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Abstract

In the utility regulation literature, the use ofstdunctions to assess economies of scale (and othe
economic effects) in network industries such astetgty supply is well-established. However, inpapng
the methods developed for electricity generatiah distribution to water supply some problems have
come to light. The source of the difficulty is thilaére has been a tendency in the electricity tthassume
that production and distribution are separablesHssumption is not generally appropriate for water
supply. This paper surveys the relevant literatumé concludes that a proper assessment of scat#eiff
water supply requires use of either a compositdymtion function or separate production/cost flordi
for water production and water distribution. If @dimitations preclude these approaches, simpléhods
using an aggregate production function or unitsasy still be feasible but the results may notdry
satisfactory.

[Key words: urban infrastructure, production/casidtions, economies of scale, electricity supplgtes

supply.]

Introduction

Utilities (electricity and water supply, telecomne$;) constitute an important part of the urban
infrastructure. Gaining an understanding of the characteristics of utilities can therefore makeseaful
contribution to urban economics. A key featurehaf situation is that utility services are delivetiesbugh
networks so that the economics of distribution neeloe considered in conjunction with the econoroics
productiort. While the author has obtained some suggestivatsefer urban water supply using a
simplistic approach based on unit costs — WenbaihS2006) — it would be desirable to deploy more
powerful methodologies based on production or fiosttions. Such methodologies are well-established
the utility regulation literature and, on the faufat, it should not be too difficult to adapt themanalyse
urban infrastructure. However, in seeking do thisne unexpected difficulties were encountered. The
purpose of this note is to draw attention to thEedlems and to suggest how they might be overcome.

Schmalensee’s approach

Schmalensee (1978) seems to have been amongsihi® fjive systematic consideration to the econsmic
of distribution through a network. He was concertied “ ... diagrammatic discussions of utility
regulation often employ everywhere declining long-average cost curves ... [but] ... When services are
to be delivered to customers located at many podotst must in general depend on the ewmlisiibution

of demands over space.” To analyse the implicatadrisis observation, Schmalensee constructs alsimp
model in which utility services are distributedaaircular urban area from a central point (the ehod
considers only distribution costs, ignoring produt). Demand per unit area, demand density, is

assumed to be a bounded non-negative funagioh,of the distance from the centre. Total demand for

! It is another example of the general problem oétion and pricing in a spatial economy, as diseti$s/ Fujita & Thisse
(2002, Ch.2).
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services by those customers living betweandr+4r is 2zrq(r)or and the total service flow across the
circle of radiug is given by:

Q(r)= jSan(r)dr , ozr>R (1)

The long run cost of transmitting a total servicavfQ a small distance across a circle of radiis
c(r,Q)or. This transmission cost function completely sumsearthe relevant technology (thereby
abstracting, as Schmalensee remarks, from “a li@stgineering problems and choices that confrottadc
utilities in real urban areas”). The total costladtributing utility services in the area that wale incurred
by a single firm can then be obtained as:

TC = _Tc[r,Q(r) r (2)

Schmalensee then shows that global strict concatitiye transmission cost functian,is a sufficient
condition for natural monopoly in distribution (tfibution cost minimized when all distribution iarcied
out by one firm, implying economies of scale widispect to volume distributed) and also derivesaoert
necessary conditions. For present purposes, wdysitofe that whether the transmission cost funcigon
concave or not is an empirical matter, and thepears not to be any reason why it should necegszil
so. It would seem to be necessary to examine scotualanetworks to learn more. Unfortunately,
Schmalensee’s specification does not easily lesadfito empirical investigation as the cost funcixgr,Q)
is not readily observable.

Use of cost functions in analysis of electricity suply

a. Nerlove (1963)
In a pioneering study, Nerlove (1963) analysedptfoeluction costs of 145 US electricity generating
companies. According to Greene (2003, p.12B)s was among the first major applications efistical
cost analysis, and also the first to show how timeldmental theory of duality between production eost
functions could be used to frame an econometricatddhe focus of the paper was the measurement of
economies of scale in electricity generation, fbwal purpose Nerlove used a Cobb-Douglas production
function, specified as:

Q=a,K*L"F™es" (3)
whereQ is output and the inputs are capita),(labour () and fuel F) ande; is an error term to capture

unmeasured differences across firms. In this foath, economies of scale would be indicated by the
sum of the coefficients dg, L andF being greater than 1.

