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During the last decale the UK ex-nationalised utiliti es have increasingly been opened to competition.
However, the natural monopdistic charader of the network has limited the &bility to introduce full
competition to the industries. In general (with telecoms as the notable exception) the solution hes
been to separate the networks into their competitive and nonrcompetitive dements, with the fina
consumer product generally requiring some dements of both. Some industries sich as eledricity,
require two regulated inpus (gas and eledricity transmisgon) from naturally monopdi stic networks.
It is the impad of eledricity dual regulationin particular and more generally the case of overlapping
regulatory schemes (i.e. international telecommunicaions with national regulatory bodes), that this
paper analyses.

This paper builds on the small but significant literature on whether revenue regulation credes
incentives for firms to manipulate prices aaoss markets as well as the wider literature on dstortions
over time. The literature raises the important question d whether welfare is adually enhanced under
price cags even within a static model. Bradley and Price (1988 first analysed the cae of a regulated
monopdist under an average revenue nstraint, a @nstraint typicd aaoss many U.K. utiliti es.
Under such a anstraint, current demand, rather than previous consumption a revenue levels, weight
prices. The firm is induced to manipulate these weights by restricting supdy to the higher cost
markets (through raising price) and expanding supdy in the lower cost markets (through lowering
price). They showed that for high cost markets, the wnstraint may incresse prices above the
unconstrained level. Crew and Kleindafer (1996 using a similar model analyse atotal revenue
constraint. They show that a total revenue cg has a much larger patential than an average revenue
constraint to distort output incentives, producing prices above the monopdy level in some markets.
Armstrong and Vickers (1991 compare the welfare results of price discrimination with a uniform
pricing scheme, bah fadng an average revenue constraint. They find the welfare result depends upon
the tightness of the price @nstraint, with some degree of price discrimination increasing welfare &
the constraint isrelaxed.

Sappington and Sibley (1992 show that for an average revenue lagged tariff, the strategic incentive
to manipulate prices through a nonlinea tariff may result in alossof welfare even thouwgh the linea
tariff may enhance welfare. Armstrong, Cowan and Vickers (1995 strengthen this result by showing
that the optimal nonlinea tariff is distorted and dher types of regulatory constraint may be
preferable to a tight average revenue nstraint. Law (1995 returns to the Bradley and Price
framework t show that tightening a price cg can lower aggregate consumer surplus, confirming their
result that tighter regulation induces the firm to reduce the number of high cost consumers by raising
the pricein this market and lowering the pricein the low cost market. Cowan (1997a) developed this
showing that not only consumer welfare but total welfare may fall as a result of an average revenue
cep that is “too tight”, a result that this paper shows may be reversed for certain consumers under
dual regulation. Cowan (19978 compares the dynamic case for three different types of regulatory
constraints: average revenue, Laspeyres base weighted tariff basket constraint and the average
revenue lagged regulation first studied by Sappington and Sibley (1992. He wnfirms that the
average revenue lagged constraint and average revenue may not only be inefficient but are likely to
reduce overal levels of welfare, while alLaspeyres index based constraint can induce dficient prices
even when the firm is not myopic.

The paper is dructured as follows; the first sedion develops a simple model of averticdly structured
market in which two firms, a downstream (eledricity) and upstream (gas), provide inpus to the fina
product. Eadh firm is regulated with the regulator’s remit extending as far as its respedive industry.
Sedion two examines comparative statics for optimal prices, finding that tightening the downstrean
(eledricity) regulatory constraint increases eledricity prices to high cost consumers confirming
previous literature. However, tightening the upstream industry constraint (gas transmisson) allows a
relaxation in the downstream regulatory constraint. For some ansumers this effed dominates and
reverses the previous process causing lower prices contrary to the findingsin previous literature. The
final sedion analyses the welfare impad of tighter constraints and compares them to a market where



the two regulators are integrated.? It shows that dual regulation dives a more interesting result than
simply an example of the theory of the second lLest. Unlike the standard theory that assumes
exogenots distortions, the two regulators may compete strategicdly and consciously introduce sub-
optimal distortions in the other market to maximise their own consumer’s welfare. As such, this
problemis a spedal case of the theory of the second kest where agents choose the level of distortion.
Welfare in the two industries may only be maximised under joint regulation groviding econamic
justification beyond simple st savings into regulatory mergers.

Section 1: A Model of Dual Vertical Regulation in Electricity

This paper analyses generation d eledricity using ges rather than ather fuels auch as ail or coal for
two main reasons. First and primarily, the latter two inpus do nd involve transmisson regulatory
constraints, seaondy, new gas powered generation gants are rising in incidence relative to ather
techndogies.® Given gas generation, eledricity delivered to consumers requires inpus from both the
gas network (for generation) and the dedricity network which we consider in turn.

The gas market is modelled as two groups of users with independent demands; those using ges for
eledricity generation and those using gas for all other purposes (gas consumers). The segmentation d
the market into dred consumers and generators predsely defines the gas regulator’s remit; welfare
of al firms or consumers conreded to the gas transmisgon retwork. The gas transmisgon agent
suppdies gas to bah dreda consumers and generators in the propation 1-6 and 6 respedively. The
network is modelled by a cntinuum of supdy points (generators and consumers) distributed
uniformly on a straight line of distance G [ [0, »).* The gas supgy origin (the beachhea) is stuated
at G = 0. The gas transmisgon agent charges an identicd price structure for bath dred consumers
and generators that increases with dstance from the suppy origin. The total distance served by the
gas transmisson agent is denoted g,. At the point G = gy the transmisson pice is equal to the
maximum price any consumer is willi ng to pay, resulting in a demand for gas equal to 0.

The seaond retwork transmits the generated eledricity from the generator (G) to eledricity supfiers
located some geographic distance (x) from the generator. These suppiers are again dstributed
cortinuowsly and unformly acossthe dedricity network represented by a line of distance x O [G,
). As gas transmisgon, the dedricity transmisson agent’s market distance is defined by the point
O At this paint the price of transmissonis sufficiently high enough to reduce @nsumer demand for
eledricity to O thus q{o;) = 0. The framework of both these networks and their interadions is
illustrated in figure 1.1.In this smple model, locaions are taken to focus on the chaoices of prices and
distance served. The verticd model is lved using badkward induwction. First the downstream
consumer market demand is lved in terms of the endagenous upstrean parameters and then ead
upstrean element eledricity, generation and gas respedively are solved taking all precaling prices,
distances and quantiti es demanded as given.

