’ cost functions but requires
knowledge of the consumers’ utility function. This idea resurfaced
with Gans and King (2000) who showed that, in the case of elec-
tricity wholesale markets, consumer utilities can be inferred from the
locational spot prices. Hesamzadeh et al. (2018) applied the idea
to power system transmission capacity investment by developing an
incentive model for wholesale prices to integrate the original approach
of Loeb and Magat (1979) with the price cap approach of Hogan
and Schmalensee (2010). This combination of price caps and subsi-
dies promotes immediate convergence to Ramsey-Boiteux equilibrium,
disregarding the need to use price weights. It also achieves global
equilibria, as opposed to piecewise equilibria as done by Hogan and
Schmalensee (2010).

Going further, in order to include both externalities and market
power mitigation, Kim and Chang (1993) present a general incentive
compatible mechanism considering pollution as an externality by in-
troducing a continuous pollution abatement parameter. The amount of
pollution, and hence the externality, is decreasing with this parameter,
but the cost to the firm is increasing. However, there are two reasons
why this does not apply well to electricity markets. First, a single firm in
the power system may employ a variety of generation technologies and
these generation technologies cannot be represented by a continuous
parameter. Second, in the power system, the short-run marginal cost
of generation by a technology and the amount of pollution caused are
typically positively correlated. For example, renewable energy plants
cause the least amount of pollution and also have the lowest short-run
marginal generation costs. To account for this, our work considers a
set of discrete generation units, each with its individual pollution and
cost function, without making any restrictions on correlations. For the
firm (producer, in our case), we consider an aggregate of these units.
Also, we consider the transmission system with nodal (or zonal) market
pricing, allowing us to explicitly model the dependence of the price
at one node on the generation at another. Another motivation behind
considering multiple units is to more accurately represent aggregators
who facilitate the market engagements of the increasing numbers of
small-scale generators at the local level in the larger electricity market.
We therefore contribute a novel integrative incentive based pricing
theory for wholesale electricity to restrain market power and include
externalities from an ex ante welfare maximising objective. Further-
more, we extend the theory to a computable solution for realistic
systems involving network and unit operational details.

3. Electricity spot market equilibria

In what follows, we present briefly the basic principles of external-
ities, marginal cost pricing, from uniform auctions with market power,
in a special way that is conducive to deriving the new results which
we present subsequently. We consider a power system with a set N
of nodes. Here, the term node is used in general and may refer to a
node or a zone based on whether the market pricing system is nodal
or zonal respectively. Nodes are connected to one another by a set of
transmission lines L.

We consider an electricity spot market with a set I of producers
forming an oligopoly. Here, the term producer is used in general to
represent conventional companies in control of larger generation units
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connected to the transmission system and aggregators who represent
small-scale producers, typically in the local distribution networks and
increasingly sited amongst consumers. A producer may be present at
multiple nodes and may be using a variety of generating facilities
(units) J. We use indices n,n’,n”" € N to refer to individual nodes,
index | € L to refer to individual lines, indices i,i’ € I to refer
to individual producers, and indices j,j’ € J to refer to individual
units. For simplicity of notation, we use natural numbers as indices
everywhere in this article, e.g., n,n’,n"" € Ny, 1 < n,n’, 0" < |N|.

We denote by g}, and kj; > 0 the power generation level and the
available generation capacity, respectively, at node n for producer i and
unit j, and enforce the generation capacity constraints

0<q,; <k, @

We denote by C;'U. (qﬁu.) the generation cost function, and we assume
C:',j(O) = 0, and that it is differentiable, increasing and convex in q:',j.
Throughout the article we adopt the convention that omitting an index
for a quantity represents summation over that index, e.g., q; =y j qﬁlj.
Also, to represent vectors compactly, instead of the set builder notation
we use square brackets with the running index as a subscript or a

. I .
superscript on the square brackets, e.g., [q;j] = (4,’1j|i el,jeJ )
J
The power generation by producer i using unit j at node »n results in
environmental pollution x;j (q;',j ) We assume that xﬁlj ©)=0, xi,j (q;j>
is differentiable and is increasing in ¢} .. Environmental pollution results
Cqi
in a negative externality of E, (x,, <[q;”] > >, which is assumed to be
J
differentiable, increasing and convex in x,,.
We model consumers as a continuum due to their large numbers
compared to producers, and denote the aggregate power consumption
of consumers at node n by

d, >0, )

nZ

and we denote by U, (d,) the utility of consuming d,,, which we assume
is twice-differentiable and non-decreasing in d,. In addition, we make
the reasonable assumption that the marginal utility satisfies

0 90,d,) _

0,
od, od, - @)

i.e., U,(d,) is concave in d,. To maintain power balance in the system,
the total power generation must equal the total power consumption,

g=d. 4

Transmission lines carry electric power from nodes with excess
generation to nodes with shortage of generation. The power flow from
node n through transmission line / can be expressed as Hy, (g, —d,,),
where H), is the power transfer distribution factor, which is assumed
to be known. The power flow for transmission line / must not exceed
its capacity f; >0, i.e.,

- fi <) Hy(a,-4d,) < £ (5)

In the absence of transmission line constraints, we would have a single
price region |N'| = 1.

3.1. Socially optimal equilibrium (our desired solution)

Based on the above model, we now consider maximisation of the
social welfare in the electricity spot market. Maximisation of the social
welfare entails maximising the total utility minus total costs including
externalities as

maximise <[ . ]i [dn]n) > <Un/(dn/> - £ c i (42'/ ,./) - En/(xn/)> (6)

]
il p
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subject to the constraints (1), (2), (4), and (5). As it is only the utility
function U,(d,) that depends on d,, and is maximised, we can express
the optimal utility as

U ([aa],) maxZU (dy) %)
n n n/
subject to all the constraints except the generation capacity con-
straints (2), (4) and (5). Observe that U := U ([q,,]n) because the
constraints depend only on [qf,j]n and [d,], not on individual [qn]'nj,
and [d,,]n is the maximiser. As the power balance constraint (4) is
always binding, Y, dd,s /dg, = 1. Recall that U,(d,) is non-decreasing
in d, for every n, and hence U([q,,]n) is non-decreasing in g,. Also,
U ([q,»],) /94, is continuous and piecewise differentiable in g,/ for
every n and n/, and thus as the marginal utility is non-decreasing
from (3) we have

0 U ([qn”]n)

<o0. (8
aqn’ 04"

Here, in order to allow the derivative of U ([qn”]”) /0q, with respect
to g, to exist everywhere, we have only considered its right-hand
derivative* at every [qﬂ/,] , without explicitly denoting it. We will follow
this as a convention for all piecewise differentiable functions.

