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Abstract The assessment of productivity change over time
and its drivers is of great significance for water companies
and regulators when setting urban water tariffs. This issue is
even more relevant in privatized water industries, such as
those in England and Wales, where the price-cap regulation
is adopted. In this paper, an input-distance function is used to
estimate productivity change and its determinants for the
English and Welsh water-only companies (WoCs) over the
period of 1993–2009. The impacts of several exogenous var-
iables on companies’ efficiencies are also explored. From a
policy perspective, this study describes how regulators can use
this type of modeling and results to calculate illustrative X
factors for the WoCs. The results indicate that the 1994 and
1999 price reviews stimulated technical change, and there
were small efficiency gains. However, the 2004 price review
did not accelerate efficiency change or improve technical

change. The results also indicated that during the whole period
of study, the excessive scale of the WoCs contributed nega-
tively to productivity growth. On average, WoCs reported
relatively high efficiency levels, which suggests that they
had already been investing in technologies that reduce long-
term input requirements with respect to exogenous and
service-quality variables. Finally, an average WoC needs to
improve its productivity toward that of the best company by
1.58%. The methodology and results of this study are of great
interest to both regulators and water-company managers for
evaluating the effectiveness of regulation and making in-
formed decisions.
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Introduction

In many countries, the water and sewerage industry is regu-
lated because water services are provided through a monopoly
regime. In this context, the assessment of the total factor pro-
ductivity (TFP) has been evidenced as a useful tool for both
water companies and regulators. The importance of evaluating
productivity growth is especially marked in countries where
the performance evaluation of water companies is part of the
process of setting water tariffs (Maziotis et al. 2016a). While
there are several countries whose process to update water tar-
iffs is based on price-cap regulation (Marques 2011), the
English and Welsh water industry has become a paradigmatic
case (Molinos-Senante et al. 2016a).

After the privatization of the water companies in England
and Wales in 1989, the regulator (Ofwat) adopted the RPI-K
price-cap methodology to regulate the water industry (Saal
and Reid 2004) (see more details in section 2). Moreover,
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since the privatization, there have been two types of water
companies operating in England and Wales: Water and
Sewerage Companies (WaSCs) and Water Only Companies
(WoCs) (Molinos-Senante et al. 2015a).

Given the importance of the productivity-growth estima-
tion in the framework of the English andWelsh water-industry
regulation, several researchers have assessed the TFPs of the
water companies in England and Wales. To this end, from a
methodological point of view, three main approaches have
been used. Most of the previous studies employed
stochastic-frontier techniques to provide TFP growth esti-
mates (Saal and Parker 2000, 2001, 2006; Bottasso and
Conti 2009a, b; Saal et al. 2007). A second methodological
approach based on index numbers was applied by Maziotis
et al. (2015, 2016a). In addition, alternative productivity indi-
ces (Malmquist, Luenberger, Färe-Primont) based on non-
parametric techniques were also employed to evaluate TFP
changes of water companies in England and Wales (Portela
et al. 2011; Molinos-Senante et al. 2014, 2016a;Maziotis et al.
2016b).

In spite of the methodological differences among these
previous studies, all of them have in common that they eval-
uated the productivity growth ofWaSCs orWaSCs andWoCs.
However, with the exception of Bottasso and Conti (2009a),
none of the previous papers focused exclusively on English
andWelshWoCs. In this context, it should be highlighted that
Saal and Parker (2006) and Molinos-Senante et al. (2015a)
evidenced that English and Welsh WaCs and WoCs operate
under different technologies and therefore cannot be modeled
together.