Figurel.1
Spatial Set-up of Model.

% This senario is particularly relevant in the mntext of the UK when Ofgas and Offer were cmbined to creae a
singe regulatory body Ofgemin 1999

® The oil or coal problem may be thought of as a more spedfic case where the input is no longer regulated and
competition exists within the transmisgon (i.e. freight transport).

“ Whilst in redity supply points are discretely distributed acrossdistance, a continuous distribution simplifies the
problem, retaining the key element of an increasing transmisgon costs with distance
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Looking first at the consumer eledricity markets. The supgier points are uniformly distributed and
serve identicd aggregate consumer demands gs(ps) over distance x. This assumes that aggregate
consumer demand is the same regardless of its location. For simplicity demand is modelled by a
simple linea function for eledricity consumers within eat supgdier market in the form of gs = a - ps.
For ead supdier point it is assumed there ae & least two or more firms competing for aggregate
consumer demand. Under the beliefs that; suppier fixed costs are small, eledricity is homogeneous,
firms compete in price ad there ae no cgoadty constraints within a given supdy market, it is
consistent with theory to use Bertrand competition® Supgier's price per unit of eledricity to
consumersis ps = pe + Pe (x-G). Where; pg is the aost of generated eledricity per unit of eledricity,
P is the aost of transporting one unit of eledricity one unit of distance, x is the locaion d the
supdier (asumed to be to the right of the generator) and G is the distance from the generator to the
sourceof gas (G-0).

The generator market is charaderised by a number of generation nods ead containing one generator
prodwcing eledricity at cost for a range of supgiers. This is comparable with redity in which the
eledricity national grid is arranged into a number of generation nogks ead hidding generation
cgpadty into a pod. Currently England and Wales use apod system to price generator’s outpui,
where generators compete by bidding suppy prices for different times of the day. Like the suppier
element the generation element of the model is smplified assuming small costs of starting up a
shutting down generation cgpadty, no cgpadty constraints, identicad cost structures and no
collusion® The aldtional but nonessential simplifying assumptions of constant one for one
production function gas to eledricity and a gas unit cost of 0 are made. Under such assumptions
generators bid the dedricity supdy price down to a marginal cost equal to the st of gas
transmisgon to the generator, ps = Gpy.

Asinredity the dedricity transmisgon agent carrying the dedricity from generator to supdiersisa
monopdy. It charges a price of pe per unit per distance of eledricity transmitted and incurs a st of
Te per unit per distance Total profit for the dedricity transmisson agent is thus equal to total
revenue pe gs (x-G) minus costs T gs (X-G) in ead generation nock between G and oe.

)

T, = 1[{( P, - T.)a,(x— G)tdx

®> This smplificaion can be relaxed dtill | eaving the paper’s main findings unchanged. Assuming Cournot or
differentiated price mmpetition merely adds another layer of marginalisation to the problem, reducing total
welfare but leaving the diredion of the main findings unchanged. The model concentrates on the impad of the
two regulatory constraints rather than supply competiti on and for this reason Bertrand competiti on is assumed.

® Whil st these assumptions are perhaps urredistic, the alditional complication of different forms of competition
does not change the main results of this paper (seeprevious footnote).



Asin the UK firms monopoly electricity transmission is regulated via an average revenue constraint.
Thus total revenue over total output (average revenue), must be less than or equal to some
exogenously determined electricity average revenue constraint AR..

Oe Oe

AR, 2 j [P.ds(X—G)] dx/ j [q,] dx

Solving for the optimal pe and ge in terms of the unsolved gas parameters and exogenous parameters
is a relatively straightforward problem and relegated to appendix 1. Using these solutions the
upstream gas variables can be solved for in terms of only the exogenous parameters. For gas
consumer demand we assume a similar linear form to consumer electricity demand incorporating the
fact there is no gas supply cost. Thus the quantity demanded is simply the intercept minus the
delivered price of gas, g3 = a — Gp,. Total demand for gas transmission is thus the weighted
summation of gas consumer demand and total generator demand Qs (as determined in appendix 1)
over all gas nodes. Gas transmission agents total profit function over all gas supply pointsis thus;

g, g,

7, =0 [Q.6(p, ~T,)dG +(1-6) [4,6(p, ~T,)dG

Like the electricity transmission agent the gas transmission firm is subject to an average revenue
constraint made up of the two revenue sources;

Ty Ty Ty Ty

AR, = (6 [(P, Q.) dG+(1-6) [(p, 9,0) dG)/ (8 [(Q,) 4G+ (1-6) [(4,) dO)

The solution methodology is identical to that of the electricity transmission agent; first solve for
optimal price in terms of distance, under the knowledge that dL/0p; must be egual to O for all
generators supdied. Use this to substitute into the gas regulatory constraint and solve for the
lagrangian A,. Once ajain the workings are relegated to appendix 2 with the final solutions $own
and analysed in the next sedion.