Because rates were set by state commissions ansl\iiere required to meet the demand forthcoming at
the regulated rates, Nerlove argued that outputvédisas factor prices) could be viewed as exogsriou
the firm. Hence the firm’s objective could be takencost minimization subject to the productionction,
which leads to the cost function:

INC=25,+B,nQ+B, NP +B InP_ +LInP. +u, ... 4)
This can be estimated subject to the restricihn+ 5, + S =1. Economies of scale will be indicated by
B, =1l(ay +a +ag)<1.

% The exposition here follows Greene closely.



Nerlove’s results were consistent with economiescale in electricity generation but these appetored
diminish as the size of firm increased. An amersfgetification including a term in @)? improved the
fit, implying a U-shaped cost curve such that ecoies of scale would be exhausted somewhere in the
middle of the range of outputs for Nerlove’s sanmgilérms.

Nerlove’s work was updated by Christensen & Grg@8&6), using the same data but a translog fungkion
form, and simultaneously estimating the factor dessaand the cost function. Their results were Hyoad
similar to Nerlove’s. They also redid the studyngsa sample of 123 firms from 1970, again with Eami
results. In the latter sample, however, Greenertefp.127), “it appeared that many firms had exieah
rapidly enough to exhaust the available econonfissale.”

From the perspective of the present research, whigemportant work laid the methodological
foundations for most subsequent investigation ectelcity supply costs, it is noteworthy that ittleut
consideration of the possible influence of disttid costs on the results. Nerlove was aware ofsige
but said (p.169) “ ... the problem of transmissiod &a effects on returns to scale has not been
incorporated in the analysis, which relates onltheproduction of electricity.” However, in a prescient,
and subsequently somewhat overlooked Appendixgaiticle, he worked out that “ ... because of
transmission losses and the expenses of maintaamid@perating an extensive transmission network, a
firm may operate a number of plants at outputbi@range of increasing returns to scale and yet thee
region of decreasing returns when considered ast4 u

b. Roberts (1986)
Roberts (1986) follows the practice pioneered byisiénsen & Greene of specifying a cost function in
flexible (translog) form, together with cost shampations, thereby avoiding importing unnecessary
restrictions via the assumption of a specific pithin function.

Roberts’ starting point is a transformation funeotfor electricity production and delivery represshby:
T(Ke Mg, Ep Ky, Mp,,Q=0 ... (5)

whereQ is electricity suppliedis andKp are generating capital and distribution capitapestively Ep is

purchased electricitilc andMp, are generating materials and distribution matenespectivel}

He then argues (p.379) that “empirical analysithdf production process can be simplified, withgngatly
restricting the aspects of interest, by assumiagphoduction occurs in two stages. First, the gion
inputs and purchased power are used to produagutdity of KwHs which the firm will supply. Second

these KwHs are then combined with transmissiondastdibution inputs to produce deliveries ...” i.set
transformation function can be written as:
T{E, (Ks;, M4, Ep), Ky,M, Q=0 ... (6)

Roberts continues (p.379-80) “... the firm can nowiasved as making its input decisions in two stages
First, it chooses quantitiéss, Mg, andEp to minimize the cost of producing the KwH inpht, This gives
rise to a cost function for the KwH input ...”

C, (Pe Pus P+,E) @)
Then in the second stage, the firm chodSesnd the other inputs to minimize the cost of poboig
deliveries. And (p.380) “Because these deliverresggographically dispersed, the characteristi¢hef
firm’s service area, particularly its size in squariles A) and number of customem)( can affect the
cost-minimising choice of ... inputs. Since the filsirequired to serve all customers within its spedi

® To simplify the exposition, some arguments (eugl purchases) included in Roberts’ specificatiamehbeen omitted here and
output is not sub-divided into bulk and retail sale
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service area, these two characteristics act aeewog constraints.” The firm’s total cost of sujpdy
electricity can then be represented by:

C(P,Py.Pp.QAN) ©)

Among the various advantages Roberts reasonabiyslar this cost model are that it enables three
distinct measures of economies of scale to be iftkhtviz:

1. Ry = i, whereg,, = Z:Lg applicable when there is an increased demanplofe@er from
£ n
Q
a fixed number of customers in a fixed service acalled ‘economies of output density” by
Roberts;

1 oInC . : : .
2. Ry = , Wheres,, =———, applicable when more power is delivered to adixe
Eq T E dInN
service area as it becomes more densely populateld, output per customer remains fixed,

called “economies of customer density”;

3. =— , whereg, = Z:Li applicable when the size of the service area
n

increases while holding customer density and oytputustomer constant, called
“economies of size”.

Roberts’ work does indeed throw interesting newtlign the economics of the distribution stage of
electricity supply but, as will be argued belowe first stage cost-minimisation assumption behif)dg
open to question.

c. Thompson (1997)
The same issue emerges more strongly in the latdy 8y Thompson (1997) of cost efficiency in the
electric utility industry. Thompson’s work seemdtave been motivated by concern whether a regulator
driven trend towards separating vertically integdaglectric utilities into a power generation wamt one
or more regulated power delivery (transmission @isttibution) units was economically justified. The
paper explicitly presents itself as a developmémaberts’ work.

Thus Thompson proceeds directly to postulate & potaer procurement and delivery cost model of the
form:

TC, (We , W1, W, 5, Wy, Wy, Yy YL SNGE) 9
Thompson comments (p.288) that this specificatmmntains the implicit assumption that the generatio
function of the vertically integrated firm is chatarized by a linearly homogeneous production Bsce
This implies constant unit costs for generated paw&and he cites “recent evidence” that “averagegt
run power supply costs may be constant for poweplged by the majority of electric utility firms”.

Thompson goes on to note that hypotheses concettmerability to separately analyze the vertically

integrated electric utility as independent poweaymy, transmission and distribution service providean

be tested using this cost model by comparing it wite incorporating separability, such as:
TCL{Cs(W:),Cr (W5, Wy, Y, ,SN),Cr (W, Wer , YY)} e (10)

Here the cost of power suppl@d) is dependent only on the market price of powsrtis-follows from

Thompson’s assumption of constant unit costs foegeed power; distribution costsy) are assumed to

be a function of distribution labour and capitatps, low voltage service volumes, the number of



customers and service territory characteristicd;the cost of transmission servi€g) is a function of its
own capital and labour input prices and both low high voltage service volume.

Thompson adopts a translog form of the cost fundioestimate his models using a sample of all majo
investor-owned electric utilities in the US for thears 1977, 1982, 1987 and 1992. This gave a saofipl
83 firms for 1977 and 1982, and 85 firms for 198d 4992.

Among the findings, Thompson reports (p.293): “Bbenomies of output density* are substantial, and rise
considerably over the study period. On averageperdent proportional increase in power sales . elaé
the same, increases total costs by 0.70 per chigr@sults in the average cost of this activitgrdasing
by 0.30 per cent.” One puzzle here is that asfiding is presumably (in a cross section analysia)nly

a reflection of economies of scale in power gemamait is not clear how this can be reconcilednitie
assumption, noted above, of constant unit cogt®wer generation. He also reports (p.293) that
“economies of customer density*, measuring the impact on costs of a proportiomaiease in sales volume
and the number of customers ... are small.” Takeh thi¢ previous result, this implies diseconomies of
customer numbers. The further effect of size ofiserarea is found by Thompson to be very smallasut
with customer numbers, it implies a further disemoy, leading overall toeturns to size (R9)* not
significantly different from 1.

On the question of separability, Thompson calcsladg likelihood values for the unrestricted moaled

for two restricted versions. He observes (p.294):
“It can easily be seen that the hypothesis of sdplity of either the distribution system or power
supply from the remaining utility services is stgbnrejected in each of the time periods. This
finding supports the comprehensive approach tdredadility cost analysis. It would appear that an
inter-stage production technology and the benéfiga of common inputs is illustrative of the
vertically integrated electric utility. These fimdjs imply that the sum of the costs of the divested
production stages would exceed the total cost dfoadly integrated firm service.”