Including the expression of optimal utility from (7) in the social wel-
fare maximisation in (6), we can express the socially optimal generation
levels as

i m o
[q:,’;]nj € arg max <U (law] ) =2 (W Cy (q;,j,) + Enr(xnr)>>

i ]
. n
9nj nj

9

subject to the generation capacity constraints (1). Recall that con-
straints (2), (4), and (5) are implicit in U ([qn]n). Accordingly, for node
n, producer i and unit j, we can characterise the optimal generation
levels q;‘j by

{0} if(_d’f([‘whl) 23 (o)

94, oq),

0x, dqz j

0BG )

T P
1j i’ itz Uni ] jr
[-/ i'#i il i'#i i
wl =l
nj

0,
{ki,j} if W oc;( )

aq,

! tnj! 7[ ] l#nj!

nj

%
q'" €3 .
" OB, (x) P >

dx, Bq"”,

i i i %
4, .=k .,[q ] =[q _,] s
e J'#i Lt

PR L IR L i’ ;o1
LA Ll L e
njl | j1 nj! wanjt L3 Lt st
i
ox 1 se ((2Ualn )
) : aqy, dqilj

i
_0E,(x,) 9% = 0 otherwise
0x, 0qu [ 7

Ll
10
3.2. Competitive equilibrium (ignoring pollution damage)
In practice, the electricity spot market is operated by an Indepen-

dent System Operator (ISO), whose objective, as set by the energy

4 The right-hand derivative of function g(z) with respect to z is defined as

9%8(2)| _ lim g(z+h) —g(2)
0z |y h-0+ ’
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regulator, is to maximise the social welfare in the electricity spot
market. Nonetheless, in general, the ISO suffers from information asym-
metry, i.e., it has incomplete information about the constraints and the
preferences of the producers and the consumers. First, the ISO may not
observe [qij];j or [x’n J] but can only observe the total output [q ]

and [x! ]:.
every producer i to declare their total cost functions C’ (g') for every
node n. We consider that €/ (4’ ) is continuous, piecewise differentiable,
increasing and convex in ¢/, and C! (0) = 0. It is up to producer i to
construct C} (q;) given C}, (qilj). Third, although the ISO may know
the total available generation capacity k! of producer i at node n, it
may not know the available generation capacity for each unit, which

Second, to maximise social welfare, the ISO has to rely on

would only allow it to formulate a constraint on feasible generation
levels per producer and node (as opposed to the generation capacity
constraints for individual technologies (1)),

0<q <kl a1

=4, >

Fourth, the ISO has to rely on consumers to declare their utility
functions U,(d,) for every node n. Finally, observe that the pollution
x! and the externality E,(x,) are unit dependent, and thus they cannot
be expressed as a function of qﬁl .

Due to this information obscurity, instead of computing the socially
optimal generation levels from (9) the ISO approximates the social
welfare maximisation and computes the spot market generation levels
as

e (0 ol ) - 25 () ) a2
an n'i

subject to (11). As there is no other dependence on d, in the above, we

have used U ([qn’]n/) from (7). The above allows us to characterise the

spot market generation levels as

oy if (_W([;ZZ"L') - acasq))’ <o
S e Al I T O T
qley{ki} if (dv(g:m - ﬂcasq))' >0, (13)

’ ’
ﬂ?.:k‘y.vw1',*':[(/7./"]’ #’>|"L’/ u#”:[q’,’/:]:/é"

[0.k] st <0U([‘1u' L) _ 5@(%))

o o » = 0 otherwise.

lo2 ], =1],
Based on the above, the ISO can set the price P, at node n that
maximises the social welfare (not accounting for the externality), as

ou ([qn’]n’)

P” ([q”’]ﬂ’) = aqn (14)
and following from (13) we have
N . oCl (g s
grepou i LB ((a]). as)
qy, q ,,] :[‘I’:’/.;—]n, g

As U ([gy],) is non-decreasing in g, for every node n, P,([q,],,) is
non-negative. Furthermore, P,,/([q,,//]n,,) is continuous, piecewise differ-
entiable and non-increasing in ¢, due to (8).

For the competitive case, let us consider that every producer i
declares their total capacity and total cost function truthfully. To
characterise the competitive solution, let us first express the minimal
total cost function of producer i at node n as
¢, (4;) = min

=i

pj j J

cty (@) (16)

subject to 6; =q 17)
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Fig. 1. Negative social welfare due to ignoring pollution.

and the generation capacity constraints (1). This formulation allows us
to characterise the cost minimising generation levels,

()| )
oo 9C, Gy e
{0} if = > >
D g =0 In
nj
7 (q) el i 9y (@) 9C,(a,) 18)
9pj 9y nj i —=— < =l
I ah
; oC,; (@) aci(q .
[0, K ] s.t. M = ﬁ otherwise.
nj 94, 9y

Recall that, for every n, i and j, C,"U, (qﬁlj) is differentiable, increasing
and convex in q;j. Consequently, C! (¢') is continuous, piecewise dif-
ferentiable, increasing and convex in ¢', and C! (0) = 0. Accordingly,
under a truthful declaration C! (¢}) = C!(q}) = ¥ 2 C (q;j,). The
competitive generation levels can be characterised as

o i (Mo "Cd—‘j"))‘ , <o
aealel < e
gt ek} if <—[)U([;Z:J"') - Ma_sq))‘ ) >0, (19)
A e T A vl
[0.k] s.t. (% - %) [q",]" =[q”,;]‘, = 0 otherwise.

As an illustration, consider a power system with a single node,
N = {1} and consequently, no transmission lines, £ = . Accordingly,
based on the power balance constraint (4) and the definition of optimal
utility in (7), we have U(q;) = U,(d,). For simplicity, consider a linear
pollution function x"lj = pqij Vi € 1,j € J, where p > 0 is a
constant independent of i and j. The resulting externality is E(x;) =
E,(pq,), and depends only on the total generation level g,. The optimal
generation levels in this case would be

L1 . .

[o], & are mas <U<q]> =Xl (aly) = Eon )) 20)
4, i'j

subject to the generation capacity constraints (1). Observe that, of all

of the terms in the objective function, it is only the generation cost

function that is parametrised by i and j. In order to eliminate this

dependence and express the above only in terms of ¢;, we can define

the minimal total cost function of generation level ¢, as

=i 3.5 (3
a’]/ ; i’j’
subject to g, = q, (22)

and (1). The cost minimising generation levels at ¢, can then be
characterised by

acij (E"/ ) 9C;(a1)
0y if =4 o),
dqu ,,I — q1
J
— ; . ¢4 Ple
q,a) ek} if M < %) (23)
J dqu _i i dq;
4=k,
. i oct (7t )
[O, k ] st 20 _ M otherwise.
1j g 9qy;

Consequently, C; (q;) is continuous, piecewise differentiable, increas-
ing and convex in ¢;. Also, assume that every producer declares their
total capacity and total cost function truthfully, i.e., K\ = ¥, kilj’ Vi e
T and Ci(q) = Ci(q) = 3,0, (qfl'j,) Vi € 1. In Fig. 1, we
illustrate the marginal total generation cost dC,(q,)/dq,, the marginal
total cost dC,(q;)/dq, +0E(pq,)/dq; and the marginal consumer utility
0U,(q,)/dq,. From the intersection of the marginal total cost and the
marginal consumer utility, we derive the optimal ¢j. Given gj, the
optimal generation levels for producer i and unit j can be determined
from (23) as q’l’; = 5i1j(q]“). We also illustrate the corresponding price
P, (q]*) from (14). Observe that we can determine an optimal price for
this example only because the externality E,(pq,) can be represented as
a function of the total generation ¢,. The solid shaded region illustrates
the resulting social welfare in the optimal case. This is the well-known
optimal theory leading to marginal cost pricing from the producer
supply function to match the marginal willingness to pay from the
demand-side.