Section 2: Analysis of Regulatory Constraints on Prices

This ®dion examines comparative statics for the optimal prices lved previously. As lved for in
appendix 2, ogdimal distance served by the gas transmisgon agent is gy = 3ARy/2T, and priceof gasin
terms of distanceis;

py= T8 AR,) 90ARCT, , L[BAR -a 96AR’ E
AR, AR, (96AR, +8T,(1-0)) GH 2 (96AR, +8T_(1-6))
Note & long as the gas constraint is not ‘too tight' optimal price is nortlinea and dedining in
distance from the generator (G).” This contrasts with previously mentioned literature by Bradley and
Price (1988, Law (1995, and Cowan (19979), all of which derive alinea price of the finished good
intheformof p= a+ BG. The mntrast derives from the fad that py is the transmisson grice per unit
distance whil st the fore mentioned authors examine afinal delivered price to consumers. At small
distances from the bead hea, it is optimal for the transmisgon agent to charge arelatively high

" Tootight is defined as AR, < a/3 a which point the differential op,/6AR. becomes positive. This point is where
the regulatory constraint is so restrictive that it forces the transmission agent to adopt negative prices for some
markets in order to reduce the average revenue to below the constrained level.



price per unit distance as total distance is very low and hence the total cost to consumers is aso
small. At distances further from G it is optimal to reduce the price per unit distance as the total cost
for consumers will be much higher. (see figure 2.1a) This ability to price discriminate means the firm
is able to sell, albeit at a much lower margin, to consumer markets at larger distances than under a
uniform price. Note, the firm never sells below Te(a-AR-Gpg)/ARy but becomes tangentially close to
this as distance tends to g’

Looking at the generator weightings shows that as the proportion of gas transmission dedicated to
generators (0) increases, the price of gas decreases at all distances. This is intuitive as gas
transmission is only a part of the costs of consumers (the other part being electricity transmission).
Hence a greater proportion of the gas transmission agents demand is derived from the lower
reservation price downstream industry. One way of thinking of this, is as if the residual demand for
gas transmission becomes smaller as the number of generators increase.

Proposition 1:

For the upstream industry tightening either the upstream or downstream regulatory constraint
results in higher prices to ‘high cost generators/consumers, lower prices to ‘low cost
generators/consumers and afall in the market distance served.

Proposition one is proved simply through the use of comparative statics. Setting opy/0AR. = 0 and
O0py/0ARy = 0 and solving for distance G provides the paint at which the new and dd gas prices
intercept, and hencethe point at which the impad of a change in the mnstraint reverses. These points
for gas and eledricity respedively are;

9AR +8T.a1-0) 4= AR

G=
7”R S6AR (a- AR) +8T.a(1=6) 27

_10
L%
9 3

The two padnts are denoted 144 and 14, respedively for usein later analysis.” Whil st these two pants
are different, for the purpose of referral and propcsition ore, generators/consumers at distances
greder (smaller) than tg4 and 14 are termed as *high’ (‘ low’) cost generators/consumers. For ‘high’
cost generators/consumers both dpy/0AR, <0 and 0py/0AR. < 0, hence tightening the respedive
constraint increases prices. The oppaite is true for ‘low’ cost generators/consumers. Finaly it is
straightforward to show that both dfferentials 0oy /0ARy and dg, /0AR, are negative and tightening
either constraint reduces the market supgied, proving propasition ore.

The intuition behind this result is smilar to previous literature; as the average revenue nstraint on
gas or eledricity tightens, it restricts (either diredly via the gas constraint or indiredly via the
eledricity transmisgon constraint) the total revenue the gas transmisson agent can make. Given this
restriction onaverage revenue, the gas transmisson agent increases the anount sold to low cost/low
revenue suppdy nodes close to the gas origin by lowering their price Those supdy poaints further
away face a increasing pricefor two reasons, firstly to restrict the quantity sold to high revenue and
low profit generation nodks, and secondy to maintain the average profitability of these further
generation nodks. It isworth kriefly examining the generator price a, being a delivered price per unit
(rather than a unit per distanceprice) lineaisesit to asimilar form as existing literature.

3AR -2 9AR LHe@-AR) _ BART,
2 (%AR +8T,(1-6)) H AR, AR, (9AR  +8T,(1-6))

pG =Gpg =

Note that tightening the mnstraints on this lineaised price has of course the same impad as that of

8 In the unconstrained case (which is left for the reader to verify), this‘pricefloor’ is smply the st Te.
%It is useful to note for later analysisthat 144 < 0y [0 8< 1 usingthe fad that (a —AR. - AR)) > 0.



the nonlinea price and tightening the anstraint increases price for high cost generation padnts and
reduces price low cost. The impads of tightening the cnstraint on the norlinea transmisson and
linea generation price aeill ustrated in figure 2.1a,b.

Figure2.1a,b
Changein Non-Linear Gasand Linear Generation Price with Tightening of ARy or AR, Constraint
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Looking at a tightening of the downstream (eledricity) constraint on the dedricity transmisson
indwstry; solving for the dedricity transmisson griceyields intercept and slope terms both dependent
and independent on the number of generators 6;

_ ART.(3a-3AR, -2AR,) - 2GTT.(a- AR)) _ 9ART, (AR, —2GT,)

¢ 4ARAR, 2AR (96AR, +8T,(L-6))
,[BGT,(a-AR)-3AR (a- AR -2AR))  9ARI(AR, -2GT,) 1
4AR, 4AR,(9AR, +8T,(1-0)) X -G [

The optimal market size (o) for the dedricity transmisson agent to supfy is (2GT, + 3AR.)/2T..
Like Bradley and Price (1988, the optimal size of the market is not a function o the level of demand
(a) nor (spedfic to this paper), the price of gas transmisson p,. Intuitively one would exped that as
the gas priceincreases, so will generation price and hence supgier costs. For this reason it might be
expeded that the size of the market supgied would be afunction d p, as well as the exogenous cost
of transmisson. The explanation to this courter intuition lies in the price of gas as a function d the
binding AR. (see guation x.x). Asthe price of gas increases over time, so must the level of AR, else
at some future point the mnstraint no longer binds, this causes o, to fall in line with intuition.

Like the transmisson price for gas the dedricity transmisson price is nonlinea in distance from
generator to supfier (x-G). Again it is instructive to rearange the dedricity priceinto alinea form
for analysis. Thisis most efficiently dore by reinsertion bad into the equation for ps and rearranging
to yield the delivered consumer price per eledricity unit at ead dstance (x-G). Again the equationis
arranged in terms of an intercept term (as) and slope wefficient (Bs).

_6GT,(a- AR) - AR (52-6AR -9AR))  276AR(AR -2GT,)

) 4AR, 4AR, (9%AR, +8T,(1-0))
FAR,(32-3AR, -2AR) -2GT,(a- AR,)  9%AR(AR, -2GT,) (x-G)
2AR AR, 2AR, (%AR, +8T,(1-6)) °

Proposition 2
For the downstream industry tightening the downstream industry constraint has the same result as



propasition ore, thus raising prices to ‘high’ cost customers and lowering prices to ‘low cost
consumers and afall i n the market distance served.

