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Abstract

Using water supply as a model for a wider range of infrastructure services, the effect of a
negative exponential density gradient on distribution costs is investigated for four monocentric
urban development scenarios: (a) Densification; (b) Dispersion; (c) Suburbanisation; and (d)
Constant density. It is shown that economies of scale in production can be outweighed by
diseconomies in distribution in cases (b) and (c), suggesting that the agglomeration benefits of
infrastructure cannot be taken for granted. They depend as much on the effect of density on
distribution costs as the effect of size on production costs.
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SPATIAL COSTS IN A MONOCENTRIC CITY
(AND IMPLICATIONS FOR AGGLOMERATION)

1. Introduction

It is common to assume that infrastructure is attarezed by economies of scale (Fujita
(1989), p.135; McDonald (1997), pp.40-41). HowewGept in the (rare) case of
infrastructure that is a pure public good, thisrtaaks the cost of distributing goods and
services or accessing facilities, i.e. spatial€dy analogy with Arnott’s (1979) analysis
of commuting costs, it might be supposed that swgts are increasing in city size, but
Arnott assumes constant density across the cityraxy to theory and observation. There
are a variety of ways in which urban models ofltheh/Mills type can give rise to a
negative exponential density gradient away fromctirgral business district of a
monocentric city (Brueckner (1982)); and therengpeical evidence that many cities
broadly conform to this spatial pattern (DiPasquaM/heaton (1996), pp.61-64).

The purpose of this article is to investigate tfieat of this feature of cities on scale
economies in the provision of basic infrastructeevices, using data on water supply costs
to illustrate the effects. There are two aspectotwsider:
(a) How the spatial distribution of the populata&ffects the cost of distributing
goods and services or accessing facilities — am8lgmsee (1978, p.271) has
remarked: “When services are delivered to customoeeted at many points, cost
must in general depend on the entire distributiotleonands over space.”
(b) How the costs of distribution (or access) iatémwith the costs of production —
in particular, whether economies of scale in préidncmay need to be traded off

against spatial diseconomies in distribution.

The structure of the article is as follows:skection 2 the basic algebra of a monocentric
city is developed, and expressions derived foll fmdaulation N), total distance to
customersy) and average distance to customejdr{ terms of density at the city centre
(do), the density gradient) and the radius of the urban ar&. (Varying these parameters
enables a rich array of urban development scentribe generated. Attention is then
focused on four such scenarios characterized &3efaification (b) Dispersion (c)

Suburbanisatiorand (d)Constant densityDistribution cost elasticities for these cases ar
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derived. Insection 3 data on water distribution costs for 35 “urbastriitts” in the supply
area of one of the water companies in England &#/ad used to estimate the effect on
these costs of variations in volume and distangedperties (measured aor ). Based
on these relationships, the distribution cost aldigts are quantified for each of the four
urban development scenarios skction 4the interaction with water production costs is
considered, showing how, in the cas®ehsification scale economies in production are
reinforced by density economies in distributiongnéas in the cases Dfspersion
SuburbanisatiomndConstant densitthey are offset to a greater or lesser extent by
diseconomies in distribution, i.e. higher spat@dts.Section Sthen considers how far
these findings undermine the conventional wisdoan ithfrastructure services, such as
water supply, are always characterized by econoafissale and therefore conducive to
agglomeration. It concludes that scale effectafrastructure may depend as much on
density as on sizger se While high density settlement has the potentigdérmit both
large scale production and low cost distributitveréby favouring agglomeration, more

dispersed settlement patterns lead to higher @@ta) costs of distribution or access.

2. Modelling spatial costs in a monocentric city

I. Population, density and distance
An exact representation of the location of eachearety property in a city is generally
impractical. For the purposes of this paper, urban areas adeled as monocentric
settlements with density falling away smoothly frdm centre, which, in the majority of
cases, is a reasonable approximation to the asituakion. This enables an expression for
the average distance to properties to be derivieddoh settlement, providing a compact
summary measure of the spatial distribution of progs, which varies from place to place

in line with its size and density gradient.

The basic algebra (and geometry) of the monocecityiccan be summarized in a
relationship between four parametedg(central density)N (population),/ (density

gradient) andR (outer radius)Figure 1is a bird’s eye view of a monocentric city.

! Although the availability of postcodes and GISteafe are improving matters.
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Outer radiusR

Figure 1: Monocentric city (top view)

In Figure 1, if density at radius is d(r), then total city populationN) is given by:

N =27 d(r).r.dr (1)

0
If, further, d(r) = d,.e™ (i.e. a negative exponential density gradient aivay from the
centre, where density @), then (1) gives:
2 ;
N :A_Zo[l—e ”R(1+)IR)] 2)

This is the basic relationship betwes(central density)N (population) A (density
gradient) andR (outer radius) and shows them to be interdependgivten any three, the

fourth is fixed.

Further useful relationships concern the total avetage distance of people in this city
from the centre. The distance from the centregeraon in the shaded ring, where density

isd(r), isr, and so the total distanag)(to everyone in the city is given by:

2p2
W= ZnJ‘OR d(r).rz_dr :4/1_]?0|:1_e—)IR[1+/1R+ A ;’ H @)

From (2) and (3), the average distangef(om the centre to a person in the city is then

2p2
ll—e”R {1+/]R+ % 2R H

- 1+ R )|

given by:

(4)

_y_2
¢_N A



The implications of this expression are sketchdéigure 2 which shows a monocentric
city in semi-profile and indicates how, for givBihhigher values ot will be associated

with a larger settlement raditsif the central densitgy is fixed.

Density
A
do , A=0
~_ % = 0.05
o] 1=0.1
Ry Ri
Centre Do (b0,05 (|')0,1 " Radius

Figure 2: Monocentric city (semi-profile) — Relatiomship between density and
settlement radius for different values of the densgy gradient A (not to scale)

In Figure 2, the average distance to propertigss indicated by the dotted lines: when the

density gradient = 0, it is 2/3R; with higher values of, it increases as determined by (4).