In the framework of benchmarking studies applied to the
water industry, the importance of accounting for the operation-
al environment in which the water companies are working has
been illustrated (Carvalho and Marques 2011). Thus, some
exogenous factors, along with the quality of the service pro-
vided by water companies, may influence their operational
costs (Saal et al. 2007; De Witte and Marques 2010). Hence,
it is essential to integrate these variables into productivity-
growth assessment. This issue has not been ignored by previ-
ous studies on this topic since Saal et al. (2007) pioneered by
integrating quality-adjusted outputs in TFP estimates for
English and Welsh WaSCs. However, they focused only on
analyzing the effect of exogenous variables on the productiv-
ity growth of the English andWelsh water companies. In other
words, none of the previous studies assessing the TFP change
based on stochastic methods have integrated quality-of-
service to customers as operating variables that might influ-
ence input requirements.

Against this background, the objectives of this paper are
threefold. The first is to analyze the impact of regulation on
the productivity growth and its drivers, namely, efficiency,
technical, and scale changes of the English and Welsh WoCs
from 1993 to 2009. It should be highlighted that regulation is

essential for leading water companies towards long-term sus-
tainability (Molinos-Senante and Sala-Garrido 2016). The
second objective is to explore explanatory variables (external
factors and quality of service) affecting the productivity
changes of WoCs. Finally, an X factor for each WoC is pro-
posed to be applied in CPI-X price regulation.

To the best of our knowledge, only Bottasso and Conti
(2009b) focused on the performance assessment of English
and Welsh WoCs instead of WaSCs or both WaSCs and
WoCs. Moreover, their study only involved 144 observations
since the period observed was 1995/1996–2004/2005. In this
context, our study extends significantly the period of time
analyzed. The main objective of Bottasso and Conti (2009b)
was to evaluate the presence of scale economies in the UK
WoCs. By contrast, our study goes much further because it
also evaluates the contributions of technical and efficiency
changes to productivity growth of WoCs. Our paper also in-
novates with respect to the explanatory variables of produc-
tivity change of English and Welsh water companies since
quality-of-service variables are also integrated into the model.

The methodology and results of this research are of great
interest from the policy point of view. First, the methodology
applied allows estimating an X factor for each WoC, which is
essential to promote innovation and competition in the CPI-X
price-regulation framework. Second, the integration of quality
of service into the assessment provides essential information
to the water regulator to develop policies (incentives or new
standards) to improve the sustainability of the urban water
cycle.

The English and Welsh water industry

The water and sewerage industry in England and Wales was
privatized in 1989, and before privatization, there were 10
regional water authorities responsible for the water and sew-
erage supply in England and Wales and 20 statutory water
companies, which were already privatized companies that
were only responsible for the supply of water. After 1989,
the regional water authorities were privatized and formed the
WaSCs and the statutory water companies became WoCs.
While in 1993 the total number of companies was 30, they
were 22 in 2008 due to mergers and acquisitions. The 10
WaSCs are responsible for the supply of water in areas that
are not supplied by the WoCs and the collection, treatment,
and disposal of sewerage in all areas. Due to mergers and
takeovers between WaSCs/WoCs and WoCs/WoCs that oc-
curred during the period 1993–2010, the number ofWoCs fell
since privatization. In 1993, there were 20 WoCs and subse-
quent mergers in 1997 and 1998 led to a reduction in the
number of WoCs, from 20 to 16. Further mergers between
WaSCs/WoCs and WoCs/WoCs in 2010 reduced the number
of WoCs to 12. There are three regulatory bodies in the UK
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water and sewerage industry: the Office of Water Services
(Ofwat), which is the economic regulator and sets the price
limits for each company every 5 years; the Environment
Agency (EA), which is responsible for pollution control, li-
censing, and regulation of water abstraction; and the Drinking
Water Inspectorate (DWI), which is responsible for control-
ling and monitoring drinking water quality.