We also illustrate the competitive qf which we derive from the inter-
section of the marginal total generation cost and the marginal consumer
utility, and the corresponding price P, (qf) As the externality E;(pq;)

is not accounted for, qf > g;. Consequently, the competitive price is
lower than the optimal price P (qI) < P (g})- In addition to the

optimal social welfare, ranging from g; to qf, there is a striped region
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of negative social welfare that will be realised in the competitive case
where the marginal total cost exceeds the marginal consumer utility.
This illustrates that the competitive solution does not maximise social
welfare.

3.3. Equilibrium under imperfect competition (ignoring pollution damage)

We have so far considered the optimal generation levels [q’*] and

the spot market generation levels [qi,] . With imperfect competition
n

due to an oligopoly, the generation levels may differ from [q;l*]; and

i
[2],:
n

In practice, producer i has a prediction of the cost functions C‘,"l' (qﬁl’)

Si'#i
and the generation capacities k;,/ for every other producer i’ # i at

each node #, and of the utility function U ([gw],,)- In the Bayesian Nash
equilibrium, the predictions would be correct, and to maximise their
profit, producer i can use (14) to manipulate P, ([q,,/] ) Accordingly,
their desired oligopolistic generation levels are

[a1],, & are ma Z(P (vl ) ayp = X oy (a1, )) 4)

a; W "
subject to the generation capacity constraints (1). Observe that this
maximisation does not include the externality E,(x,), as by definition,
individual producers and consumers do not account for the externalities
in their objective functions.
Including the minimal total cost function (16), the oligopolistic
generation levels of producer i can be expressed as

[‘i;,#]n € arg r[niaix Z (Pn/ ([q,,u]n,,) qil, — C}i, (q;,)) (25)

nln o

n

subject to the generation capacity constraints per producer per node
(11). This allows us to characterise the oligopolistic generation levels,

{0} if <Z Mq} +P, ([av],)

i aq,
_acri. (q:l) ) <0
0q! ’
n =0, [‘I;r ] Wt [qff ] #n
, ) 0P, (g i
{x,} ‘f<ZWW““""’]"’)
7 n
¢t e R 20
g _BC; (4,) ) >0
aq! T i ,
n =k [q;/ ] n/#,,= [q:ﬁ ] ' #n

qiz’ + Pn ([qn’]n/)

lo.ki,| s <Z %Z])

n'

G, (1) )
0 i), e,

n

= 0 otherwise.

Comparing the above to the optimal generation levels ¢ from (10)
we can observe that the oligopolistic generation levels differ from the
optimal generation levels, i.e., ¢'# # ¢'*.

Producer i has an incentive to realise their oligopolistic generation
level ¢'* in the spot market, i.e., g’ = q'* where q'" is defined in (19).
To achieve this, from the definition of price in (14), we can deduce that
it would be sufficient for producer i to declare a cost function C! (q!)
that obeys

oC, (a,) _ G, (4,) _ 3 2 (awr]r) | 9C, (a1)
oq q '

. > - 27)
: od, ~ oq, " g,

Observe that C! (¢ ) is by construction continuous, piecewise differen-
tiable, increasing and convex in q;, as required above. We can obtain an
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analytic expression for C} (q;) by recalling that C},(0) = 0Vn € N,i €
1,jeJ, enforcmg C’ (O) =0Vne N,i e, and by integration with
respect to ¢',

G, (a,)

= C:r (q:l) +U ([q”/]n’) -U ([q”/]n’<n’q” - qil’ [q"/]n’>n)
- Z (Pn’ ([qn”]n”) = Py ([qn"]n”<n 2dn — qi!’ [q"”]n”>n)) q;’
Py

([q”’]n’<)’l »qn — q;’ [q'l’]n’>n) q; 2 C}I« (qln) . (28)

From the definition of price in (15), we can see that declaring a
marginal cost 0C! (¢') /dq) > dC! (q) /oq’, for every ' may decrease
g, , but may increase P, ([q,,n]”,,), and hence the overall profit. The

ability of producers to control prices to increase profits, i.e., their
- P,
market power can be quantified as — Y, % i

and node n.

for producer i

To illustrate market power, consider again the example described
previously, and the total cost function C! (q’) declared by producer i
according to (28). Observe that, in the spot market generation levels
in (12), of all the terms in the objective function, it is only the declared
generation cost function that is parametrised by i. In order to eliminate
this dependence and express (12) only in terms of ¢,, we can define the
minimal total declared cost function as

Cian =min Y, ¢7 (3)) 29
Al 7
subject to g, = g, (30)

and the generation capacity constraints (11). This allows us to charac-
terise the cost minimising generation levels,

o GBS
gy | 9q;
)|
—i ; e €1 (a1)
7 (@) eq{k} if ;T,l L < ;Tl‘“ (31)
-
[0, k’l] s.t. M = %ila) otherwise.
z)ql 0,

Consequently, C, (q;) is continuous, piecewise differentiable, increas-
ing and convex in g,. In Fig. 2, we illustrate the marginal total declared
cost aC(q;)/dq,. We derive the optimal a;, the competitive qf and
the oligopolistic qf, and the corresponding prices from (14). As the
marginal total declared cost is greater than the marginal total gener-
ation cost oCy(q;)/dq; > 9Cy(q,)/0q;, 4" < qf, and the oligopolistic
price is higher than the competitive price P, (qf) > P ( 2‘ Also, q1
can be equal to, greater than or less than ), depending on the relative
values of marginal costs and utility. If q’l* = g; then social welfare is
maximised. Alternatively, q? > gy results in a region of negative social
welfare as seen in Fig. 1. In Fig. 2, we illustrate the case where qf <gj-
Ranging from q’f‘ to gy, there is a striped region of social welfare loss,
i.e., social welfare that would not be realised due to the declared cost
function. The total profit of all producers is illustrated by the part of the
solid shaded region below the price. Comparing Fig. 1, which shows the
competitive solution, and Fig. 2, which shows the oligopolistic solution,
we can see that the total profit of all producers increases even though
social welfare decreases. As both the optimal (¢}) and oligopolistic
(¢") generation levels are less than the competitive generation levels
(q%), one could conclude that market power inadvertently alleviates
pollution. However, the extent of market power cannot be controlled
by the ISO and therefore the resulting solution does not maximise social
welfare. Furthermore, regulating market power with a price cap is not
optimal, as we show in the next section.
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Fig. 2. Social welfare loss due to market power.
Table 1 practice, ISOs try to alleviate the problem of market power by imposing
Summary of conditions for optimal, competitive and oligopolistic generation levels. a price cap ﬁn at every node n. Price caps face the drawbacks of not
0“(5:/],«) =p(a],) - "Cf;q(“m LS 'ZT +Y, '3"'([‘1 ”] ) 4 addressing externalities and not completely eliminating market power.
: - e In what follows, we will highlight the latter.
Optimal v v/ v X i . . X
Competitive v v Price caps are typically constant over time, sometimes linked to fuel
Oligopolistic v/ v v costs. In the presence of a price cap, the price at node n becomes the