It may be worth emphasizing here the differencésden this approach and the analysis of
commuting costs by Arnott (1979). Arnott shows ager commuting cost to be an
increasing function of city size by considering@wlar city of uniform population density,
where all commuting is to a central business diséind transport cost is proportional to
distance. Aggregate commuting costs are then diyen
Acc=£ﬁr2nur=t§mR3=t§%;N32 (5)
WhereR is the radius of the city is its population antlis unit transport cost, i.e.
aggregate commuting costs increase more than propately with population, and
average commuting cosACC/N is an increasing function of. This result depends on the
assumption of uniform density € 0) and each commuter travelling individually and
radially to the CBD with linear transport costsclmtrast, the set-up in this paper allows
density to vary whiles andg are simply consequential distance measures, whose

relationship to costs is a matter for empiricalestigation.



ii. Urban development scenarios
By varying the four parameters in (1), a rich arshyrban development scenarios can be
generated. Herel, is taken to be fixed and attention is focusedaun €ontrasting cases
that can arise as one or moré\bfl andR vary:
(a) Densificatior?: Number of propertiedN) varies, while settlement radiuB)(is
held constant (density gradienalso therefore varying);
(b) Dispersion Density gradienti) varies, holding number of propertid$) (
constantR also therefore varying);
(c) Suburbanisatiorf: Number of propertiedN) varies, holding constantR also
therefore varying);
(d) Constant densityNumber of propertied\) varies, holding average density
(N/A) constant, where\ = 7R* (when bothi andR vary).
These cases encapsulate the characteristics af ddv@lopment most likely to be of

policy interest.

The resulting city configurations are portrayedioss section ifrigures 3 (a)-(d).

2t is recognised that this term has acquired palai policy connotations in the urban planningteat) here
it is simply adopted as a convenient descriptibela

% The term “suburbanisation” is applied here tod¢hse where the density gradieitdoes not change as the
city expands, as this seems a good descriptor lfiat 8 portrayed ifrigure 3(c). However, some authors

have used¢hangesn density gradient as a measure of suburbanizétiq. Kopecky & Suen (2009)).
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Density
A

Radius

Figure 3: (a) City cross-sectionsR constant,N varies (‘densification’)

4 Density

Radius

Ro.01 Ro.05 Ro.1
Figure 3: (b) City cross-sectionsN constant,A varies (‘dispersion)

4 Density

e.gr=0.05

Radius

Rvi Re R

Figure 3: (c) City cross-sectionsA constant,N varies (‘suburbanisation)

4 Density

Average density ------==

Radius

Rn: Rne Rl\;3

Figure 3: (d) City cross-sections: Density constanN varies (‘constant density
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iii. Distribution costs and elasticities

In utility studies, output is usually measured diyrgs the amount consumed, so missing
the spatial aspect of the distribution stalgere, which is an innovation in this contexhe
output of the water distribution syste@) is measured as the product of the amount
consumed@C) and the average distance to properigs QC in turn is the product of
consumption per propertyw)® and the number of properties)(. Thus:

DO=QC.¢ = wN.¢ (6)
A simple cost function for water distributibnan now be estimated as:

INVCD=a+ 3, InQC+ S, Ing (7)

WhereVCD is the variable costs of distribution.

Although specification (7) provides an indicatidrtlee different effect on distribution costs
of changes in volume and changes in average destanaroperties, the estimated
coefficients do not provide direct measures ofrifigtion elasticities. This is because
(which is a component &C) andg are both functions of andR and so are not
independent of each other. Three elasticities Bpawicular interest:

(i) €,,, measuring the response of distribution costhitmges in water consumption

per property;

(i) £,, measuring the response of distribution costhitmges in distribution area;

(iif) £, measuring the response of distribution costhémges in the number of

properties.

To evaluate these elasticities, it is necessasyaxs from a variant of (7).

We can re-writddO as:

* It is however common in transport studies to measutput using ton-miles, passenger-km, etc.

® This implies that water is distributed from a cahpoint whereas water treatment works are gelyeval
the outskirts of towns. But if water is delivereddulk to the distribution system, the effect ostsds not
very material.

® For simplicity,w is taken to be uniform within each urban distiicthe subsequent analysis (although
varying between districts).

" Note thatN here is numbers of properties rather than popmuati

8 It can be assumed that capital in water distrisuts to all intents and purposes fixed so thafpiteeluction

function is of the Leontief type — hence the absesfderms for capital or prices in (7).
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DO =wy, wherey = N.¢ is total distance to properties (see (3)) (8)
(7) can then be re-stated as:
INVCD=a + S, Inw+ S, Iny (9)
Evaluating&,, is now straightforward:

_ d(InVCD)
" 9(nw)

This can be viewed as a pure quantity effect, maagthe response of distribution costs to

=B (10)

changes in water consumption per property, numtfgosoperties and other distribution

area characteristics held constant.

The complex form of equations (2) and (3) makegi@résation of expressions for the
other elasticities for the scenariosFafure 3 rather tricky (they are not constants but vary

with scale). The least mathematically awkward ¢age) Suburbanizationin this casé is

constant, saﬁ . An expression fog_ - (the elasticity of distribution cost with respéct

variations inR, conditional om ) can then be derived as follows:

_ d(InvCD) a(Iny) R oy
4 a(ny) A(nR) W R

2p2
=g, R0 | (34 2R)+ 14 AR+ AR |1
gl A 2

€r

=L,

R

= ﬁz@ 2/R*d, e ™ (11)
Which can alternatively be expressed in area foising dlnR) = E,
d(inA) 2
R 2 -AR
E,5 = ,BZEJR d,.e (12)

This is the elasticity of distribution cost withspeect to area served, conditionallan
Evidently, it is a (rather complex) function Bfand4 but is clearly positive. Discussion of

the interpretation of this elasticity is deferredSection 3below.

° | am grateful to George Fane (Australian Natidmaiversity, Canberra) for helping me to come t@sri

with this point.



From (2), number of propertieNl) varies withR (andA), so that there is a related elasticity

£,,; » the elasticity of cost with respect to variaonN, conditional on/. It can be

derived as follows:

_ N OR _
iz T €ria EN =Eria

1
{2/]”30 [-e™® A +(1+ AR)Ae™ }

/]2
2md, A°Re ™™

N

= 'BZZ .27R2.d0.e_/‘R R

N
= [7’2___R: 82— 13
: ¢ ( )

This elasticity simplifies quite nicely but it also is a functadR and. Since volume rises
in line with N (if w is constant), a value far, - =1 would indicate constant returns to

scale. However, higher values are to be expected ecduiseconomies associated with

expansion into lower density suburbs.