Propasition 2is proved using comparative statics. Analysing changes in the dedricity transmisson
constraint shows; da/0AR, > 0 O G < g, thus the intercept supdy price is deaeasing as the
constraint (AR.) becomes tighter. Diff erentiating the third term of ps with resped to AR, 08J/0AR. <
0 O G < gy In this case tightening the AR, constraint increases the suppy price slope wefficient.
Like gas transmisson, the counerading effeds of the change in slope wefficient and intercept point
causes an anticlockwise rotation in the priceline @ou the point where dpJ/0AR, = 0 denoted Tee. AS
in propasition 1those ansumers to the left of this point are denated ‘low’ cost consumers whil st
those to the right are denoted ‘high' cost consumers. This proves propasition 2.

The intuition behind the impad of atightening average revenue anstraint for eledricity transmisson
is the same @& the previously discussd gas constraint. As the dedricity constraint beames tighter,
the transmisson agent is forced to reduce its average revenue, raising the price of those mnsumers
furthest away which generate the lease anourt of profit as aratio of revenue, and lowering the price
of the lower revenue suppiers closest.

Proposition 3

For the downstream industry tightening the upstream industry constraint resultsin:

(i) All consumersin‘Low cost generation nocks (those to the left of 7,) facelower prices.

(i) All consumersin‘High' cost generators nodes (those to theright of 7,4) facehigher prices.

The proof of propcsition 3is again ssimple and demonstrated via use of comparative statics on the
consumer price Differentiating the intersedion terms (the first two terms) and the slope term of ps
with resped to AR, shows (after some manipulation) daJoAR; > 0 and 0BJ0AR; < 0, 0 G < Ty,
These murterading impads crede a ati-clockwise movement aroundthe point where opJ/oAR; = 0
denoted 75,4. Solving for this point yields the total market distance for consumers srved .. This
movement around o, reduces prices for al consumers and poves part (i). Returning to the
comparative statics, 0a/0AR; < 0 and 0BJO0AR, > 0, 0 G > 144 These murterading effeds crede a
clockwise movement around 7,4 Which again when solved for yields g.. This movement increases
pricesto all consumers within the generation nodt and proves part (ii). Figure 2.2ill ustrates this.

Figure2.2
The Effect of Generator Location on the Impact of Tightening ARy on Consumer Prices
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The reason for this relates to propositions 1 and 2. For generation nods to the left of 744, the gas
transmisson priceis fali ng, thus generation piceis falling for al distances. As supgier demand is
an inverse function d generation price, consumer aggregate demand rises. The higher demand at all
consumer nodes pushes average revenue past the dedricity regulatory constrained level. From
propasition two, the optimal resporse to come badk within the constraint is to raise the price of
distant ‘costly’ consumers, and reduce price to nea ‘low’ cost supdiers. Given opimal market
distance ¢ is fixed this means consumers prices can orly fall, reducing average revenue to move
badk within the constraint (seeleft hand side of fig 2.2). For generation nods to the right of 744 gas
transmisson frice is increasing, thus reduce agregate consumer demand. This demand reduction
shifts the dedricity transmisson agent well within the transmisson regulatory constraint. This dhift
permits a move bad towards the aconstraint by raising prices to those dosest and reducing prices to
those furthest away. Again as o, is fixed, all prices incresse to takes the firm closer to the
unconstrained optimum.

Concluding, this ®dion has established that where adual regulatory regime exists, the downstream
(eledricity) regulatory regime impads consumer pricesin a similar fashion to previous literature (ie
Bradley and Price (1990, Law (1996 and Cowan (1997). The impad of upstream product
regulation onconsumer prices depends on the location d the final consumers. In all cases prices for
high ‘cost’ consumers are relatively constant, gaining neither the benefits nor the csts of an
upstream regulatory change.

Section 3: The Optimal Welfare Levels of Dual Regulation:

Sedion two showed the finding of previous literature; tightening the price @nstraint reduces the
‘nea’ consumer price and increases ‘far’ consumer prices, is not generaly true. In this £dion the
welfare dfeds of constraint changes are analysed to determine who benefits from a tightening
constraint. Secondy it analyses the more important question o whether independent regulators
maximise welfare, or whether independent regulatory regimes leads them to compete for consumer
welfare resulting in lower overall welfare relative to a @-operative regime. To solve these questions
this sdion is dructured as follows; first consumer and prodwcer gas welfare ae determined and
differentiated to yield the gas regulator’s readion function to changes in the dedricity constraint. A
similar readion function for the gas consumer industry is constructed to determine how the optimum
gas constraint changes with the dedricity constraint. These two functions are treaed as Cournact
response functions and solved for the Nash equili brium regulatory solution. Numericd simulations
are used to examine the welfare levels under this Nash solution. This is then compared to welfare in
the cae where asingle regulator maximises bath gas and eledricity constraints over total welfare
within the network.™

Determination of Separate Regulators Nash Solution

Asin redity regulators generally look to maximise welfare within their own industry. Thus the gas
regulator maximises welfare only within the gas network, whilst the dedricity regulator maximises
within the dedricity network. Both regulators are avare of the impad that changing their respedive
average revenue mnstraints have uponead aher and for this reason their interadion may be thought
of in terms of Nash readion functions. The gas regulator’s readion function depends upon the
measure of econamic welfare the regulator chocses to optimise the regulatory constraint to. This
paper uses a standard total welfare function d the form TW, = CS; + @rg, where @ is the weighting
given to transmisson profits. Gas consumer surplus aaossall gas markets (CS)) is™t

19t is important to note that combining these two constraints into a single cnstraint and maximising welfare
would ignore the industry structure. As the two transmisson companies are separate ajents even urder a singe
regulatory authority, they require separate wnstraints.