In England and Wales, the water industry is regulated
based on the RPI-K price-cap methodology (Saal and Reid
2004). K can be decomposed into two factors, namely, Q and
X, where Q is the price increase necessary to finance the
required environmental and quality improvements, and X is
the productivity offset (Bottasso and Conti 2009a). At privat-
ization in 1989, price limits were set by the Secretary of State
for a period of 10 years and were, on average, RPI +5.2 per
annum for the industry, RPI + 5 per annum for WaSCs, and
RPI + 6.1 per annum for WoCs. The K factor was set at a
high level in order to make up for years of underinvestment
before privatization and to ensure that the shares of the public
companies would be attractive to potential investors.
However, as documented in past studies (see for instance
Maziotis et al. 2015), the first price caps were relatively lax
and as a result, Ofwat exercised its right to reset price caps in
1994. Thus, the average K factor after the 1994 review was
RPI + 0.9 for the industry, RPI + 1.0 for the WaSCs, and RPI-
0.4 for the WoCs, representing a considerable tightening of
price caps (Ofwat 1994). This continued in the price review
of 1999 with an average K factor of RPI-2.1 for the industry,
RPI-2.0 for the WaSCs, and RPI-2.8 for the WoCs (Ofwat
1999). In the 2004 price review, the K factor increased again
to an average of 4.2% per annum (Ofwat 2004b), whereas in
2009, Ofwat published its final price determinations suggest-
ing an average K factor of RPI + 0.5 per annum for
WaSCs,and RPI + 0.3 per annum for WoCs for the next
5 years (Ofwat 2009a, b).

The determination of X-factors in the UK water and sew-
erage industry, and therefore of price limits, is carried out
through benchmarking techniques, which provide informa-
tion about the relative performance of companies. As there
are companies that are regulated under the same framework,
the regulator can compare the performance of each company
against the performance of the others in the industry. When
establishing price limits, Ofwat uses cross-section economet-
ric techniques and unit cost models to assess operating ex-
penditure (OPEX) and capital expenditure (CAPEX) relative
efficiency separately, for water and sewerage services. For
instance, operating expenditure relative efficiency for water
services is derived by the use of four econometric models:
water distribution, resources and treatment, power, and busi-
ness activities. OPEX efficiency of sewerage services is de-
rived using two econometric models, namely, network in-
cluding power and large sewerage treatment works, and
three unit cost models, namely, small sewerage treatment

works, sludge treatment, and disposal and business activities
(Ofwat 2005a). Once the most efficient company has been
determined by Ofwat from these models, then the regulator
tests how much each company needs to reduce its actual
costs to appear as efficient as the most efficient company.
Finally, Ofwat also takes into consideration factors that are
not included in the efficiency models, called Bspecial
factors,^ for instance, the high levels of deprivation in a
region supplied by a water company which might result in
high levels of bad debt.

Methodology

To explore the input-output relationship affecting the perfor-
mance of the water industry, we adopt an input-distance func-
tion estimated using a translog function following Orea
(2002) and Coelli et al. (2003). The input-distance function
provides an input-oriented measure of technical efficiency by
finding the maximum possible radial contraction of an input
that can produce a given quantity of output. The nature of
production and regulation in the water industry in England
and Wales justifies the use of an input-distance function rath-
er than an output-distance function. In this context, water
companies do not seek to increase outputs given an exoge-
nous input allocation but rather try to reduce input use for a
given exogenous output level, such as the water produced or
the number of customers. The relationship can be stated for-
mally as

diI Y it;X itð Þ ¼ max Ф :
X it

Ф

� �
∈L X it; Y itð Þ;Ф > 0

� �
ð1Þ

where Ф is the distance by which the input vector can be
deflated, and the input set L(X, Y) represents the set of all
input vectors that can produce the output vector. We fol-
low the axioms of Färe and Primont (1995), according to
which the input-distance function has the following prop-
erties: (i) dinput(X, Y) is non-decreasing, positively linearly
homogenous and concave in X and non-increasing and
quasi-concave in Y; (ii) X belongs to the input set of Y if
and only if dinput(X, Y) > 1. When a company operates on
the frontier of the period t technology, isoquant L(X, Y),
then dinput(X, Y) = 1.