The algebra involved in deriving elasticities correspogdo cases (a) gensificatiori),

(b) (“dispersiori) and (d) (‘constant density proved intractable (the last two involving
simultaneous variation in bothandR). Evaluation for these cases is therefore carried out
by means of illustrative calculations for hypothetical urbigas using average data values,
as described iection 3 In case (a), a value of 1 fer - would indicate constant returns
to scale, ifw is held constant. However, the expectation is of a valtvedle® 0 and 1, as
more properties in a given area should give rise to geasitnomies. In case (N)is fixed,

so a positive value fog, -, would indicate diseconomies (higher unit distribution cosfts)

w is also held constant. In case (d)/ andR move in tandem and while a value of 1 for

£,,5 Would indicate constant returns to scale, there ia pigori reason why observed

values should not be greater or less than 1.

3. Estimated spatial costs and spatial elasticitiasder different urban

development scenarios

i. Data used
To illustrate the effect of urban configuration on spatisits, | use water distribution costs.

Information provided by one of the larger water compaimdésngland & Wales enabled
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me to put together data for 35 “urban districtsi¢le comprising one urban area (as defined
in ONS (2004)") and its surrounding area of non-urban land. Tleases therefore
approximate monocentric cities. The processingnefdata is described Appendix I,

with summary statistics iAppendix Il .

ii. Econometric estimates
Implementing (7) for the 35 “urban districts” praxha:
INVCD = 2.047+0.393*** InQC +1.095*** In ¢ (14)

(S.E. 0.161) (S.E.0.329) 2 (RD.9474)

These results indicate significant economies olesweith respect to volumes{ < 1) and
significant diseconomies with respect to the avemigtance measurg,(> 0). The
interpretation of the coefficient onQC in (14) is that higher consumption in a district,
whether due to greater usage per property or nmofgepties on the existing network has a
less than proportionate effect on costs (e.g. a il@¥ease IQC would increase operating
costs by about 4%). The interpretation of the doieffit on Ing is less obviousg is a
measure of the average distance to propertieseldrera higher value far, if QCis
fixed, indicates that properties are more dispergeglying a higher value for and hence
also forR, as shown in the “dispersion” caseFiigure 3 (b)*. Any positive value for the
coefficient ony indicates that greater dispersion adds to theafadistributing a given
volume of water and is therefore a diseconomyatn this effect appears to be rather large
here with (e.g.) a 10% increasegiincreasing operating costs by about 1'%4Jhis can be
interpreted as a form of density effect, with lowlensity adding to distribution costs and
higher density reducing costs.
Re-estimating (14) in the (8) form gave:

INVCD = -4.572+ 0.432**Inw+ 0.617*** Ingy (15)

(S.E0.219) (S.E.0.037) 2 6R0.9455)

19 In ONS (2004) “urban areas” are defined as apéasiilt up land of at least 20 Ha, with a popwatiof
1,500 or more.

M If N is fixed,» andR cannot vary independently of each other as theyimked through the relationship
3).

2 However, the dispersion variahjds relatively insensitive to changes in area s#ras can be seen in
Table A.
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From (15), the distribution elasticities identifiatl(10), (12) and (13) above can be
evaluated for the 35 “urban districts” as:

From (10): £, =B, =0 432
This is significantly less than 1 (at 5% leveldicating quite large increasing returns to
this dimension of scale, although with a relativielgh standard error.

From (12): £, = ,[?Z.S.Hdeo.e‘”R

Takingf, = 0.617 from (15), values for this elasticity eadéted using the 35 urban districts

data range from about 0.8 to about 0.2, with ag¢aoy for higher values of, - to be

associated with lower values b{SeeFigure 4).

0.9

0.8 =

L]
0.7 A L] 2

0.6

0.5

- ] - -l Ea/l

0.4 - "
.
0.3 | . -

0.2

0.1

Lambda

Figure 4: Relationship betweens , - and4 for 35 “urban districts”

In all cases this elasticity is < 1, so that witbgrbanisation the proportionate increase in
costs is generally less than the proportionateeame in area at the margin. Whether this
implies scale economies in the usual sense (highiecost) will depend on the relationship
between increase in area and increase in numberepérties. This is best assessed by
consideringe, -+, as is done next.

R

¢

The values foR/p observed in the 35 urban districts’ data rangevéen about 1.6 and

From (13): Eyi7 =B

2.4"3In conjunction with the estimated value fiarof 0.617 from (15) above, this gives

13 The minimum value foR/y is 1.5 as = 2R/3when/. = 0.
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values foe, - in the range 0.99 to 1.48, indicating roughly cansteturns to scale for less

dispersed districts but decreasing returns to $oalthe more dispersed districts (See

Figure 5).
1.6
.
1.4 - o o
. . o
4 [ ]
1.2 = : =
- o ° : o o . o

141 e o8 ° o
0.6
0.4 1
0.2

0o T T T T

0 0.05 0.1 0.15 0.2 0.25
Lambda

Figure 5: Relationship betweeng, 5 and4 for 35 “urban districts”

iii. Additional calculations
To further explore the implications for distributigosts of the four scenarioskigure 3,
illustrative calculations were carried out for taemse¥. In summary, the calculations
show that distribution costs depend strongly onstegtial configuration of the distribution
area. With a monocentric structudensificationreduces unit distribution costs whereas
greaterdispersionof properties (highex) raises them. The calculations also suggest that
more properties (highé) with A held constantsuburbanisatiopalso raises distribution
costs but to a much smaller extent (because hidhéth A held constant means lower
density and a larger settlement area). On the dided, with density rather tharheld

constant ¢onstant densi)y more properties lead to lower unit distributmsts.