However, Thompson’s specification does not enalnteth test whether separability might also be reiéc

because economies of scale in electricity prodoajit traded off against diseconomies in distrdouti

* As defined by Roberts — see p.4 above.



Is the assumption of cost minimization at the firs{production) stage acceptable?

It is assumed by Roberts (and Thompson) that @égtproduction is separable (in the formal ecomom
sense) from electricity distribution. This is what enablthem to assume that the costs of electricity
generation (the production stage) are minimizedrgd being input into the distribution stage — éetce
to represent the input electricity in the cost timt by a single price However, if there are scale
economies in the production stage but diseconoafissale in distribution, this assumption is
inappropriate. Transfering attention from electyi¢o water supply, the point can be simply illaséd by
reference to the diagramshigure 1 below:

(a) (b)

Figure 1. Water supply: Should this area be servetly (a) one treatment works or (b) two (or more)
treatment works?

In diagram (a), water is distributed over the whedevice area from a single treatment works: Thite
solution that would be chosen if economies of scaf@oduction were the only consideration, anthes
solution implied if separability is assumed. Howevkthere are sufficiently large diseconomiessoéle in
distribution, the combined costs of production dmsdribution may be minimized by opting for two (or
more) treatment works, as in diagram (b), becauwséigher costs of production in smaller works rnay
more than offset by savings in distribution costs#icularly if, for example, the works are lochteear
urban settlements and the rest of the serviceiau@aly sparsely populated. Of course, whetherithike
case or not is an empirical matter but my own priglary findings — see Wenban-Smith (2006) - suggest
that the issue may be of more than academic irtdoesvater supply in the UK at least, and therefthat
an important element of the situation may be missede proceeds to try to estimate scale economies
water supply with a cost function specificationarorating Roberts’ assumption of separability.

Possible ways out

a. Estimate an aggregate production/cost function
Evidently, some care is needed in developing aymrtioh or cost function specification for estimatin
scale economies in water supply.

One possibility is to abandon the attempt to areatiie stages of production separately. This is the
approach taken by Torres & Morrison Paul (2608hey propose a short run transformation (produmgti
function of the general form:

® See Chambers (1988) pp.41-48 on separabilityadymtion functions and pp.110-119 on separabititgdst functions.
® A similar assumption is made by Duncombe & Yin(993) in their two stage specification of a castdtion for fire
protection.

" The authors have informed me that they had oriigih@ped to carry out the separate analysis bpitdved too difficult,
mainly it seems because of collinearities in thiada
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t(Y,V,X,Z) i (11)
whereY is a vector of outputs (retail and wholesale watérs a vector of variable inputs (e.g. labor,

electricity and purchased water, whether usedadystion or distribution) X is a vector of quasi-fixed
inputs (e.g. storage and treatment capacity)zisda vector of technical/environmental charactess
This leads to the short run cost function:

VC(Y,P,X,Z) e (12)

whereP is a vector of the variable input prices. The atglcomment (p.106): “In essence, this cost
function describes the input use of water utilifpesducing at the frontier of the production pogiibset,
given short run capital (quasi-fixed) input consttg and assuming that firms choose the cheapest
combination of variable inputs to produce the obsél”. From this short run cost function, the vector of
cost-minimising variable input levels is capturaatibe vector of derivatives of the cost functioritwi
respect to the input prices.

One innovation in this study is to make output egadmus (whereas most studies in this field takpudub
be endogenous, i.e. water companies are obligedpply whatever is demand®dy adding to the system
of equations, the identity:

Y, =GS+ X, -Y,-loss (13)

whereY; andY,, are retail and wholesale water respectivél$,is groundwater plus surface water
extracted, anip,, is purchased water.

Of particular interest here is Torres & MorrisoruPatreatment of output density, which is simitar
Roberts’ described earlier. They remark (p.108) tha output density ... depends on three main
variables: output, number of customers and seatiea size. A standard measure of scale economies ...
actually measures volume ... economies ... - the oggact of an increase in output given the existing
network. A full measure of economies of scale me sequires recognising that increasing ‘scaledives

also expansion of the network, and thus dependslmiance of cost associated with water volume,
connections and distance.” The implications becolearer when the various measures of scale ecosomie
are defined.