The translog function can be used as a second-order ap-
proximation to a true but unknown technology. This charac-
teristic is of particular interest because it reduces the estima-
tion bias resulting from an improper assumption concerning
functional form (Saal et al. 2007). For N (i : 1, … ,N) compa-
nies observed in T (t : 1, … , T) time periods, M (m : 1, … ,
M) outputs, and K (k : 1, … ,K) inputs, the translog input-
distance function is specified as follows:
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lndI X it; Y it; tð Þ ¼ TL Y it;X it; tð Þ ¼ α0 þ ∑M
m¼1πmlnxmit þ 1

2
∑M

m¼1∑
M
n¼1γmnlnxmitlnxnit þ

∑ K
k¼1ξk lnykit þ

1

2
∑ K

k¼1∑
L
l¼1βkllnykitlnylit þ ∑M

m¼1 ∑
K
k¼1ϕmklnxmitlnykit þ ∑ K

k¼1κk lnykitt þ

∑M
m¼1η lnxmitt þ ψ1t þ

1

2
ψ2t

2 þ εit ;

ð2Þ

where ymit is the mth output quantity and xkit is the kth input
quantity for company i at time t, and π, γ, ξ, β ,ϕ, κ, ψ, and η
are the parameters to be estimated. Equation (1) satisfies the
properties of the distance function.

Technical efficiency is given in our case by the ratio of
the minimal inputs required to the actual inputs used. This
ratio tells the regulator or the company manager the
amount by which all inputs could be reduced for a given
level of output. After the estimation of the parameters, the

value of the input-oriented distance function is predicted
as TEit ¼ e−uit ; which varies between 0 and 1. A value of 1
means that the unit evaluated (WoC in this study) is effi-
cient, and uit is an inefficiency index. Consequently,
lndI = uit.

As ln dI(Xit, Yit, t) is not observable, we can select one of the
outputs and take advantage of the distance function’s homo-
geneity properties to write an estimable distance-function
specification. Indeed, homogeneity of degree 1 implies

∑M
m¼1πm þ ∑M

m¼1∑
M
n¼1γmnlnxnit þ ∑M

m¼1∑
K
k¼1φmklnykit þ ∑M

m¼1ηmt ¼ 1; ð3Þ

which will be satisfied if∑M
m¼1πm ¼ 1 and∑M

m¼1γmn ¼ ∑M
m¼1

φmk ¼ ∑M
m¼1ηm ¼ 0.

Homogeneity of degree 1 in input means also that
d(τXit, Yit, t) = τd(Xit, Yit, t) ∀ τ > 0; normalizing the input-
distance function by one of input is equivalent to setting

τ ¼ 1=xkit and then d X it=xkit; Y it
� � ¼ d X it ;Y it ;tð Þ

xkit
(Mellah and Ben

Amor 2016). Accounting for these restrictions in Eq. (2) yields
the following estimating form:

− = + ∑ ln + ∑ ∑ ln ln + ∑ +

∑ ∑ ln ln + ∑ ∑ ln + ∑ +

∑ ln + + + ∑ + − ,

ð4Þ

where x∼kit = xkit
xKit

and εit = vit − ln dit = vit − uit. In this specifica-
tion, the error term has two components: the symmetric error
term vit, which represents random error and is assumed to be
independent and identically distributed, νit N(0, σ2

ν ), and the
asymmetric error term uit,which captures the inefficiency effects
and is drawn from an exponential distribution, uit exp(θ) (Saal
and Parker 2006).

Following the approach of Saal et al. (2007), we add p
exogenous operating characteristics, whose impact on the
input requirements is captured in the term ∑p

p=1χpʓpit. We
also replace the single intercept parameter with firm-
specific dummies αiDi to control for unobserved heteroge-
neity that has not been specifically controlled for in the
model (Greene 2005, Kumbhakar et al. 2015). The inclu-
sion of firm-specific dummies is appropriate in our case as

13 years of data are observed, covering several regulatory
changes, such as the imposition of new environmental and
drinking-water quality regimes, and different price reviews from
the regulator. Because of themany years considered in this study
and the changes in the companies’ operating and management
conditions, the firm-specific dummies capture unobserved het-
erogeneity in the companies’ operating characteristics, which
would otherwise not be controlled for in the model.