The detail of the calculations for the 35 urbarirdiss can be seen ifable A, expressed as
unit costs as the implications are most easily @gpted in this form. The numbers to focus

on are in the last 5 columns, wh&€D andCCD are respectively the annual variable and

4 The method is to start with a figure fdy then use the interpolation tableAppendix Il to infer either.
or R given the other variable, enabling a valueyfdo be calculated. The estimated relationship ¢ab)then
be used to obtain a value f/¢CD, taking an average value of 420 litres/property/fda w. For capital costs,

the relevant costs were allocated to areas byhesiginains and a regression similar to (15) caroed
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capital costs of distributionJVCD andUCCD are the related unit costs ad@iCD is the
total unit cost.

» Densificationt Section (a) offable A shows how adding properties within a fixed
urban boundary substantially reduces unit distilbucosts. This is because volume
economies of scale in distribution outweigh theefiof a small increase in
dispersion as measured py

» Dispersion Section (b), on the other hand, shows that fotttéesgent of a given
size in terms of numbers of properties, greatgadison leads to diseconomies in
distribution. In this case, although the numbeprmiperties (and hence total
consumption) does not change, highérads to a larger service area with
distribution costs rising by 50% asises from zero to 0.1.

(These first two cases provide good illustratiohdemsity economies in distribution, as in
both cases higher density leads to lower distrilputiosts.)

» Suburbanisation In section (c) offable A, increasing the number of properties
with 4 constant results at first in economies of scaté waspect to volume more or
less offsetting the effect of greater dispersidtioaigh above 10,000 properties, the
latter effect increasingly dominates, leading agaidiseconomies in distribution.

» Constant densityln contrast, section (d), which compares settlemehsimilar
density but different size, shows scale econonpiagicularly in capital costs. In
this case, although more properties result ingelaradius settlement, this is
accompanied by reduction irand hence less dispersion, leading to savingsein t
unit cost of distribution.

One way of viewing theuburbanizatioriigures in section (c) ofable A is as showing the
effect of extending water supply from an urban dost to the suburbs and then to a rural
fringe. The first 10,000 properties (the urban faecupy only about 556 Ha at an average
density of 18.0 properties/Ha. The next 15,000 erogs (the suburbs) occupy about 1700
Ha (average density 8.8 properties/Ha). The neiibproperties (the rural fringe)

occupy about 4450 Ha (average density 3.4 propgdr#); and another 10,000 properties
would add about 14,000 Ha at an average densidy/gbroperties/Ha. The effect on
distribution costs is plotted iRigure 6 below. Compared with the total unit cost of
distribution in the urban core, £407/MI, adding guburbs raises this cost by about 4% to

14



£422/Ml; adding the rural fringe adds another 7#ading the cost to £453/Ml; and then
with the outer fringe (bringing the total numberpobperties to 50,000) the cost rises
further to £495/Ml, over 20% above the figure foe urban core alone. Clearly, the

marginal cost of distribution to these more renwotd highly dispersed properties is High

600.00
500.00 =
A
A
400.00 4 A A 4
-
. - + UVCD
% 300.00 = = = = = UCCD
aUTCD
200.00 -
*
100.00 = - - = = - - *
0.00 . . . . .
0 10000 20000 30000 40000 50000 60000
Properties

Figure 6: Effect of increasing settlement size witlconstant density gradients
(“ suburbanisatiori) (from section (c) of Table A)

The calculated results ifable A can be used to derive estimated elasticities sporeding
to those discussed earlier in this section. Begtigrated from intervals rather than by
continuous variation, these values are approximatwith uncertain confidence intervals.
The values imable 1 below are for an average sized urban district8p®Q0 properties,
using variable cost8/CD)*®. The elasticities shown are:

(a) Densification & the elasticity of costs as the number of propsrf\)

N/R’
varies, while settlement radius is held consta2680m. Ing/§< 1, there are scale
economies;

(b) Dispersion ¢ the elasticity of costs as the density gradignvéries,

AIN?
holding number of properties constant at 18,00@., |, > O, there are scale

diseconomies;

15 For the last 10,000 properties, the unit cosBBOEMI, some 60% higher than the £407/MI unit dostthe
10,000 properties in the urban core.
16 Similar values would be obtained using capitat€¢SCD) or total costs{CD) because of the similarity

of the values for the coefficient ongn
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(c) Suburbanisation ¢, -, the elasticity of costs as the number of properti)
varies, holding. constant at 0.06; and the related elastieity. . If £ > 1, there

are scale diseconomies (the value of 1.03 is camdigvith what was found earlier,
as shown irFigure 5);

(d) Constant densitye - (which is equal in value tg, - ), the elasticity of costs

as the number of propertieN)(varies, holding densityNJA) constant at 10

properties/Ha. Ife - <1, there are scale economies.

Typical Returns to scale
“urban district” (1/e)
No. of properties 18,000
(a) Densification
£y x 0.73 1.34
(range) (0.80-0.70)
(b) Dispersion
E 0.18
(range) (0.21-0.07)
(c) Suburbanisation
Evr 1.03 0.97
(range) (0.97 — 1.45)
£, 0.63
(range) (0.70-0.17)
(d) Constant density
€ 5= Ens 0.91 1.10
(range) (0.92 - 0.90)

Table 1: Spatial effect distribution cost elasticites derived from calculated values in
Table A

4. Interaction of spatial costs with production ecnomies

The 35 “urban districts” were selected for analymsause they seemed to provide a
reasonable approximation to the kind of monocersitiement envisaged in our
distribution model. Ideally, to assess the effédironging together water production and
water distribution, one would use direct informatetbout the relevant costs for each of the
35 districts. However, the supply arrangements vi@rad mostly not to be self-contained
within these districts. Instead, to calculate wat@duction costs, it is assumed that in each
case water production is from a single water treatrworks (WTW) of the appropriate

16



size, using the parameters obtained from anothéopany researcH. lllustrative cost
calculations for hypothetical settlements of vagysizes and densities can then be carried
out for the same four scenariosi¢hsificationi, “ dispersiori, “ suburbanizatiohand

“constant density, with distribution costs taken directly frofirable A.

Thus, for water production, the average (or urogt¢£/Ml) of production for a WTW
producingQP Ml/day is calculated as:

UCT =2%"474QP % (16)
If, in addition, for the purposes of these illusitra calculations, a leakage rate of 20% is
assumed, then:

QP=QC/08 a7)
The calculations in this section thus give a sonswslylized view of the effect on
production costs of different settlement charastis. They do however help to show up
such trade-offs as there are between economiesld m production and diseconomies in

distribution, without too many extraneous factassplicating the comparisons.