1 Although generators are ‘ consumers’ of gas, under the assumption of bertrand competiti on they make O profits
and thus are not included within the gas consumer surplus. The dedricity consumers which they sell onto are



- 1-0) [La-py)a,do= PRE O Go_agye,  ZOAR L 3L
Cs, = (L e)lz(a Py)dydG=— ga AR;) " [96AR. +8T_(1-0)]°F oD

g

When 6 = 1 (no gas consumers), gas consumer welfare to 0. At the other extreme, setting 6 to O
equates market of only consumers and drops the secondterm with the bradkets.

Proposition 4.
An ‘Overly' tight gas regulatory constraint reduces gas consumer welfare.

Proof of propasition four is again through simple comparative statics. Differentiating gas consumer
surplus firstly with resped to its own gas constraint shows that CS; is increasing as AR, becomes
tighter. Solving for 0CS, /0AR, = 0 yields two roats the first of which is a maximum the second a
minimum. To the left of the maximum point, which is defined as ‘overly’ tight for the purpose of
propasition 4,0CS,/0AR, > 0 and hencefurther deareases in the gas constraint reduces welfare*?

The intuition d propasition 4can be seen through propasition 1. Tightening AR, increases prices to
the highest cost customers and reduces prices for low cost consumers. Secondy the total distance
served falls, effedively removing some consumers from the market. Moving from low levels of
constraint, the gains from the low cost consumers outweigh the losses, hovever at a cetain pdnt
(past which the mnstraint is‘overly’ tight) these losses outweigh the benefits. This result verifies that
shown in Law 1995 and Cowan 199&. Gas transmisgon agent’s profits are derived from baoth the
generator and consumer sedorsin the ratios of 6 and (1-8) respedively.

Iy Iy

7, = (1-6) [(GR, ~T,)Ga,0G+6 [ (p, ~T,)GQG

FP(a+3AR-4T))(a-AR)AR  8ARARB(a+AR -4T) H

-6 64T 3217[%AR +8T.(1-6)] 1
QHBI.a—ARg)AReAFg . 27AR. AR [2T6ARAR, +16aT,(1-6)] H 243AR0°AR (1-6)(9AR,~8T,)
H 1287 128 T [9AR +8T,(1-0)]  H  64T.T,[9AR +8T.(1-6)]

Whil st gas transmisson profit looks messy, taking either of the extremes of 6 = 1 or O removes two
out of the threeterms. Under the assumption that the gas constraint is binding, gas profits are dways
deaeasing with the average revenue gas constraint, thus 07g/0AR, > 0. Note that as the optimal prices
are functions of both the mnstraints, so the level of profit will also be related to the level of both
constraints. Both consumer and podwce welfare levels are graphicaly ill ustrated in Appendix 3
Combining these mnsumer and podwe welfare dements into a weighted average dlows the
derivation d the best resporse function for total gas welfare. This is dore through solving the
differential OTWy/OARy is for AR,. Unfortunately, the complexity of the best resporse is such that an
analyticd solutionis nat possble, however it is aufficient to na that such a solution exists and denate
it asARgaS*(AR), returning to it to solve for numericd solutions later.

Now a best resporse has been foundfor the gas regulator, it remain to solve for the best resporse
function for the dedricity regulator to find the Nash equili brium regulatory solution. Looking first at
eledricity consumer surplus, within ead generation noce thisis:

included in the dedricity consumer surplus.
12 This p0| ntis 2/3_,_\/[%3 +8T, 1-6) —%AR?][%AR +8T, (1_9)-@#] /:{%O‘R +8T, (1_9)] s mpll fyl ngto a/3fore=1.
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D'e l
C§(0)= [5adx
G

_9 6AR’(a- AR, —AR)*(2GT, -3AR)’ 9 AR(1-6)’[(a- AR)(2GT, -3AR) + 2T, AR AR]*
64 TARARETA-OF T.AR[96AR +8T,(1-6)"

Proposition 5

For a gven downstream nock tightening the upstream industry constraint resultsin:
(i) ‘Low’ cost generators (those to the left of 1,,) seewelfare strictly increasing.
(i) High' cost generators (those to the right of 7,4) seewelfare strictly falli ng.

Proof of propasition 5can be dorein either of two ways. The simplest isto recdl propdsitionthreein
that for generation noaks to the left (right) of 144 prices are dedining (increasing) for all consumers.
This smple proof can be verified by cheding the differential 0CS/0AR; and solving it equal to Ofor
distance G. The result is G = 144 further manipulation d the differential verifies that if G < 144
welfare is increasing and vice versa. Total eledricity consumer welfare is consumer welfare in a
single generation market integrated acrossall generation markets srved.

040,

cs.=o[ [ %(a— p.)a. G

_2436AR,AR(a- AR))(@- AR, ~2AR) 27 256ART.(1-6)° + 276AR[9AR, + 8T, (1- )]
128 T,T. 128 T,T.[96AR, +8T,(1-6)]?

Similar to propasition 4, dfferentiating CS, with resped to AR, provides a @ndtion that depends
uponthe relative levels of the two constraints rather than the distance of the generation noce from the
gas updy. Up to the optimum point consumer welfare is increasing with the tightening of AR, and
after this point deaeasing (seefig A3.3in Appendix 3). Unfortunately analytica solutions for the
eledricity regulator’s best resporse with a palynomial of this magnitude ae ajain na posshle and
numericd simulations are run ory on the weighted regulatory readion function. The dedricity
transmisson agent’ s profits are;

990,

Tt :ejol‘([ (peqs _Teqs)(X_G)d)dG

_27 @%%AI{(B&—SA% ~4AR) | WAR E

128 T,T, T,T.[9%AR +8T,(1-0)]

Similar to gas, when the dedricity constraint is binding eledricity profits are dedining with tighter
gas constraints, 07g/0AR, > 0. (seefig A3.4 in Appendix 3). Total welfare in the dedricity industry is
a weighted combination o consumer surplus and pofits. TW, = CS, + ¢@re. Taking the differential
O0TW/OAR. and solving for AR, yields the dedricity regulator’s best response function for any given
level of gas constraint. Again the solution to the derivative of total welfare with resped to AR is a
higher order paynomial in AR, and analyticd solutions are not possble. However to determine the
relative dficiency of the two regulatory structuresit is sufficient to nae that a best resporse function
AR. (AR,) exists and can be solved via numerica solutions. Appendix 4 uses the simplification 8 = 1
to olktain analyticd answers and give some intuition behind the results.