As our approach is characterized by multiple inputs
and outputs, TFP is measured as the ratio of the aggre-
gate output produced relative to the aggregate input
used. In our case study, a useful TFP change measure
provides insight into potential productivity improve-
ments. The widely used generalized Malmquist Index
is the measure of TFP change from various sources of
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productivity change. In this paper, we follow the ap-
proach of Orea (2002), Saal and Parker (2006), and
Mellah and Ben Amor (2016) for the parametric

estimation of a translog input-oriented distance function.
The parametric generalized Malmquist Index is written
as follows:

ln TFPi;tþ1

.
TFPi;t

� 	
¼ ln TEi;tþ1

.
TEi;t

� 	
þ 1

2
∂lnDi;tþ1

.
∂t þ ∂lnDi;t

.
∂t

� 	
þ 1

2
∑ k¼K

k¼1

1þ ∂lnDi;tþ1

.
∂lny

� 	
þ 1þ ∂lnDi;t

.
∂lny

� 	h i
lnyi;tþ1−lnyi;t
� �

;

ð5Þ

where the three terms on the right side represent technical
efficiency change (TEC), technological change (TC), and
scale efficiency change (SEC), respectively. TEC represents
the catching-up effect of the company. TC occurs as a feasible
input-output combination set, which either expands or con-
tracts. SEC refers to the movement of firm production along
the boundary set, making use of its curvatures. Our model thus
allows one to better evaluate the impact of SEC on productiv-
ity growth even if technology is characterized by globally
decreasing or increasing returns to scale. Finally, following
standard practice, we normalize the inputs, outputs, and time
variables around their mean values, and monotonicity and
curvature conditions on the distance function’s partial deriva-
tives with respect to inputs and outputs are imposed before
estimation (O’Donnell and Coelli 2005; Saal and Parker 2006;
Saal et al. 2007; Mellah and Ben Amor 2016).

Variable specification and data

The selection of variables was guided by a review of the lit-
erature (Worthington 2014; See 2015; Mellah and Ben Amor
2016); the specific cost drivers of the English andWelsh water
industry such as the value of assets, the length of mains, and
number of employees (Saal et al. 2007; Molinos-Senante et al.
2014; CEPA 2014; Maziotis et al. 2016a); and the available
data. It should be noted that productivity assessment integrates
physical parameters such as the volume of water supplied;
economic parameters such as the operational, capital, and la-
bor costs (Jabran et al. 2016); and exogenous factors such as
the proportion of water that is abstracted from rivers, reser-
voirs or boreholes, average pumping head, population density,
and proportion of metered properties (CEPA 2014).

The volume of drinking water distributed (y1), expressed in
megaliters per day, and the number of connected properties
(y2) were selected as outputs. Following Portela et al. (2011),
the water distributed was considered as a proxy for the volume
of water abstracted from several water sources and therefore
does not include water leakage. Three variables were used as
inputs: (i) capital stock (x1); (ii) operating expenses (OPEX) as
variable input usage (x2); and (iii) labor (x3). In general, the
measurement of capital stock is a challenge since these data

are not readily available (Mellah and Ben Amor 2016).
However, for the UK water industry, previous studies (Saal
and Parker 2006; Maziotis et al. 2015) measured this variable
based on the inflation-adjusted modern-equivalent asset esti-
mates of the replacement cost of net tangible fixed assets.
Following the approach of Saal and Parker (2006), operating
costs were deflated using the Office of National Statistics’
producer price index for material and fuels purchased in the
collection, purification, and treatment by the water industry.
Operating expenses involve business costs, energy costs, and
resource and treatment costs. In other words, they are total
operating costs less labor costs. Labor was proxied by full-
time equivalent (FTE) employee numbers, which are available
for each WoC.