Now, the distribution costs shownTrable A can be brought together with the production
costs obtained using (16) to give illustrative tatasts of water supply for the four
scenarios, leading to the results showmable B. In this table,TCPis the total cost of
water productionTCD is the total cost of water distribution ah@(P+D) is the total cost
of water supply, comprising production and disttibo. UTCP, UTCD andUTC(P+D) are

the related unit costs, obtained by dividing®§ converted to an annual rate.

» Densificationt Section (apf Table B shows the two-fold advantage of
densification, leading to lower unit costs for bptleduction and distribution. The
unit cost of supply for a settlement of 50,000 @mies is about 40% lower than for
a settlement of 5,000 properties covering the sam®a. Returns to scale estimated
from the last column are about 1.5.

» Dispersion In section (b)of Table B, the unit cost of water production does not

vary between cases so that this cost (about £428MImply added to distribution

7 See Wenban-Smith (2009), Ch. IV. These paramaterfor total production costs, including capitasts.
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costs. As inTable A, greater dispersion (high&rleads to higher distribution costs
(the increase in the unit cost of distributionl®at 52% ad increases from = 0 to
A =0.1) and hence a total unit cost which alscsrif®m about £778/MIl wheh= 0
to about £959/MI when = 0.1.

Suburbanisation Section (c) of the table is more interestingehttie higher
volumes produced asincreases result in savings in unit productiorts;oshich

fall by about 40% from £583/MI whe = 5,000 to £335/MI wheN = 50,000, thus
offsetting the increase in distribution costs agged with serving less dense
suburbs and rural areas. The effect is showkigare 7. Whereas distribution cost
alone is minimized at about 10,000 propertiesi@mum for production and

distribution costs together in this case occubaiut 35,000 properties.

£/MI

1200
1000
\ ¢ UTCD
800 ——= = UTCP
UTC(P+D)
600
— Poly. (UTC(P+D))
400 —s M — Poly. (UTCD)
— Poly. (UTCP)
200
0 T T T T T
0 10000 20000 30000 40000 50000 60000

Properties

Figure 7: Unit production cost (UTCP), unit distribution cost (UTCD) and unit total

cost (UTC(P+D)) from section (c) of Table B

Constant densitySection (d)f Table B then shows how economies of scale in
production reinforce the decline in distributiorstowhen property numbers
increase but density remains constant, so thatdh@ined unit cost falls by about
30% from £1059/MI wheiN = 5,000 to £745/MI wheN = 50,000. Returns to
scale, estimated from the last column are abod (c@mpared with about 1.10 for

distribution alone).
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These results indicate that the benefits of morepaxt settlement will be clearest when
comparing cities of similar area or similar popidatbut differing in density, as in sections
(a) and (b) offable B. Adding population by expanding into peripheradas
(suburbanization) introduces a trade-off betwednme economies (in both production
and distribution) and diseconomies of average dcgawhich may on balance be
favourable, despite lower average density, at ieashoderate expansion, as shown in
Figure 7. Constant density expansion, on the other hangheguivocally favourable so
that in comparing towns of similar density but diffnt populations, the larger towns
should benefit from scale economies in both pradacind distribution, as in section (d) of
Table B

5. Conclusions and implications for agglomeration

Infrastructure is the Cinderella of urban economid¢ge accumulated investment in urban
infrastructure is absolutely massive; yet it doetsfaature prominently in the literature.
While the part played in urban agglomeration bgkhabour markets, economies of scale
in manufacturing, specialisation, technologicallaprers and consumption externalities
have all recently attracted considerable attentrdrastructure has rather been taken for
granted, providing a backdrop to the urban dramanbt) seemingly, playing an active

part.

Insofar as infrastructure has attracted attentlospredominant proposition is that it is
characterised by economies of scale. Thus McDa{18€7), discussing urbanisation
economies in his standard text remarks (pp.40-&Etpnomies of scale exist in the
provision of inputs that are not specific to a jgater industry. An important example is
the general urban infrastructure.” Similarly, Faj{f.989, p.135) observes that “... the
provision of manyublic services and facilitiesuch as schools, hospitals, utilities, and
highways) typically exhibits the characteristiceasbnomies of scale.” If this is the case,
one would expect infrastructure to make a largetipescontribution to urban
agglomeration economies. However, the evidenceuoh an effect is not strong. Although
some studies of urbanisation economies have foyubitive effect, others have not
(Eberts & McMillen (1999, pp.1460-1491) provideewiew of the evidence) and there is a
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tendency in the theoretical literature to downglag/ role of scale economies in
agglomeration (Duranton & Puga (2004)).

While my research into water supply costs has omefll that there are economies of scale
in water treatment works (WTWSs), it is importantrézognize that these gokant level
findings. When two or more works are operated bgmapany (for example, because the
size of a given works is limited by the capacitytlté water sources; or because the
communities it serves are small and/or widely safedl), these scale economies will be less
evident. The benefits of large scale productiongeamerally only be reaped where
circumstances permit the operation of large WT\Wsictlly where there is a large
population and access to high capacity water reesuBirmingham, for example, which
has a population of over 1 million and access ttemi@om the Elan Valley, is mostly
supplied by a single large WTW (the Frankley woillkgding to relatively low water

supply costs for that city. In other cases, thérithistion cost effects discussed earlier are

likely to be dominant.