Economies of volume scale are defined as :

e 2VCM) Y, | OVC(Y,..) e 14
aY, VC(Y..) aY, VC(Y,.)

This is the inverse of Robert®,. The double term is necessitated by the decisidre#s retail and
wholesale water as multiple products. Related iitha definition of economies of scope.

Economies of vertical network expansion measure the combined effect of higher volume ancemo
customers, with the demand per customer and tleeo$ithe service area held constant, and are adkéise
o T €oy T éy
where
ovC(Y,P, X,Z N
Ecn = ( ) N (15)
ON VC(Y,...)

HereN is number of customer connections, which is a aomept ofZ. This is the inverse of RoberRep.

®n contrast, Saal & Parker (2005, pp.5-6) for exanspate: “Considering that water companies hasttatory obligation to
meet demand for water and sewerage servicesajifpigopriate to assume that outputs are exogenali;pats are endogenous
rather than the other way round.” It seems thatd®& Morrison Paul’s alternative approach did natve a big impact on the
results but it did correct some regularity condiidCJ Morrison Paul, personal communication)
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Economies of horizontal network expansion (or spatial density) then measure the combined effect of higher
volume and larger service area, with numbers dfocnsrs held constant, and are defined as:
Ecvs T €y T s
where
oVvC(Y,P, X,Z S
Ecs = A )= (16)
0 VC(Y,...)

and heresa is service area size, also a componek dtis is not a measure used by Roberts.

Finally, economies of size (p.111) “prevail if a combined measure of volumestomer density, and spatial
density economies, constructed by adding the dtestte from marginal increases in both customer
numbers and service area size to economies of elunfalls short of one.” That is, if

Ege =€y TEony TEcs <1
This is the inverse of RobertRs.

Although water treatment and water distributiondawet been analysed separately in Torres & Morrison
Paul's model, volume economies can be seen ay li&elrise mainly at the treatment stage while
economies (or diseconomies) linked to customer rausbr service area relate primarily to the disitign
stage. Their approach can thus be seen as going\wasntowards isolating the different economics of
production from those of distribution. This is ampiortant step forward if there are indeed “potélytia
significant cost trade-offs involving water prodoct and network size”. However, because their
specification does not distinguish between inpathe production stage and inputs to the distrdouti
stage, there must remain some uncertainty abouizkeof these effects.

Torres & Morrison Paul’s article is thus a usefahtribution to the literature, bringing out moreaitly
than before the effect of demand density on cds$tere is however another possible qualification as
regards their measurement of the effect of sizeeofice area. Torres & Morrison Paul considered
including length of pipes in the vector of quasiefil inputs but decided against when they found that
pipeline length was strongly correlated with sesvacea size. Therefore, as only variable costs are
modeled, it is not clear how the extra (capitaBtemf the longer pipes required by larger seraieas can
be reflected inc, which may therefore be underestimated. On thos;€B & Morrison Paul comment

(p.8, Footnote 13) “ ... if [pipeline length is] inled as a level the estimates are not robust dueto
collinearity. If included as a ratio (pipeline lehger customer), network size is in some senstated
for, causing ther, estimates to have a downward, and &he estimates an upward trend over the size of

firms.” The question here is whether the shortspeacification of the production/cost function used
adequately represent differences in the capitadted in systems of different sizes and densities.

b. Estimate separate production (or cost) functions for each stage
On the face of it, the problems identified abovglmibe avoided by estimating a production or cost
function for each stage of water supply separatébyvever, this route is not without its own probkeras
explained below.