To summarise, observe that the optimal, competitive and oligopolis-
tic generation levels can be determined from an expression of the form

o
if fi i
© i fnj <[q"'j’]n’/’> q .:0,[q’ ] [ 0 . <0,
WU gy e gy
p [’#[_ 0 il #i p i’ 0 i’
qn/" i 7q"// ! 'qn’j/ n/#j/* qn’/ !l #nj!
n
. i el 7
awel{u} i, ([an,v]nw)' R
L ,"/’ s Ll
qil i #1: quD il #i qi/ i _ qi/D i
nj' |1 [T VU WOV PSR i P
[0, k’nj] s.t. f;j ([q , ,] , /)' ” o = 0 otherwise
[q"'/’] 7[ il ]
(32)

where the superscript  [is a placeholder for , $ and # respectively and
the terms contained in f ,’;j [q;/,j,];,/ is summarised in Table 1. Here,
recall that the marginal utility is equal to the price from (14). Note that
the equation above represents individual generation levels [qilj];j even
for the competitive and oligopolistic case. The individual generation
levels [q;j]l ~ can be obtained from the corresponding total levels [q;] ;D

from (18) by comparing their marginal costs to the marginal total cost
function.

4. Mitigating pollution damage and market power
4.1. Price caps

As we have shown previously, in Section 3.3, producers’ market
power causes a deviation from the ISO’s desired competitive solution. In

minimum of the price cap and the price from (14), i.e.,

Pn([qn/]nf)=min{%i}. (33)

n

The cost declared by producer i at bus » as a function of total generation
¢' under the price cap P, is as follows.

1. C} (q}) from (28) if 0 < ¢}, < g} s.t. 0C}/0q}|.i i = P,
This is because producer i may exercise market power below the
price cap.
In this reglon the price cap does not affect market power.

2. P, if g <q <¢q st ac,g/aqn|qn=
where C;; is from (16)
This is because producer i will still make a positive profit if
the price is higher than their true marginal cost, even if it is
less than the profit maximising price. If instead the marginal
declared cost is greater than the price cap, producer i will not
be able to generate above the price cap.
It is in this region that the price cap partially mitigates market
power

3. Ci(q') from (16) if ¢’ < ¢ s.t. aC! /og! | =P,
Thls is because producer i would not proflt 1f the price is lower
than their true marginal cost otherwise producer i will incur a
loss.
As C! (g!) is convex in ¢/, the marginal cost for ¢ > ¢ will be
greater than the price cap, i.e., dC!/dg’ > oC! /0q;',|q;':q;»' =P
Therefore, the maximum generation of producer i at bus n is g'.

4 = P 0CL/0q}) 4y = P,

ne

Consider the example developed in Section 3. Fig. 3 represents the
case where the price cap is low such that the marginal utility curve
intersects the marginal total declared cost curve in region 3 of the
curve described above. Therefore, producers would not act to incur
losses, from (27) and they will produce a capped generation level qi#
which is the maximum level such that producers do not incur losses,
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Fig. 3. Social welfare loss and involuntary load shedding given a low price cap.
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Fig. 4. Social welfare loss due to market power given a high price cap.

such that oC! (¢') /dq! ‘qi e P,. Accordingly, the capped generation
level is lower than the ci)mlpetitive generation level that the price cap
aims to achieve, i.e., ‘1;# < qi*. In addition, consumers would wish to
consume at a desired level q such that aU(ql)/aq1|ql=q§ = ?1 where

qi > qf. This causes an involuntary load shedding by an amount of

a - q‘l" because generation may be less than the desired consumption
and thus, price caps have an effect similar to market power. To avoid
this undesired effect, price caps are, in practice, set to be very high. In
Fig. 3, we illustrate the case above with the price cap P,, the marginal
total declared cost dC,/dq,, the capped oligopolistic q’l*, the desired qf
and the involuntary load shedding qf - qf.

Fig. 4 considers the more likely case where the price cap is high.
In this case, we consider that the marginal utility curve intersects the
marginal total declared cost curve in region 2 of the curve described
above. Comparing the marginal total declared cost dC,/dq, in Fig. 2
to that in Fig. 4, we can see that producer i can exercise market
power by declaring a false cost as if there was no intervention where
oCi (4)) /aqi|qi=4i* > 9C} (q}) /o4 |q‘i=q;i and continue to increase their

profit until the price cap is reached, i.e., oC! (g}) /aq;| =P,

¢i=qi*
such that qi# > q'lt. Thus, in this case, market power is not completely
eliminated. In Fig. 4, we illustrate the case above with the price cap P,
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the marginal total declared cost dC,/dq, and the oligopolistic qf under
the price cap.

4.2. Proposed incentive mechanism

4.2.1. Design

In the previous section, we showed that price caps do not suf-
ficiently remedy market power and do not address the problem of
pollution damage. In order to effectively overcome both these problems
jointly in the pricing mechanism, we propose an incentive compatible
penalty and reward scheme for all producers. The proposed mecha-

nism relies on providing each producer i with an amount ¢’ <[q;u] B
nj

nj | pj njl,

i . .
[q”] ) as an incentive. We proceed to derive function ¢’ ([q’ ] .,
j

i #i
[q;/j] ) ) by requiring that, for every node » and unit j, the profit
nj

maximising generation levels match the optimal generation levels q;’;,
ie.,

[qi;]nj € arg Il;laX (Z (Pn' ([qn”]nn) q;/ - < C:,/j/ (q::l,j’)>

) 7
nj nj n

. . i'#i
+¢' <[q;, j,] y [qn,, ] )) - v (34)
q:«// '] % [q"’*’] il
subject to (1). Thus, ¢' ([ i ] [qn/] > should be such that
8, (las],.) o, (4
— g+ P ([a],) -
; 5, (lan],) - o0,
i'#i
q, 4,
(IR
4, 4, ,u[ . ]/ . [W,]M.
" il #i vy il #i
et
(% Ve
or, (av,) | %<, (qi/)
; g W th (law],) - ok,
) i'#i
o ([4),, 14, 1)) s
+ : >0if g, =k
p ni?
T ol ]l
DV
[:u’] 7[»’«/] :
[,]. oy~ ) o
o2, (lavl,) | oc;, ()
; 0—%4,,, + P, ([‘In/],,,) - T
v .7
o¢' ( [q;, 7 ] oy’ [q,’,, 7 ] vy )
+ — = 0 otherwise. (35)
q

nj
la],,, =l 1.,
By contrasting the above expressions with the characterisation of
the optimal generation levels in (10), we obtain