In studies of agglomeration, it is common to uspybation as the measure of sizédne
implication of the work reported here is that itymet be sufficient to look at numbers
alone. Whereas increase in size throdghsificationwould, it seems, bring economies of
scale (in water supply at least), with a positivituence on agglomeration, as would (to a
lesser extentyonstant densitincrease, increase in size throwgiburbanizatiorwould be
roughly neutral in cost terms once distributionts@se taken into account. To get the full
picture, it would appear necessary to take demsityaccount as well as size. Moreover, it
would be misleading to regard urban areas of sirsilee, as measured by population, as
equivalent from an agglomeration perspective,afthave very different densities. As the
dispersioncase suggests, lower density towns or citiesiledy/Ito have higher distribution

costs. Put differently, agglomeration by densifmatwould have real cost advantages (at

18«The urban area population is the standard measfureban size in studies of urbanisation econorhies
Eberts & McMillen (1999, p.1481) Although urban asewill by definition probably have relatively high

densities, there can still be considerable vamaitiodensity between one urban area and another.
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least up to the point where congestion costs be@ppeeciabl¥’) whereas suburbanization
would not. Of course, infrastructure costs arethetonly consideration but if, for example,
people have a preference for suburban living, tieakmilations indicate that there is likely
to be a cost penalty (whether or not this is vikiia suburbanites through tariffs and

connection charges).

Another way to look at the matter is to compareawatipply costs as between a small town
and a large one. Even if they have the same demisgyconstant densitycalculations

point to lower costs in the larger town. If thiseet generalizes to other types of
infrastructure, it suggests an important reason latge settlements might over time
prosper more than small ones; and if the largeri®aéso denser, the advantage becomes
greater still. A related point arises when an @excupied by several small settlements
rather than one large one. If each settlement tgeits own water production facilities, it
risks a double cost penalty, on the production &iol@ smaller plant size and on the

distribution side from the density effect.

So, what about other types of infrastructure? Witlaarrying out further studies, it is only
possible to offer some pointers to the relevandbede water supply findings to a wider
range of urban infrastructure. Much of the man-madban infrastructure can be seen as
belonging to one of two broad types:

» Area-type: Provides services within a defined area (e.gewstpply, other
utilities, postal services, fire protection, trpog systems). In such cases, getting
the service to users involves distribution costs;

* Point-type: Provides services at a specific point (e.g. htatgpischools, offices,
shops, museums, theatres, etc). In such casesqtinealent consideration is the
cost to users of accessing the facility.

Water supply was chosen for study as an examplees-type urban infrastructure
because the technology is relatively simple anttidigion costs are high so that the effects

of interest should be particularly evident.

19 While our data has not shown evidence of higheéemdistribution costs in larger, denser urbamsre
such an effect does not seamriori unlikely due to more difficult access, high riagldings and higher

wages.
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It is likely that distribution costs are less sigrant in the case of other utilities, such as
electricity supply and telecommunications, althoagpital investment in distribution
systems is still important. While in general lowdestribution costs can be expected to
favour agglomeration by extending the area thatbosaaconomically served, high capital
costs nevertheless require that settlements bedenaell as relatively large if the
necessary investments are to be vidblt the same time, there have been some recent
developments, such as small types of sewage traatmoeks and local forms of power

generation, which may help small settlements.

The scope for application to Point-type infrastanet such as hospitals, appears good.
Access costs, although often neglected, are relsithigh while the extent of economies of
scale in the production unit (e.g. hospital) is sarat under researched. There would
appear to be good potential to apply the methodsldped here for water distribution costs
to the access costs to hospitals (and other siimii@structure), perhaps moderating

enthusiasm for very large facilities.

Application to transport is less obvious. Whilerthare some suggestive similarities,
notably when the spatial aspect of transport nétsvir under consideration, transport also
raises issues which go beyond those arising witlewgupply. An important instance is
congestion, which is not a major consideratiorhintase of water suppfybut is of
considerable importance in transport. At the same,tthe role of density in facilitating the
provision of low cost, high capacity transit hasgtlels in water supply, as does the
difficulty of maintaining viable public transporthere density is low, for reasons entirely
analogous to those applying to water distributian,higher infrastructure requirements

and longer distances per unit of output.

What is clear is that economies of scale in prddacire not the only factor at work. The
spatial aspect with its impact on distribution @edess costs is also important. In my

research, | have tried to bring this aspect intm$oby considering four contrasting urban

20 As the case of high capacity optical fibre cal#ehaps demonstrates.

%L The drop in pressure which can occur at timeseakpiemand for water is perhaps the nearest equival
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growth scenarios, characterised asd@)sification (b) dispersion (c) suburbanisationand
(d) constant densityThe general conclusion emerging from this worthat scale effects in
infrastructure may depend as much on density aszexper se While high density
settlement has the potential to permit both laggdesproduction and low cost distribution,
thereby favouring agglomeration, more dispersetiese¢nt patterns lead to higher (per
capita) costs of distribution or access. It follavat the general presumption in urban
economics that infrastructure services are alwagsacterised by economies of scale and
therefore conducive to agglomeration may not beectrbecause economies of scale in
production may be offset by higher distribution &orcess) costs. This suggests that there
should be more direct consideration of densitya$fen studies of urbanisation economies
(by including density as an independent variabd@reaas well agpopulation, or by using

some measure of spréwhs a proxy for density).

22 Note however that the density gradiehtdoes not provide an unambiguous measure of “dpraw
Figure 3, although cases (b), (c) or (d) might all loodsdydescribed as sprawl, in ¢bincreases, in (c) is

constant and in (d) decreases in value.
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N A R o(4L,R) | VCD | UVCD | CCD | UCCD | UTCD
(‘'O0m) (Em) (E/MI) (Em) | (E/MI) (E/MI)

a. Varying N, R constant (‘densification’)

5,000 0.19 26.8 9.7 0.109 14223 0.339 44190 3841
10,000 | 0.12 26.8 12.5 0.196 127.94 0.612 399.40 .3827
15,000 | 0.095 26.8 13.6 0.266 11559 0.832 361.73 7.327
20,000 | 0.075 26.8 14.6 0.331 107.81 1.036 337.99 5.7894
25,000 | 0.06 26.8 15.3 0.390 101.86 1.225 319.76 .6221
40,000 | 0.03 26.8 16.6 0.550 89.64 1.730 282.17 8371
50,000 | 0.015 26.8 17.3 0.64p 84.24 2.035 265.54 .7849
b. Varying A, N constant (‘dispersion’

18,000 0 13.8 9.2 0.233 84.6( 0.780 264/48 349|08
18,000 | 0.02 15.3 9.9 0.24% 88.63 0.765 277.17 8658
18,000 | 0.04 17.3 10.8 0.258 93.58 0.807 292.62 1386.
18,000 | 0.06 20.3 12.1 0.276 99.91 0.863 312.74 6512
18,000 | 0.08 25.8 13.9 0.301 109.22 0.944 342.13 .3551
18,000 | 0.10 48.7 18.1 0.354 128.30 1.111 402.45 .753(
c. Varying N, A constant (‘suburbanisation’)