I Production stage
The standard procedure would be to start by pdstgla production function of the general form:

Q = f(Ky LiuNy) a7)
whereQy is quantity of water produced for input into thstdbution systemKr is (a vector of) capital
employed in water treatmertt; is (a vector of) treatment operating costs Hinds a vector of
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environmental factors (such as type of water) jikelaffect treatment costs. From this production
function, assuming cost minimization, a cost fumcttan be derived of the general form:

C, =C(Q;,Pyrs PNy (18)
or, if capital is taken to be quasi-fixed (as infes & Morrison Paul):
C, =C(Q;,K;,pr-Ny). (19)

A possible problem here is that the specificatimictty relates to individual plants so can only be
implemented if plant level data is available. le thS, although many water utilities appear to ojgeaa
rather small scale with only one treatment workeré is little data available on capital inputstHa UK,
on the other hand, more data is available at cognfeu@l but most water companies are rather laagd,
operate large numbers of plants, with very limpéght level data publicly available (not includiptant
level costs).

ii. Distribution stage
It may be rather stretching the concept of a pradndunction to apply it to distribution but supging the
concept is accepted, it could be postulated to lageneral form:

Q = f(Qr, Ky, Ly, Ny) (20)
whereKp , etc are the distribution equivalents of thettreant variables. Even before proceeding to the
derivation of a cost function, there are some @otsl to address:

o0 First, just as the treatment production functioadgeto be related to an appropriate unit of
production, the relevant unit for distribution ne¢d be defined. Typically the distribution system
for each community (village, town or city) is mareless self contained so that each such self
contained distribution system is probably the appate unit for analysis. In the US, this is often
compatible with the production unit, facilitatingtd collection and analysis. In the UK, however,
each company serves a large number of communitgaéormation on the geography and costs of
each system is not easy to assemble.

o Secondly, there is a question about how distrilmutiotput Qp) should be measured. Volume of
water is arguably inadequate as it does not reflectransport of water from works to customer,
which is the essence of what the distribution sysge“producing”. A composite measure, such as
Ml x km, would seem to be superior but it may bi#idilt to construct such a measure.

o Thirdly, there is likely to be strong collinearitgtweenQr andQp as the difference between them
(in volume terms) is leakage which, in UK at leasfairly uniform at about 20% for all companies,
except one. Use of a composite measure of disioibaitput might reduce this problem.

o The treatment of leakage is another issue. Shoblel freated as a cost, or, as some authors have
done, as a separate output?

Subject to resolution of these problems, it woulgbiinciple then be possible to proceed to derive a
distribution cost function of the general form:

Co =C(Qp. Pgr pKDorK_D’ Po.Np) (21)

There remains the problem of how to price the é@atater input into the distribution process. #,is
commonly supposed, there are economies of scalater treatment, the price should vary according to
the volume input.

C. Estimate a composite production function
As an alternative to two separate production fumsj one might think of constructing a production
function which includes all the separate inputprimduction and distribution in a single functiongh as:
10



Q, = fF(Ky L Ni Ko Lo Ng) e, (22)

As with the separate production functions discusdeave, implementation will require suitably
disaggregated data, with the added complicationpftuction units may not align with distributiareas.
There is also greater likelihood of unacceptabyghigollinearity between variables. Such problenes ar
even more probable if a cost function were to bévdd from this composite production function. In
particular, the price of capital for productiorliiely to be identical to the price of capital fdistribution,
as is the price of labour for each stage, rendehiag separate effects unidentifiable.

Conclusions

In the light of this examination of the issues, am&y conclude that for the purpose of investigating
economies of scale in urban water supply (or otifeastructure services):

1.

A possible starting point would be a composite patin function like (22) above, provided
appropriate data is available, and there is noé¢€sige collinearity between variables. However, it
is very likely that estimating a cost function béem this production function would not be feasible
because of collinearity in the prices.

A better prospect would be to start from separadelyction functions like (17) and (20) and/or
their related cost functions (18) or (19) and (Zhere would still be a number of practical isstees
resolve, as noted above.

If neither of the above approaches can be sucdbssfplemented, the aggregate production
function used by Torres & Morrison Paul remainsg®ssible approach although it may not fully
expose the different economics of production astridution.

Failing any of the above, a simpler approach basednit costs may still be feasible although this
will not reveal potentially important economic effe (such as factor substitution).

Whatever approach is adopted, regard should b¢ohthe different dimensions of economies of
scale in distribution as developed by Roberts,ettdnded by Torres & Morrison Paul. An
approach which focused just on volume economieddvmiss important aspects of the situation.
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