Nash Regulatory Sdution

With bah regulator’s readion functions identified, the mathematicd padkages Maple has been used
to solve them simultaneously for numericd solutions and cerive the optimal constraints for both
regulators using the parameters discussed in appendix 3. These ae shownin table 3.1
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Table 3.1 Optimal Regulation for Separate Regulatory Regimes

Welfare Weight (¢ AR, AR W, TW, TW,+ TW,
0 0.34 0.22 0.58 0.93 151
1/20 0.46 0.19 0.72 0.72 144
1/10 0.59 0.14 0.93 0.40 133

Fora=1, T, = 2/45, Tys= 4/45 6= 4/10

When @increases, the dedricity constraint becomes tighter. Here there ae two effeds working, the
first is the same & the gas constraint; the wnstraint loasens as firm's profits are included into
welfare. However the it is ssoond indired effed via the loosening gas constraint that is dominant.
Thisisillustrated by plotting the iso-welfare aurves for the relationship between the two constraints
infigure3.1.

Figure3.1 Figure3.2
Electricity | so-Total Welfare Curves Total Weighted Welfare with Constraints

AR/ (ARy)

ARyl | /7 \ T Electricity
“H-\_\:‘\\‘ |so-Welfare 34
e
. Total 2.5
\\ Weighted 24
-, Welfare 1 51
\ $ ' b
\ ~
J 0.54 .
_——:_’: o 07 07
N - - e
0 AR, Elec. 0375 0
Constraint 01 0.1 Constraint

Joining the tangency paints to the gas iso-welfare airves ill ustrates the best resporse line denated by
ARe*(ARg). Unlike normal readion functions, the optimum movement along the line depends upon
whether the movement is to the left or right of the dedricity regulators optimum point. When looking
at table 3.1the gas constraint is dadening, and translates to a movement to the right of the optimum.
The best resporse is then to tighten the dedricity constraint to move to the highest possble iso-
welfare arve, hovever both from the diagram and table we note that the new iso-welfare arve is
lower than the previous. This interadion shows why relaxing the gas constraint causes a tightening of
the dedricity constraint and lowering of eledricity welfare.

Joint Optimum

Now the Nash ogimum solution is established, it can be wmpared with a a-operative eguili brium.
The m-operative ajuili brium is the eguivalent of having the two regulators joining and maximising
joint welfare acossboth industries rather than simply maximising their own consumer’s welfare &
previoudly. In this case total joint welfare is smply; TW = CS + CS; + @7 +7g). Maximising total
welfare is nolonger a strategic game & there is only one player who simultaneously maximises bath
the cnstraints aaoss the two transmisgon indwstries. The joint regulatory optimum is determined
where 0TWIOAR. = 0TWIOARy = 0. Again, as the solutions are higher order polynomials and
analytical solutions are not possible, numerical solutions are used for illustration and comparison.
Using the previous parameters, fig 3.2 illustrates how the two constraints interact to determine the
total welfare within the system.

3 For levels of ¢ >1/10, the gas regulatory constraint is no longer binding and thus such values are not
considered.
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The optimal constraints and welfare ae sensitive to the two industry infrastructure parameters 6 and
@ As the number of generators (0) increase, the optimal joint constraints converge & the two
industries become increasingly integrated. As @tends towards O, the relationship between constraints
and welfare will tend away from the mnsumer welfare figures and towards the produce welfare
figures ill ustrated in appendix 3. Like previoudly, total weighted welfare is aubjed to the binding
condtion for gas (equation X) ruling out the tail as afeasible solution. Numericd solutions using the
same parameters in the previous sdions are ill ustrated in Table 3.2. This shows that when the two
constraints are determined simultaneously by a single regulatory body, the levels of constraints are
much closer to eat ather than in the separate regimes.

Table 3.2 Optimal Regulation for Joint Regimes

Weight (¢ ARy ARe TW TWe TWy+ TW, | Relative Gain
0 0.27 0.25 0.56 1.00 1.56 4%
1/20 0.30 0.25 0.67 101 1.68 16%
1/10 0.32 0.25 081 1.00 181 35%

Fora=1, T, = 2/45, Tys= 4/45 6= 4/10

Proposition 6

Integrating the two regulators with overlapping vertical markets, creates welfare efficiency gains
relative to two independent regulators.

The last column o table 3.2 shows the welfare gain in changing the regulatory system from a
separate regime to an integrated regime. Perhaps the 4% figure is the most redistic under the
asumption that regulators generaly concern themselves with consumer welfare and nd profit.
However, this 4% increase in welfare shoud be taken as a lower estimate for the following reason. It
likely that the ratio of transmisson costs of gas and eledricity to reservation price dosenisan upper
bound,lower ratios generate higher welfare gains in switching regulatory regimes regardless of the
level of @ Thisis because lower costs tighten the gas constraint under a joint regime but relax it to a
sub-optimal level under the separate regime.

The gains in welfare by moving to a joint regulatory regime is not just a nice example of Lipsey and
Lancaster’ s theory of the second kest applying to regulation, although clealy thisis the resson why a
change in ore indwstry effeds the other. Where regulators regimes overlap as in the dedricity
indwstry, the overlap may drive regulators towards indiredly competing with ead ather to ensure
maximisation d their own consumer’'s welfare. The regulators have nflicting aims. Withou
explicitly taking acount of the impad they have on ead aher's markets, overall welfare is
deaeased. Only through explicitly looking at both own consumer welfare, and the impad that a
change in the @nstraint has on the other sedor, will regulators be &le to oltain the higher levels of
joint welfare maximisation. This reasons provide strong ecnamic justificaion for the joining of the
UK gas and eledricity regulatory bodes OFGAS and OFFER under a single regulator OFGEM
beyond simple bureaucragy cost reduction. Even when strong pdliticd or institutional reasons for
separate regulators to exist, the result lends sgnificant impetus for the two departments to work
closely together, passbly bringing in ather regulatory regimes when their regulatory remits overlap.