) . g qi'#
' 1 ]
o ([q,]j : [q,]j)

aq;j

U ([av],)

- -3

94, o

0Py ([a],) O, (x,) 9
sa = Ballaw],) - =5

%4 (36)
(3an
We can also refer to Table 1 and observe that the above expression
contains the terms that differ between the optimal and oligopolistic
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conditions. Note that from (14) the price and marginal utility are

equal, but have been represented separately for ease of integration
. . g i#

in what follows. By construction, ¢’ ([q’,_,] ,[q’/, ,,] > is differ-
't L jr njt gt

entiable and concave in q for every n and j. In order to obtain

([qn,j,] [q ) ,] , ,>’ we integrate the above starting with the case

n =1 and j = 1. Upon integration with respect to q’il, from (14) and
recalling that ij(O) =0Vne N,ie1,jeJ, we obtain

i i i i i’ i'#i
¢ [qu,] > [q”'j’]nblj’ ’ [q"//,]n'j’
O O O 1
> |90 >l G jr Yy 9 jr i

=U ([aw],) = U (0 = 4}y [a0] )

-Z Py ([am],0) = P (a1 = @y L] sy )) €l

—P (01— d},: [aw] ) 45 — E1Ge) + Ey (% — X)) 37)

We then iterate over j to obtain

f i i P L i i g 1
¢ [qlf’],-r’[q"’f’]n/>1j/ , [q,,/j,] i - ¢ [q,,/j,]n,>|j,,[q / ,]M
=U([an],) - U (a1 = ;- [aw],s)

—Z Py ([a07],) = P (01 = 4 [a7] o)) 0l

—P (fll —q;, [‘In'],,r>|)q; —E|(x))+ E (x] —xil)- (38)

Finally, we iterate over » to obtain
. . S 1i# i
¥ ([d],, []) =0 o) -0 (las = 2),)
-3 (a4 )+ (0]d,])). 9

. g i# . .
where ¢ (0, [q:"j’]n/j'> is a fixed amount by which ¢ <|:q:”j/:|n’/’,

-E, (x,)+E, (x"

g oqiT#
[q’, ,,] can be offset.
njt gt

!l
is equivalent to a subsidy equal to the total ma;éinal consumer utility
created at all nodes by [qz]n minus the price, providing an incentive
to producers to maximise utility, and a tax equal to the marginal
externality due to [xﬁl]n, transferring this cost to the producers at all

i i i’ I i i’ I i
nodes. If ¢ <[qn_] y [qn/'],,/,/) > (0 [qn}_] y ), it is a net

subsidy and 1ncent1v1ses producer i to increase their generatlon levels

n g
. . ; L #i ) L F#i
Effectively, the amount ¢ ([qn’j’],,/jf s [qn,/_,] >—¢’ <0, [qn,j,]n/j,

i’ i
compared to the oligopolistic case and if ¢ ([qn,j,] . [qn,],] > <

i'#i
& (0, [q;,j,] , /) it is a net tax and incentivises producer i to decrease
n'j

their generation levels.

We can characterise the declared cost function of producer i under
the proposed mechanism with the aim of obtaining the optimal gen-
eration levels from (10) by reconsidering the spot market generation
levels in (13), and obtain

Ci (a) 9 (4)) L OB Py 0 (o) “0)
od, 94, ox, oq, ~  oq,

Observe that C'! (¢ ) is by construction continuous, piecewise differen-
tiable, increasing and convex in ¢'. We can obtain an analytic expres-
sion for C"'( i) by recalling that C’. 0 =0VneNieljeJ,
enforcing C' ©0)=0Vhe N,iel, and by integration with respect to

i

qp»

~ . . ; - R TAS I Lo
(o} (q,’l) = min an (qnj ) +E, <xn ([q;j,] Lo [tl:,jr] L [q;j,] y >>
[ ! ] 7 J J J

q,
nil;
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Fig. 5. Proposed incentive mechanism.

(41)

M i'<i i M i">i ; i
e (o (], ) e (],)

subject to g = ¢’ (42)
and the generator capacity constraint (1) which includes the externality
of pollution. It is easy to verify that if the ISO solves (13) based on the
declared cost function (41) then it solves (10).

For illustration, consider the example developed in Section 3. In
Fig. 5, we take the example of a producer i with generation level qi.
The solid shaded regions in the figure correspond to producer i’s profit
from (25), the dotted region corresponds to the reward from (39), and
the striped region corresponds to the penalty. Observe that the SaT are
allotted based on the marginal generation level.

4.2.2. Properties
In this section, we discuss the properties, advantages and disad-

. . L i #i
vantages of the proposed mechanism. First, ¢' <[q,’1j] B [q::}] _ > can
nj nj
17 PRT
be computed based on quantities [q;/,] , and [x::,] ) that the ISO can
n n'
: i #
observe if and only if, for every producer i, ¢' <0, [q;/j] _
nj
i'#i
’,’/

> is chosen
- i’ s
to depend only on the total quantities [q;,] and [x‘n ,] - 1If so,
n

i'#

from (39) we can see that ¢’ <[q:lj:| . [q;’j] 1) depends only on the
nj

nj

) i i i l/#l o 1/#1 . .
total quantities [q;,] E [x; ,1.,, [q;,] , and [x;,] , and information
asymmetry does not affect t 3 !

Second, th§ mechanism is non—discriminatory, i.e., we have ¢’
. g 1P # . g 1 # ]
<|:q:1j] [‘Iﬁ,/,] ) > = ¢<[ll:,j] [q;/j] ) ) if and only if ¢' (0,
nj nj nj nj
i S .
[q;/.] _ ) = qﬁ(O, [q;j] _ ) for every producer i, i.e., for every
nj nj

producer i,

e mechanism.