5,000 0.06 8.6 5.5 0.077 100.27 0.288 310.64 410,91
10,000 | 0.06 13.3 8.2 0.152 98.97 0.4f3 308.31 4&07.2
15,000 | 0.06 17.7 10.7 0.229 99.44 0.715 310.80 2410.
20,000 | 0.06 22.0 12.9 0.30y 100.16 0.962 313.82 .9813
25,000 | 0.06 26.8 15.3 0.390 101.86 1.225 319.76 .6221
40,000 | 0.06 46.2 22.9 0.669 109.14 2110 344.10 .2453
50,000 | 0.06 81.1 30.1 0911 118.88 2.880 375.76 .6494
d. Varying N, density=10 (‘constant density’)

5,000 0.15 12.6 7.0 0.089 116.17 0.2f6 360.33 4765
10,000 0.1 17.8 10.0 0.170 111.18 0.581 346.67 8%57.
15,000 | 0.08 21.9 12.2 0.249 108.15 0.778 338.25 .4846
20,000 | 0.07 25.2 14.1 0.324 105.72 1.016 331.36 .0837
25,000 | 0.065 28.2 15.7 0.39F 103.48 1.245 324.87 8.3582
40,000 | 0.05 35.7 19.9 0.61p 100.27 1.937 315.92 .1916
50,000 | 0.045 39.9 22.2 0.75p 98.54 2.384 310.99 .5809

Table A: lllustrative calculations to show the effet of different values of4A and N on
unit distribution costs (using relationships estiméed for 35 “urban districts”)
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lllustrative values Unit costs (E/MI) Total costs£m pa)

N » | QC=w.N | UTCP | UTCD | UTC(P+D) | TCP | TCD | TC(P+D)
(MI/d)

a. Varying N, R constant (‘densification’)

5,000 | 0.19 2.1 582.6p 584.1 1166.79 0.447 0.448 8990.

10,000{ 0.12 4.2 493.37 527.3 1020.71 0.756  0.808 1.564

15,000/ 0.095 6.3 447.62| 477.37 924.94 1.029 1.098 2.127

25,000| 0.06 10.5 395.97 421.6 817.59 1518 1.615 3.183

40,000{ 0.03 16.8 353.73 371.8 725.54 2.169 2.280 4.449

|3
h
p
20,000( 0.075 8.4 417.76| 445.79 863.55 1.281 1.367 2.648
2
1
B

50,000] 0.015 21.0 335.29 349.7¢ 685.07 2.570 2.681 5.251

b. Varying A, N constant (‘dispersion’)

18,0000 O 7.56 428.45 349.08 777.53 1.182 0.968 2.145
18,000/ 0.02 7.56 428.4% 365.80 794.26 1.182 1.010 2.192
18,000/ 0.04 7.56 428.4% 386.15 814.60 1.182 1.065 2.247
18,000/ 0.06 7.56 428.45412.65 841.10 1.182 1.139 2.32]
18,000 0.08 7.56 428.4% 451.35 879.80 1.182 1.245 2.4217
18,000/ 0.10 7.56 428.4% 530.75 959.21 1.182 1.465 2.647

c. Varying N, A constant (‘suburbanisation’)

5,000 | 0.06 2.1 582.66 410.91 993.58 0.447 0.315 620.7

10,000 0.06 4.2 493.37 407.2 900.65 0.756  0.625 1.381

15,000 0.06 6.3 447.62 410.2 857.85 1.029 0.944 1.973

25,000/ 0.06 10.5 395.97 421.6 817.59 1518 1.615 3.183

40,000| 0.06 16.8 353.73 453.2 806.97 2.169  2.179 4.948

8
h
20,000 0.06 8.4 417.78 413.98 831.74 1.281 1.269 2.5b
4
4

50,000| 0.06 21.0 335.29 494.6 829.93 2,50 3.7191 6.361

5,000| 0.15 2.1 582.6p 476.50  1059.15 0.447 0.365 8120.

10,000 0.1 4.2 493.37 457.8 951.22 0.7%6 0.701 1.45%7

b
15,000 0.08 6.3 447.62 446.40 894.01 1.029 1.027 2.056
8

2
d. Varying N, density=10 (‘constant density’)
20,000 0.07 8.4 417.76 437.0 854.84 1.281 1.834 2.621
5

25,000] 0.065 10.5 395.97 428.3 824.32 1518 1.642 3.160

40,000| 0.05 16.8 353.73 416.19 769.92 2.169 2.952 4.721

50,000] 0.045 21.0 335.29 409.53 744.81] 2.5/0 3.139 5.709

Table B: lllustrative calculations to show the effet of different values ofk and N on
water supply costs for 35 urban districts, assuming single Water Treatment Works
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Appendix I: Processing the data for 35 “urban disticts”

One company’s information on numbers of propertesgth of mains, water consumption,
leakage and geographical area for some 3000 DiMetering Areas (DMAS) was
aggregate@dnd combined with information on operating costsrtable the relationships
developed irBection 3of the paper to be estimated, first for 184 Watealidy Zones
(WQZs) and then for 35 “Urban Districts” (the tefarban district” is adopted here as the
areas concerned, being assembled from water compatering areas do not match
standard administrative or statistical boundaries}.the purposes of this research, DMAs
are too small, having little relationship to urkereas; WQZs are better but large urban
areas may still comprise several WQZs, while ireottases more than one urban area is
included in a WQZ. The 35 urban districts (omittpycentric and wholly rural districts)

have been selected to try to overcome these difgsu

To obtain a measure of distribution outpDO)) for these urban districts, some simplifying
assumptions are required:

1. First, it is supposed that each district catréated as if it were a monocentric
settlement;

2. Next, a measure of area is needed. Actual arelgle unoccupied or unserviced areas;
but only areas having access to water mains caeitveced. The area of accessible land in
each zoneAy) can be estimated &4/0.15, whereM is length of mains. This is because
M/A is observed to be approximately 0.15 in fully urlzanes; the argument then is that a
similar ratio of mains to land with access to amupvill prevail in less urbanized zones
(density of properties in terms of properties pardf mains is however generally much

lower outside urban areas);
3. Now the effective radiusy for each zone can be estimatedRas,/ A / 77, whereA, is

the area of accessible land,;

4. The density gradieritcan then be estimated from the observed properigityN/A, by
interpolation in a table which calculates dengitproperties/Ha for different values gf
andZ (seeAppendix Il for an extract from this table);

5. Density at the centre of each zodg (s taken to be 30 properties/Ha (a little abdwee t
highest value observed for any WQZ in the data);
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6. Finally, by using water consumed, ieN = QC, in (8) that part of distribution costs
attributable to leakage will be reflected in a l@ghnit distribution cost (the cost of
producing the water lost to leakage is a separatéem not relevant to this part of the

analysis).