Conclusion

The model of dual inpu regulation for a final product presented within this paper provides sme
interesting results. In sedion two it established two main results. Firstly, changing the upstrean
(eledricity) regulatory regime impads upstream prices in an similar fashion to past literature with a
single regulatory institution. Tightening the upstrean average revenue nstraint forces the
transmisson firm to restrict sales to high cost and hence high revenue consumer markets far from the
generator by raising their price of transmisson, and lowering demand. Secondy, the downstream
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product regulation has an impad on consumer prices different to previous literature such as Bradley
and Price, Law and Cowan. Tightening the downstream constraint (gas transmisgon) increases the
priceof gastransmisgon for al ‘distant’ high cost generators. This causes afall in generator demand
which reduces the average revenue for the dedricity transmisson agent. The fal in average revenue
alows the dedricity transmisgon agent to kring its price structure doser to the unconstrained profit
maximum thus increasing prices for all consumers. Thus tighter upstream regulation raises all
downstream consumer prices for ‘distant’ generators. The oppasite dfed occursfor nea generators.

Sedion threehas two main results. At abasic level, the result that the regulatory regimes are dosely
interrelated is a niceill ustration d Lipsey and Lancaster’s theory of the second test in regulation. It
isnot optimal for aregulator to merely maximise cnsumer welfare looking at the single transmisson
market it governs. It must look at both transmisson markets and co-operate with the other regulator
to ensure & best a joint maximum welfare, and at second lest a minimisation d the other regimes
distortion. Secondy, merely taking acournt of the other regulator’'s impad on the own market
optimal constraint does not ensure maximisation d welfare. This paper shows overlapping regulatory
regimes provides a framework in which regulators reduce overal welfare for society in order to
compete for own consumer’s welfare. Only when regulators explicitly look to maximise joint welfare
will the optimum solution for the combined markets be reatied. Numericd solutions owed that
simply maximising own consumer welfare results in a 4% lower welfare relative to a joint regime.
This figure increases as the level of overlap between regimes increases and as ome degree of
producer welfare is taken into acourt. Whil st 4% does not soundlike alarge welfare increase, it isa
lower bound. More importantly when it is redised that the UK market for gas and eledricity is
measure in the tens of billi ons of pounds, even afigure of 4% bemmes very substantial indeed.
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Appendix 1

Combining eledricity profit and constraint into a lagrangian enables first order condtions for o, pe
and A, to be derived.

g g g

L. = f{( P. ds(X=G) =T, (x=G)}dx + A (AR, f[qs] dx — f[ PO (Xx-G)dx) (D)

Noting gs = f(ps,Ps(Py)), that is aggregate consumer demand is a function d supgier and generation
(in turn a function d gas) prices, Suppy demand can be rewritten in terms of generation and
eledricity price & gs = a- Gpy + pe(x-G). At the profit maximising level of price a global maximum
(0L/0pe = 0) aaossal suppier markets exists only where every individual suppier market is at a
locd maximum. The dedricity transmisgon agent’s locd maxima for eat market is derived through
diff erentiating with resped to p., a agiven x, (thus droppng the integrals) and solving for pe;

Pe = Te + a pg _ AlARe (2)

21-21) x-G 2(1-A)(X-G)

The range of the market the dedricity transmisgon agent is derived via the first order condtion for
Oe Using the integrated lagrangian (equation 1). Thisyields:

Lo _{a-A)p. ~T.)o. ~G) + A AR Ja- p.(0. ~G) - Gp,]

Jdo,
Solving the first order condtions for g, and pe (0c), where & the optimal distance served pe(x) =
P02, yields results for the optimal g, and grice d this point, pe(oe);
—_ J— + —_
O_e — (1 Al)(a Gpg) /\lARe + G , pe(ae) - Te (a Gpg)

Te 1-A)(a-Gpy) + A, AR,
Finally deriving the first order condtion 6L/6A;, and substituting for the optimal price & a function
of distance (2), the optimal distance served (3a) in terms of A;, setting equal to 0 and solving for A;
yields two distinct roats. The first is identified as a minimum through re-insertion into the lagrangian

function, whil st the second, identified as a maximum in the same manner, is;

I . (4

2(a- AR, —Gp,)

Given a > AR, +Gp, for al positive gs, A; is constrained to be lessthan 1 (similar to Waterson's
(1992 result). At the optimum, a small change in AR, results in a diange of A; to profit. Solving for
AR. when A=0, derives the value for which the dedricity average revenue cnstraint is binding at
AR. = 2/3(a - Gpy). Where AR. is greder, the unconstrained monopdy price is lower than the
constrained monopdy price andit is both ogimal and feasible for the transmisgon firm to charge the
unconstrained monopdy price Substituting for the solved A; and rearranging determines the optimal
pe with dstance andtotal distanceserved o,
_ T.(a- AR, - Gp,) L2 AR, —Gp, o= 2GT, +3AR, (5a,b)
AR x-G 2T

As eledricity transmisson cost (Te) rise, the optimal distance served (oe) fals and the final price

Pe(0e) rises, in line with intuition. Substituting p. badk into the equationfor final priceyields;

T.(x-G)(@- AR, ~Gp,) ©
AR,

Finaly total generation demand in ead node, denoted Q, is smply the summation d demand in all

generation nods thus;

(3a,b)

e

ps= SGpg '1'316\Re —a+t

:9ARe(a— AR, -Gp,)
8T

e

(7)

Q. = [a,dx
G

Appendix 2.
The gas Lagrangian is aweighted propation d generators and consumers within the gas market;
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L, =6 [QG(p, ~T,)}IG+(1-6) [4G(P, ~T,)dG+

U Jg Jg B— Jg Jg
(AR [(Q) dG+(1-6) [(q,) dGH-L6 [(p,Q0) dG+(1-6) [(p,q,0) dG
S e - s o

Substituting for Qs, (6) differentiating the dedricity Lagrangian withou the integrals with resped to
py and solving for py in terms of G and A, yields,