. g1 #
we choose ¢ <O, [q;/j] > that is not parametrised by i.
nj

. . 1 #i
The result follows directly from (39). Note that ¢’ ([q;j] B [q,’”.] ) )
nj nj

. i #
would retain its dependence on producers’ output [q;j] ~and [q;’j] o
nj nj

but not on the producer i.
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Third, for every producer i, participation in the market is individually
rational, i.e., if producer i’s participation does not decrease social
welfare then producer i achieves a net profit, if and only if

i 0 i’ i'#i >_U * U * ik
¢ (019 ],, )2 [qn,]"/)+ s —dir],
+ 2 (Cly (als) + Ey (x) = By (x = x55))
n/

(43)

where x’n‘; = x;'j (q;:) Vne N,i€1,je J. The result follows directly

from (39). Given that the optimal generation levels [q:; ]' ~ obey
nj

v (la;h, )~ (1o =41,

= D (Cl () + By (i) = Ey (x5 —x15)) 2 0 (44)
Vl/

. . . g i i .
making the choice ¢ <0, [q:l/j,]n’j’> =¢ <O, [q;,]n, ) such that ¥, q’”j
. i #
=g Vne N,iel, and ¢ (0, [q;',] , > > 0 satisfies all the conditions
n

) S o1i#H
presented above on ¢’ <0, [q’ ] >

nj! lj!

Fourth, the mechanism may create funding problems for the ISO if

. . g i #
it has to grant a net subsidy, i.e., Y, ¢’ <[q;j]”j s [q‘,,’]] ) > 0. This

nj
may also result in potentially large profits for producers. In practice,
funding problems are overcome by charging fixed fees to producers
and other market participants, viz., consumers and merchants. The

greater the fixed fee, the lower the funding problems. Observe that, for

producer i, the quantity —¢’ (0, [q’

n'j!

i #i
] ) can be regarded as a fixed
n!j/

; g qi#
fee. However, from (43), setting a high value of —¢' <0, [q::,j,] M)
n'j
would come at a cost to individual rationality.
Finally, the proposed mechanism, if used simultaneously with price
caps, eliminates the disadvantages of price caps. This is because pro-

ducer i maximises the marginal social welfare created by [qﬁlj] ~which
nj

is independent of the price P, ([q,],,) and hence is not affected by the
price cap at node n.
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5. Analytical and numerical example
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Table 2
Generation levels, social welfare and prices under different solutions.

Consider a two-node two-producer two-unit example where N = Generation for (n,i,j) Optimal Competitive Oligopolistic Price cap Brice cap
{1,2}, ¢ = {1,2} and J = {1,2}. The nodes are connected by a single . - p P,;; = Pu=1
Co 4, 4y 0 an an
transmission line where £ = {1 < 2}, and f,_, = 5. The parameters RRED 5’ 5’ 0’ 0’ 0’
and functions for every n, i and j are as follows. (11.2) s s 276 s s
(1,2,1) 10 6 0 0 0
(ni,j) (1,1,1) (1,1,2) (1,2,1) (1,2,2) (2,1,1) (2,1,2) (2,2,1) (2,2,2) 1,2,2) 5 10 2.76 8 10
- (2,1,1) 5 5 0 0 0
knj 5 5 10 10 5 5 10 10 (2,1,2) 0 5 2.37 2.5 0
i (i 1 1 2 2 1 1 2 2 2,2,1) 10 10 0 0 0
Coy (q::j) 20, 4 2y 9 Yy 2, Y4y 24y (2.2.2) 0 10 2.37 25 0
i (i 1 1 2 2 1 1 2 2
X (%) 91 3, a4y 3ay, 4y 3y a4y 343, Social welfare 425 390 286.1724 376 375
Price P, 4 2 23.48 8 1
n E,(x,) Un(dn) H oy Price P, 6 6 23.48 8 1
1 X —(d,)? +44d, if d| <22, 22? otherwise 1
2x, 6d, 0 ]
+U(q1,9) = U(qy, ), (55)
We can define the optimal power consumption as “1(a)) = Ch (4)) = Pi(ay. )a! — Po(ay.a2)a) + Py (q1.42) 4
[d:]n ([an]n, =arg max Z /(dy) (45) +U(q1,9) — U(lh,qg), (56)
G} (43) = C3 (43) = Pi(ay. a)a = Po(ay- 02045 + Py (a1.9) 4
subject to the constraints (2), (4) and (5). Based on the above, we can
! +U1.9) - Ugy.4)). (57)

determine the optimal demand,

(dl*(ql ,4p),d5(qy qz))

= (max(min(g, + min(g,,5), 19), ¢; — 5), max(0, ¢, — 5, g, + min(g, — 19, 5)))(46)
and accordingly the utility function from (7),

—(q, + ¢2)* +44(q; + @)
—(q, +5)* +44(q, +5) + 6(g, — 5)

ifq1 +q,<19,q, <5,
ifq, < 14,9, > 5,

U(qy,q2) =419 +44X 19+ 6(q, +q, — 19)  ifq +g, > 19,14 < q; <24,
—(q, — 5)2 + 44(q, —5)+6(q, +5) if24 <q, <27,
222 +6(q, +5) otherwise,
(47)
the price at each n from (14),
“20q + ) +44 ifq; +g, < 19,9, <5,
—2(q; +5) +44 ifq <14,q,>5,
P (q.9,) =16 if g, + gy > 19,14 < ¢, < 24, (48)
-2(q; -5 +44 if24<q, <27,
0 otherwise,
—2(q; +q)+44 ifq +q, <19,9, <5,

P (q1,.4) = (49)

2 ( ! 2) {6 otherwise,

each producer i’s total cost function at each » from (16),

Ci (q7) =a; (1-0(q) =5)) + (24 =5) © (¢] = 5). (50)
Ci (a7) =47 (1- 6 (47 = 10)) + (245 ~ 10) © (¢ ~ 10), @)
G, (9,) =24, (1-0 (g, =5)) + (49, = 10) © (g, = 5) . (52)

€2 (63) =243 (1~ 0 (42 ~ 10)) + (442 ~20) © (42 ~ 10) (53

where O(x) is the Heaviside step function,” and each producer i’s
declared cost function at each » under market power from (28)

Cl (a}) =C] (a}) = Pi(ar. a4} — Poar.0)ay + Py (a1, 02) 4
+U(q1.92) — U(q}. 9):

Ct (47) = Pi(a1-02)a; — P2(a1,92)05 + Ps (41 2) 45

(54)
¢ (q) =

0 ifx<0,

5 The Heaviside step function is defined as O(x) = )
1 otherwise.
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Accordingly, we obtain the optimal, competitive and oligopolistic
generation levels and the corresponding social welfare in each case as
stated in Table 2. Here, the optimal prices are obtained from (15) under
the assumption that the cost function is declared such that optimal
solution is achieved. We will determine this declared cost function later
in this section.

To see how we obtained these results, consider (32) which gener-
alises the conditions to obtain the optimal, competitive and generation

levels. The generation levels [ 'D] can be obtained by simultaneously

solving

ri [ /D] —0Vn,Vi,Vj (58)
n ) =0 Vm VL.

If the result is q < 0, the generation capacity constralnt (1) is violated.

As the problems are convex, the solution must be q = 0. Similarly, if

the result is q k’D the solution must be q k’EJ The corrected
solutions can be used to solve (58) iteratively untll the results converge.