A literature review (e.g.Marques et al. 2014; Ananda 2014;
Molinos-Senante et al. 2015b) illustrated that a large variety of
variables might be used as explanatory variables of water
companies’ performances. Actually, there is no formal theory
as to what should be the determinants of the performances of
water companies. Based on extant literature (Saal et al. 2011;
Marques et al. 2014; CEPA 2014; Pinto et al. 2016; Brea-Solis
et al. 2017), six exogenous variables were integrated in the
assessment: (i) customer density; (ii) average pumping head;
(iii) percentage of water taken from reservoirs; (iv) percentage
of drinking-water losses; (v) percentage of billing contacts
(e.g., complaint and payment handling, meter reading, meter
installation) not responded to within 5 working days, with
respect to the total number of billing contacts; and (vi) per-
centage of bursts in mains per connected property. As
Marques et al. (2014) pointed out, some factors are not
completely exogenous for long run management of water
companies, but in the short run, the ability of the managers
is limited and therefore they should be considered as potential
explanatory factors.

Our empirical application focused on the English and
Welsh WoCs for the period 1993–2009. The data used for
estimation were retrieved from the BJuly Returns for the
Water and Sewerage Industries in England and Wales^ pub-
lished by Ofwat each year. The panel is unbalanced due to the
consolidation process that occurred in the UK water industry.
Thus, the number of WoCs declined over the sample period
due to both WoC/WoC and WaSC/WoC mergers (Saal and
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Parker 2006). When mergers occurred between firms of sim-
ilar size, we considered the merged entity as a new firm enter-
ing the panel, whereas if a WoC was acquired by a WaSC, we
simply dropped the company from the sample (Bottasso et al.
2011). In 2009, Ofwat published new accounting require-
ments as part of the wider process of further developing com-
petition in the water industry. These new reporting require-
ments are seen by Ofwat as a necessary first step to improve
data quality, before such accounting separation could be final-
ized in updated regulatory accounting guidelines (RAGs)1

(Ofwat 2009a). Hence, these changes in the UK water and
sewerage regulatory framework did not allow us to collect
consistent data to accurately assess the productivity growth
of water companies in subsequent years (Maziotis et al.
2016b). Therefore, our study involves 243 observations. The
descriptive statistics for the variables are shown in Table 1.

Empirical results

The estimated parameters of the distance functions are report-
ed in Table 2. We also check if the input-distance function
satisfies monotonicity and curvature conditions, i.e., non-
decreasing and concave in inputs and non-increasing and
quasi-concave in outputs. The results confirm that the estimat-
ed function is non-decreasing in inputs and non-increasing in
outputs, as shown by the first-order coefficients of inputs and
outputs, respectively. Moreover, the Hessian matrix of the
translog input-distance function with the second-order coeffi-
cients and the interaction term between inputs as elements is
negative semi-definite (Mellah and Ben Amor 2016). Every
principal minor of odd order is non-positive, and every prin-
cipal minor of even order is non-negative (Simon and Blume
1994). The condition of quasi-concavity in output is only par-
tially satisfied at the sample mean.2 This does not imply the
absence of an underlying cost-minimization process but may
reflect the inability of the translog input-distance function to
approximate the true input distance over the range of the data
(Wales 1977). As Färe et al. (2010) and Wolf et al. (2010)
noted, the translog function may lose flexibility when subject-
ed to curvature restrictions. Overall, the estimated translog
input-distance function is acceptable.

The firm-specific dummies are all statistically different
from zero. Note that a negative coefficient suggests an in-
crease (decrease) in technical efficiency (inefficiency), and
the reverse is also true. Since all variables have been normal-
ized around their means, the first-order coefficients of outputs
and inputs can be, respectively, interpreted as distance-

function output and input elasticities for the average WoC of
the sample.