T a-AR)1-A,)-AA a)l-A,)-AA
0@ AR AAR o @0-A)-LAR,

= (8)
2(1-1,) 2G(1-1,) 2G(1-1,)

Pg

To solve for the optimal distance that is supgied by the gas transmisson agent set oL/ogy = O,
yielding first order condtionfor gy in terms of A,and py:

Jo 1-A,)o,p, +AAR -0 T

i &E‘ e Al @(1—6)(61—09 b, ~AR)+08T,(a-,p,))  (9)
Setting G = gy and solving equetions 8 and 9 simultaneously yields weighted expressons for total
distance served gyin terms of A, and the optimal price of gas at the furthest point served;

04(0) = 6 T,(@-AR) +(1-6) T,a o = 1-A)a+A,AR, s 1-1,)AR6
o\ Og (1-A)@-AR)+A,AR, (1-A,)a+A,AR 1 Og T T

Finally to solve for A, in terms of the exogenous parameters substitute the optimal gy and py in terms
of distance (8) into the gas regulatory constraint, to derive the first order condtion for A, Solving for
Az yields aweighted result very similar (as expeded) to the dedricity regulation, where:

I I T S H&%
A, =1 gEP(a—AF%-AR;)H 1 H)EP(a—AR,) (1.19)

Solving the @ove yields the condtionthat must hold for the gas average revenue nstraint to bind:
A 2
AR, <2a-_ YR (1.20)
3 99AR, +8T,(1-0)
Substituting A, badk into the eguations for prices, and dstances we can now derive solutions for al
prices and quantities in terms of exogenous cost, demand and market parameters. After some
manipulationinto ssimpler forms, these ae displayed in the main text of sedion two.

Appendix 3

To graphicdly ill ustrate the relationship between the welfare and the diff erent constraints, values for
the demand, cost and retwork gas/generator parameters are required. As relative dficiency rather
than the absolute level of efficiency is of most interest the demand parameter a is Smply normali sed
1. Determining what the wmsts $roud be relative to a is more difficult and is fadlit ated through the
use of previous qudies. Green (1999 looks at numericd solutions for a simple model of the UK
eledricity contrad market using aratio of 2/45 for the ratio o costs to the demand parameter thus T,
= 2/45 To determine the relative st for transmisson d gas, Waterson (1999 reports the st of
gas transmisgon as approximately twice that of eledricity for a single unit of eledricity supdied to
the consumers thus T, = 4/45. Lastly, the ratio of gas generators to total consumption d gas (8) was
approximately 40% in 1999 This ratio can be thought of as a measure of the overlap between the
gas and eledricity industry, as the overlap increases the welfare gains from integrating the regulatory
regimes also increase.

14 Whilst Grean's paper looks at generator’s costs, because apropartion of transmisson costs are borne by the
generators and hence is incorporated into this ratio, it is used to approximate the dedricity transmisson cost
parameter.

15 As aipplied by the Transco Transportation 10 Yea Statement 2000 11
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Figure A3.1 Figure A3.2
Gas Consumer Welfare with Constraints Gas Transmission Profit with Constraints
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Looking at the graphicd solutions to the numericd solutions in figures A3.1 and A3.2, the gas
transmisson agent makes far higher surplus (approximately 10 times) than gas consumers even at the
consumer optimal level of constraint. The reason kehind this is two fold, firstly there ae only (1-6)
gas consumers being served, whilst the gas company serves both gas consumers and the aitire
generator market. Secondy, eledricity transmisson is half the gas transport cost, consequently o, is
greder than gy and generator demand is larger than gas consumers. Both of these d@feds mean the
firmis able to make substantial profits on sales. Because this unbalancein surplus exists, any simple
combinations without weights on consumer surplus results in the gas prodwer’s welfare strongly
dominating consumer’s. As will be shown in the later numericd simulations, ¢ must be in the order
of 10/100 a lessto prevent this domination aceurring.

Using the same parameters the relationship between the two constraints and gas market welfare can
also beill ustrated.

Figure A3.3 Figure A3.4
Elec. Consumer Welfare with Constraints Elec. Transmission Welfare with Constraints
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Both figures 3.3 and 3.4are subjed to the binding eledricity constraint condtion (equation 1.20
ruling out the tail asafeasible solutionin Figure 3.3°

18 Naturally the transmisson firm's optimal regulatory point (Figure 3.4) is non binding. Consequently the

17



Appendix 4
Weighted eledricity industry welfare & 6 = 1 (only generators) simplifiestotal eledricity welfare to;

_ 81 AR,AR (a- AR, - AR,)? . 81 AR ARZ(a- AR, - AR,)
° 128 T,T, Y128 T,T.
Differentiating with resped to, and solving for AR, and yields the dedricity regulators best resporse
function as;

, 0sp<1
31-9)

(a_ARg)! §0:1

By differentiating only the seand (¢) term of TW, and setting @ = 1, the first order condtion for a
regulator only concerned with firms profit is derived. Setting this first order condtion equal to 0 and
solving for AR, yields the best resporse for regulators unconcerned with consumers as; AR, = 2/3(a-
ARy). Althowgh thisis urredistic as regulatory bodes do nd optimise only acarding to firm profits,
it does help in ill ustrating the two extremes of the firms and consumers optimal level of regulation.
More spedficdly it ill ustrates the impad that the weighting variable @ has on the optimal level of
eledricity regulation. We ill ustrate the two extremes of optimising solely with resped to consumer
welfare =0, and solely with resped to producer profitsin figure A.41

!

%(a— AR))[4-29+2,[1- p(1-¢)]
AR, =
27

FigureA4.1
Optimal Electricity Welfares with Regulatory Constraint
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This result is smilar to Cowan’'s (1997 where an oggimal point for consumer welfare maximisation
exists and contrary to intuition tightening the average revenue cnstraint further may acually reduce
consumer welfare @ well as prodwcer welfare. Secondy it shows that the impad of ¢> 0, isto shift
the optimal best resporse to the right of 1/3(a-ARy) until when @= 1, the optimal resporse is Smply
an average of the two extremes at 1/2(a-ARy).

simple maximising of joint welfare using identicd weights (¢=1) results in non-binding regulatory constraints.
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