Recall that the terms that are represented by frij ([ qL'/ j’]'/ ./> would
J'

depend upon which solution we wish to obtain and are represented in
Table 1, e.g. to obtain the oligopolistic generation levels respectively,
solving (58) for bus n and producer i is equivalent to obtaining the
intersection between the price at bus » and the marginal declared cost
function at bus n of producer i. Given this, the generation levels for
each individual technology j can be obtained from (18).

As can be seen, the social welfare is maximal in the optimal case.
In the competitive case, the generation levels are higher than in the
optimal case, but the social welfare and prices are lower. This is because
the competitive market clearing does not consider the pollution damage
and the associated loss in social welfare. Also, as the costs considered
are fewer, the prices are lower. In the oligopolistic case, the generation
levels are lesser and accordingly, the prices are higher than in the
optimal case showing that market power is not always effective in
alleviating the externality due to pollution. Also, observe that, in the
optimal case, the generation levels are determined on the basis of total
cost (including the negative externality) where unit 1 is utilised to its
maximum capacity as opposed to the only generation cost in the other
cases where unit 2 is preferred.

In what follows, we compare price caps to our proposed tax and
subsidy scheme. First, consider price caps as a potential solution.
Consider that the ISO has set the price caps P, = P, = 8. As the
price cap is lesser than the oligopolistic prices and higher than the
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competitive prices at both busses, we can assume that the marginal
utility curve would intersect piece 2 of the marginal declared cost curve
which is listed in Section 4.1. Accordingly, we obtain the generation
levels as stated in Table 2.

Now, consider that the ISO has set the price caps P, = P, = 1. As the
price cap is not greater than the competitive price at both busses, the
marginal utility curve would intersect piece 3 of the marginal declared
cost curve. However, as the intersection would lie above the price cap,
the generation levels will be ziﬁl (determined by the intersection of the
price cap with the marginal true cost functions) as in Fig. 3 and as
stated in Table 2. The consumers’ desired demand at each bus n will
be determined by the intersection of the price cap with the marginal
utility curves of the bus n, i.e., at d} such that o0, /od,| dymd’ = P,. For
bus 1, the desired demand is df = 26.5 and for bus 2, it is d§ — o0 as
the marginal utility is 0U,/dd, = 6 for all values of d, which is greater
than the price cap. Therefore, there will be involuntary load shedding
at both busses. So far we have considered examples of both, high and
low price caps respectively. In both cases, we observe that the social
welfare is less than the optimal case. Also, the problem of pollution
damage is not addressed.

Next, we consider our proposed tax and subsidy scheme. The
amount provided to each producer i as an incentive from (39),

' <[q,1,/]nj, [q,fj]n) =U(q. %) - U (¢4.43) — Pi(a1. 1)} — Po(q). dr)a)
1 1 1 1 1 2

- qll - 3q12 - 2(]21 - 6[]22 + ¢ <O’ [qnl]n/> s (59)

¢ <[qﬁ,]w . [qij]n) =U(q1,9) - U (4.495) = Pi(41-92)q; — P2(41,92)05
2 2 2 2 2 1

— 4y~ 341, — 2y —6ay + <O’ [qnj]nj> . (60)

and each producer i’s declared cost function at each n under the
proposed mechanism from (41),

| (af) =34; (1-0(q] =5)) + (4¢{ =5) O (4 = 5). (61)
Y (47) =347 (1-0 (¢ = 10)) + (447 — 10) © (¢ - 10), (62)
) (a3) = 6a, (1-0 (g5 =5)) + (843 = 10) © (45 = 5)., (63)
3 (43) = 645 (1 -0 (45 - 10)) + (845 —20) © (g3 — 10). (64

The declared cost function above would result in the optimal solution
and can be used to determine the optimal prices from (15).

The amount of tax and subsidy charged will be based on the optimal
generation levels as that would be the outcome. For producers 1 and
2, respectively, the amount is

! <[q$]w , [qglf]nj) —11+¢' <o, [qﬁ;‘]nj),
# ([os],, [a],) = o+ (0. [as],)-

As we have shown in the previous section, unlike price caps, our
proposed tax and subsidy scheme effectively ensures that the pollution
damage is addressed and mitigates market power resulting in the
optimal solution.

(65)

(66)

The example we have provided above is for a simple system to
illustrate the theory as developed. Whilst it is out of scope to undertake
a full case study with real data, we would consider it to be quite feasible
in future work. For example, the market data including the power
grid parameters, consumer utilities, producer costs and generation
levels for a few European countries, e.g., Sweden and Germany can be
obtained from Nordpool (2023). European Environment Agency (2023)
contains data about pollution from combustion plants all over Europe.
Comparing these pollution levels to the plants’ generation levels, we
may estimate pollution as a function of generation. Pollution damage
as a function of pollution can be estimated from Watkiss et al. (2005).
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6. Conclusion

In this research, we have modelled an electricity market clearing
process which seeks to maximise the social welfare including the pro-
ducer and consumer utilities as well as the negative externality due to
pollution. We have identified two problems associated with achieving
this social optimal solution. The first is that due to the ISO’s incomplete
information, electricity markets essentially create a competitive market
clearing process which does not include pollution externalities. This
results in competitive generation levels that are greater than the opti-
mal levels. The second is producers’ market power leading to imperfect
competition which results in oligopolistic generation levels that differ
from the optimal levels. Price caps are commonly used to overcome
the latter, but we have shown that they are insufficient when they are
set too high and can create inconsistencies in the market if they are
set too low. We have proposed to tax and subsidise producers by their
marginal contribution to the pollution damage and consumer surplus
respectively to overcome both the problems respectively.

We have argued, in Section 3.2, that due to information asymmetry
the pollution cannot be represented as a function of generation levels
and, therefore, it cannot be included directly in the competitive market
clearing price. Had it somehow been included in the price without our
proposed tax, it would encourage producers to increase their pollution
so that prices and hence their profits would increase. This is another
reason why it is important to have a tax such as the one we have
proposed to transfer the externality to the producers.

Our proposed tax and subsidy scheme can be implemented on
the basis of quantities observable by the ISO and can therefore be
implemented without requiring significant systematic changes. Also, as
it is individually rational, we do not need to devise another means of
encouraging participation. As it is compatible with price caps and even
eliminates its disadvantages, markets with price caps can retain them.
Finally, electricity spot markets are cleared by ISOs using large scale
optimisation models and so the type of incentive formulation proposed
here would be a relatively small adaptation to the already complex
algorithms in use.