The output elasticities are statistically significant and sug-
gest that creating more water-connected properties requires
more input requirements than providing additional volumes
of water. This also evident from the second-order coefficient
of water volumes and water-connected properties. The scale
elasticity, the sum of the inverses of the output elasticities, is
1.04 at the sample mean, which implies that a 1% increase in
outputs will require an increase in input of 0.96%. This find-
ing is consistent with other studies that reported economies of
scale for English and Welsh WoCs (Bottasso et al. 2011). As
far as the input elasticities are concerned, they are all positive
and statistically different from zero, implying that the distance
function is increasing with respect to inputs. The input elas-
ticities of capital, operating expenses, and labor are 0.445,
0.436, and 0.118, respectively. Labor input was used as the
normalized variable in the distance function, so its elasticity is
recovered from the sum of capital and operating-expense
(OPEX) elasticities. This finding suggests that both capital
and operating expenses are the main drivers of increased input
requirements to abstract, treat, and distribute water to down-
stream users. The second-order coefficient of water distribu-
tion and the water-connected property is positive and
insignificant, which suggests that these outputs are not
complementary. This finding is consistent with the results of
Saal and Parker (2006) and Bottasso and Conti (2009b). The
second-order coefficient of inputs with respect to capital and
operating expenses suggest that input requirements increase
more when additional capital investment increases than when
operating expenses increase. This is also evident when
looking at the interaction term between time and inputs.
Capital elasticity over time is positive and statistically signif-
icant, which means that WoCs have carried out substantial
capital-investment programs since privatization. The estimat-
ed coefficient of the time factor is negative and statistically
significant, suggesting that the sample-average firm has un-
dergone technological regression from 1994 to 2009 at a small
rate of 0.28%. The time-squared coefficient is relatively small
and insignificant, suggesting that the estimated rate of techni-
cal change has been further declining, by 0.02% per year. The
coefficients of time related to each of the input variables are
statistically significant, suggesting that technical change has
resulted in the use of capital and the reduction of operating
expenses. The statistically significant parameter of the inter-
action term between time and outputs suggests that technical
change increases the relative magnitude of connection elastic-
ity, whereas it decreases the relative magnitude of the elastic-
ity of the amount of water delivered.

Looking at the estimated parameters of the exogenous fac-
tors, it is concluded that the elasticity of input requirements
with respect to density is positive and statistically significant.
This implies that increased density reduces input

1 Interested readers can consult the Regulatory accounting guidelines 2016–
2017 published by Ofwat at its webpage: www.ofwat.gov.uk/wp-content/
uploads/2016/10/prs_in1609RAG1617.pdf
2 In our model, 77% of the observations satisfy quasi-concavity in output,
while 56 observations (23%) violate this condition.
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Table 1 Summary statistics of variables

Variable Average Std. Dev. Minimum Maximum

OUTPUTS Water distributed (106 l/d) 214.034 198.637 27.990 899.321

Connected properties (000 s) 325.034 289.958 43.400 1269.380

INPUTS Capital stock (106 £) 1036.640 936.172 132.887 3872.890

Operating expenses (106 £) 23.315 21.342 2.917 114.857

Labor (FTE) 318.887 246.958 63.000 1083.000

EXPLANATORY VARIABLES Customers’ density (population/ water area) (000 s/m2) 540 332 215 2800

Water losses (%) 0.134 0.028 0.088 0.224

Average pumping head (Nr) 4.794 0.343 4.018 5.365

Billing contacts not responded to within 5 working days (%) 0.955 0.068 0.611 1.000

Bursts in mains per connected property (%) 1.008 1.035 0.170 7.548

Water from reservoirs (%) 0.935 0.127 0.460 1.000

Source: Own elaboration based on Ofwat data

Table 2 Estimated parameters of
input distance function Variable Parameter Coefficient Standard error T stat

Water distributed ξ1 −0.423 0.088 −4.830*
Connected properties ξ2 −0.538 0.097 −5.548*
Capital π1 0.445 0.033 13.679*