With these assumptions, distribution outdd©jj for each urban district can be calculated
as:

DO =QC¢(A,R) wherep(4,R)is given by (6) in the main text.
Summary statistics for the 35 urban districts @vanin Appendix Il (full data available

on request from the author).
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Appendix Il: Summary statistics for 35 urban districts

Variable Units Average Max Min
No of Nos 35,535 639,307 2,277
properties (N)

Household Litres/prop/day 423 738 335
water

consumption

(W)

Urban district | Megalitre$“/day 14.3 257.5 0.9
water

consumption

Q0

Gross area f) Hectares 20,550 123,988 1,173
Accessible area| Hectares 2,826 35,336 211
(Ag)

Effective "00 metres 25.4 106.1 8.2
radius (R)

Average "00 metres 14.0 65.8 4.6
distance to

properties (p)

Density % per "00m 0.092 0.23 0.0075
gradient (1)

Length of km 424 5,300 32
mains (M)

Distribution £000 548 9,930 41
variable costs

(VCD)

Distribution £000 1,347 16,839 100

capital costs

(CCD)

%1 Megalitre = 1,000,000 litres

28




Appendix lll: Average density of a monocentric settlement with @ius R whose density declines at a rate from the centre, where
density is 30 properties/Ha (Extracted from full tble, approx 4 times as large)

URBAN AREAS: AREA/LAMBDA/DENSITY

TABLE
Radius Area Do A= A= A= A= A= A= A= A= A= A=
100m Ha Prop/Ha 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
5 78.54 30 29.02  28.07 27.16 26.28 25.44 24.62 23.84 23.08 22.35 21.65
6 113.10 30 28.83  27.70 26.63 25.61 24.62 23.69 22.79 21.93 21.10 20.32
7 153.94 30 28.64 27.34 26.11 24.95 23.84 22.79 21.79 20.84 19.94 19.08
8 201.06 30 28.45  26.98 25.61 24.31 23.08 21.93 20.84 19.81 18.84 17.93
9 254.47 30 28.26  26.63 25.11 23.69 22.35 21.10 19.94 18.84 17.81 16.85
10 314.16 30 28.07 26.28 24.62 23.08 21.65 20.32 19.08 17.93 16.85 15.85
11 380.13 30 27.89  25.94 24.15 22.50 20.97 19.56 18.26 17.06 15.95 14.92
12 452.39 30 27.70 25.61 23.69 21.93 20.32 18.84 17.49 16.25 15.11 14.06
13 530.93 30 27.52  25.27 23.23 21.37 19.69 18.15 16.75 15.47 14.31 13.25
14 615.75 30 27.34  24.95 22.79 20.84 19.08 17.49 16.05 14.75 13.57 12.49
15 706.86 30 27.16  24.62 22.35 20.32 18.49 16.85 15.38 14.06 12.87 11.79
16 804.25 30 26.98 24.31 21.93 19.81 17.93 16.25 14.75 13.41 12.21 11.13
17 907.92 30 26.81  23.99 21.51 19.32 17.38 15.66 14.14 12.79 11.59 10.52
18 1017.88 30 26.63  23.69 21.10 18.84 16.85 15.11 13.57 12.21 11.01 9.95
19 1134.12 30 26.46  23.38 20.71 18.38 16.34 14.57 13.02 11.66 10.46 9.41
20 1256.64 30 26.28  23.08 20.32 17.93 15.85 14.06 12.49 11.13 9.95 8.91
21 1385.44 30 26.11 22.79 19.94 17.49 15.38 13.57 12.00 10.64 9.46 8.44
22 1520.53 30 25.94  22.50 19.56 17.06 14.92 13.09 11.52 10.17 9.01 8.00
23 1661.90 30 25.77 22.21 19.20 16.65 14.48 12.64 11.07 9.73 8.58 7.59
24 1809.56 30 25.61 21.93 18.84 16.25 14.06 12.21 10.64 9.31 8.17 7.20
25 1963.50 30 25.44  21.65 18.49 15.85 13.65 11.79 10.23 8.91 7.79 6.84
26 2123.72 30 25.27 21.37 18.15 15.47 13.25 11.39 9.84 8.53 7.43 6.50
27 2290.22 30 25.11  21.10 17.81 15.11 12.87 11.01 9.46 8.17 7.09 6.18
28 2463.01 30 2495 20.84 17.49 14.75 12.49 10.64 9.11 7.83 6.77 5.88
29 2642.08 30 24.78  20.58 17.17 14.40 12.14 10.29 8.77 7.51 6.47 5.60
30 2827.43 30 24.62 20.32 16.85 14.06 11.79 9.95 8.44 7.20 6.18 5.34
31 3019.07 30 24.46  20.06 16.55 13.73 11.46 9.62 8.13 6.91 5.91 5.09
32 3216.99 30 24.31 19.81 16.25 13.41 11.13 9.31 7.83 6.64 5.66 4.86
33  3421.19 30 24.15  19.56 15.95 13.09 10.82 9.01 7.55 6.37 5.42 4.64
34 3631.68 30 23.99 19.32 15.66 12.79 10.52 8.72 7.28 6.12 5.19 4.43
35 3848.45 30 23.84  19.08 15.38 12.49 10.23 8.44 7.02 5.88 4,97 4.23
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