In the appendices, we show that the proposed incentive mechanism
can be extended to overcome multiple externalities and even accommo-
date additional constraints such as temporal constraints due to energy
limited technologies.
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Appendix A. Multiple externalities

Throughout the article, we parametrised the generation level qﬁ,j by

unit j in order to be able to make the amount of pollution x;j (q;j
dependent on the generation unit employed. We then attributed a
negative externality E,(x,) to pollution at every node n. We can extend
the model to other properties of production facilities and the result-

ing externalities by introducing indices m,m’, and by using them to
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such that ¢/, = ¥ q;jm, and the

parametrise the generation level ¢ . ,
generation cost function C,‘Um (q;jm . Then, for each node n, producer i
and property m, we define the quantity y/ (4’ ) associated to the prop-
erty. Similar to x/ -’ (q;j>, we assume that )/ (g’ ) is differentiable,
increasing and convex in ¢, ~and that the ISO can observe the total
value y'. We can redefine the total externality as E ([x,],.[,],) and
assume that it is differentiable and convex in x, and y,. It is easy to
see that E ([x,],,[y,],) is increasing in y, if and only if y, causes a
negative externality. Following the analysis in this article, the proposed

mechanism becomes
) ) , i #i ;

o ([, mm) =0l =0 (o041
—Z ([9),0) 4hs = EQx ],y D)) + E ([ = %3, [ =

i i o
+ <0, [qn, j,m,]n,j,m) .

Appendix B. Convex constraints on the ISO

Yol

(67)

In (7), we defined the optimal utility subject to constraints (2), (4)
and (5) on the ISO. Generation capacity constraint (1) was not included

because the ISO may not be able to observe [q:'lj]’ ' [kl due to

information asymmetry. However, contrary to constramts (2) (4) and
(5), producers explicitly account for constraint (1) in the oligopolistic
generation levels in (24), and hence (1) will be satisfied too.

We can extend the model by including additional convex constraints
on the ISO, akin to (2), (4) and (5), of the form

n(la],[4),) <o

As such a constraint is not explicitly imposed on the producers, we must
redefine the optimal utility as (7) subject to (2), (4), (5), and (68) in
order to implicitly account for it. Note that the SaT mechanism defined
in (39) and the declared cost function in (41) remain the same.

(68)

Appendix C. Energy-limited technologies and generalised addi-
tional constraints on producers

Technologies such as solar power plants and hydroelectric turbines
may have an energy limit that imposes a constraint on the total energy
produced over a certain duration of time on producers in addition to the
generation capacity constraints that would apply to every time instant.

To model the additional constraint, we use ¢, € N;,0 <1,#/ <T for
indexing the intervals in the spot market and all time-varying quantltles

it xlt

< (at), v (frl ), 7o ([o],) a0 ([ag] [alt]” ) vor

clarity, we will explicitly represent a summation over ¢ instead of
omitting the index. Furthermore, for each node n, producer i and unit
Jj, we denote by gﬁl. > 0 the limit on energy produced over T intervals
of time normalised by the duration of a single interval, where

T

it i
24 <8
=1

In addition, we denote by é}’;/. the generation cost function in this
section for reasons that will become evident shortly.
Using these notations the optimal generation levels are given by

i ] v i !
[qn/] nj v [q”,]n’

(69)

T
€ arg max >
T

[qiu*] =l

- Z(Z ( _,>+E,,, (x;',>>> (70)
subject to
0<gq,; <k 71)

13

Energy Economics 121 (2023) 106646

and (69). Observe that because the ISO maximises social welfare, any
constraint that applies to producers must also be considered by the ISO.
We can characterise the optimal generation levels as

t 1 t i
o iy, 2l o) oy o
, - - —n
" oy, o4y, ox,  oq;
i
Anj) it [ it 4 it ! [t <0,
9y =0 [4,,/] =14 S|4y =la ., .
nit ey Uit 1l
o i’ #it! il i #it! o i il i’
qn// g qnj’ i 'qn’j’ R LT )
J J n'#nj J° In! #nj
t 1 Al it it
K if( 3, o ([qn’]n/> _ 9C (qnj) _9E,(x}) axy.
nj n oq, a4, ox,  oqy);
it
qnj € (72)
~,) , p >0,
:r 7k" [q:r’ _ q'! #i] n’ n’
nj ’ /# n/ ’#l
[i’x’]'#t,[i’r’*]l#” [ /H]:’t 7[ il ]1t
K70 VA UL P A e
i it
0 ki s.t. [q ] ! dc”/( /) IJE, (X ) I)X
> nj ()q” ox! ()q”
n nj
; _ .
/lnj) de 0 otherwise,
[qn /i ] /! [qn’/ ]n’j’
where A;j is the Lagrange multiplier associated to (69) for node n,

producer i and unit j, and obeys
T
A =0if Zq::j <g

>01f qu_ 8-

The Lagrange multiplier ALJ. represents the opportunity cost, i.e., the loss
in social welfare incurred by not being able to produce all or a part of
q:l’j during another interval, which is only relevant when constraint (69)
is binding.

Based on the SaT in (39), we can express ¢ by including index ¢ as

) ) RTE] )

it it i't —qrt t 7t to_ it
p ([q,,,,.,]n,j, J]7) = v ) -Gl =), )

Z =)+ 9" (0[ ,;'j]' ) 74)
where Pn’ ,) is as defined in (14) and indexed by t. We can
characterise the declared cost function of producer i under the proposed

mechanism by reconsidering the spot market generation levels in (13)
(indexed by ) with the aim of obtaining the solution (72), and obtain

ni o [—it i
<Z (Crllj’ <qnj’> + }‘lnj'q;j’)
j/
S s
it i"<i it >

(73)

([dn],) a5 — Ey (x,) + Ey (%,

C, () = min
[q"j ] j
—it

Ty

_E [« [ i’;]’ < [—it ] [ ,’x]i’>i it [—i ]
n n qnj’ i Dnjr i ’ qnj' j! n Dnjr ¥a
(75)
subject to ﬁ;’ =g (76)
and (71).
Finally, observe that if we set
ciy (ay) =€y () + Ayt 77)

then we capture the effect of constraint (69) in the cost function.
This can be confirmed by observing that the definition of the optimal
generation levels in (10) would then be equivalent to (72) and the
definition of the declared cost function in (41) to (75). Consequently,
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the analysis of multiple time intervals under energy limits can be
performed for a single interval at a time, as in Sections 3 to 4.2, by
using C,"U. (q;l’/) from (77) as the cost function.

Similar to (69), we can introduce additional convex constraints on
producer i, e.g., a ramping constraint, of the form

h (["ZJ‘];,) <0

with an associated Lagrange multiplier u. Here, r may represent an
arbitrary parameter, not necessarily a time interval. Similar to (77),
the cost can be offset by u as

c

i\ i (i .
nj (q:u) =Cy (q:u'> +ua,

As a result, the analysis developed in the previous sections would apply

(78)

(79

. . . i’ #i
direCtly and consequently: ¢' ([ql/ »/] s [q,’/ ‘/]l l) from (39) would
n'j’ L jr LS P

be incentive compatible.
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