OPEX π2 0.436 0.048 9.031*

Time ψ1 −0.003 0.002 −1.749**
Capital2 ϒ1,1 -1.068 0.202 -5.280*

OPEX2 ϒ2,2 -0.497 0.441 −1.126
Capital*OPEX ϒ1,2 0.868 0.280 3.095*

Water distributed*capital φ1,1 −0.681 0.268 −2.539*
Water distributed*OPEX φ1,2 -1.178 0.340 −3.466*
Connected properties*capital φ2,1 0.457 0.289 1.582

Connected properties*OPEX φ2,1 1.497 0.364 4.114*

Water distributed2 1,1 −0.435 0.356 −1.220
Connected properties2 2,2 −0.833 0.491 −1.697**
Water distributed*connected properties 1,2 0.560 0.417 1.342

Capital*time η1 0.019 0.010 1.860**

OPEX*time η2 −0.031 0.013 −2.370*
Water distributed*time κ1 0.061 0.014 4.343*

Connected properties*time κ2 −0.067 0.015 −4.368*
Time2 ψ2 0.000 0.001 −0.318
Density χ1 0.146 0.062 2.353*

Density2 χ2 0.011 0.068 0.160

% distribution losses χ3 0.188 0.146 1.286

Average pumping head χ4 −0.159 0.012 −12.989*
% billing contacts χ5 0.113 0.055 2.058*

% bursts in mains χ6 0.039 0.010 4.031*

% of water taken from reservoirs χ7 0.191 0.052 3.706*

Θ 15.309 1.596 9.594*

σv 0.021 0.005 4.324*

Log likelihood 354.640

Average technical efficiency 0.9388

Labor input is the dependent variable

***Coefficients are statistically significant from zero at the 5% level; Coefficients are statistically significant from
zero at the 10% level
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requirements, which may be explained by the fact that a com-
pany with a relatively high customer to area-size ratio might
use shorter pipes and hence have lower distribution costs
(Torres and Morrison 2006). Increased billing contacts not
dealt with within five working days reduces input require-
ments, which implies that companies had already achieved
high levels of service to customers (Ofwat 2004a, b). The
elasticity of input requirements with respect to reservoirs is
positive and significant. This implies that water taken from
reservoirs does not require higher inputs than water taken
from rivers or groundwater resources, which may be more
energy intensive than reservoirs and therefore might require
higher inputs. Finally, the estimated parameter of bursts per
connected property is positive and significant, whereas water
losses are still positive but insignificant. This implies that in-
creased investments in reducing bursts or water losses may
reduce long-term input requirements because of input-saving
effects resulting from the investment in technologies that im-
prove prediction of bursts in mains and manage water leakage.
It should be noted that customer research carried out by Ofwat
and other stakeholders suggested that customers in general
believe that water companies in England and Wales have
achieved a broadly satisfactory level of service in relation to
costs (Ofwat 2004a, 2005a, b, 2009b).

Table 3 illustrates the trends in the average, maximum, and
minimum efficiency levels of WoCs over the period from
1993/1994 to 2008/2009.

Several conclusions can be drawn from the analysis of the
trend in the efficiency levels of WoCs. First, the tightening of
the regulatory regime till 2001/2002 had a positive impact on
the efficiency levels ofWoCs but did not have a positive effect

on companies’ efficiency levels in the subsequent years.
Moreover, since the WoCs’ average and maximum efficiency
levels were relatively high at privatization, it was difficult to
achieve substantial efficiency gains after privatization. Finally,
the minimum efficiency levels have improved considerably
since privatization, which means that price-cap regulation
had a positive impact on those companies that were less inef-
ficient when privatized.

The year-by-year average for TFP change (TFPC) and its
decomposition into EC, TC, and SEC are depicted in Fig. 1.
TFPC increased till 1994/1995 by 2.52%, with technical
change being the major determinant of productivity growth.
The tight 1994 price review led to a declining trend for TFPC;
however, it remained at a positive level. In the year ending
1998, average technical change remained at 0.40% per year,
suggesting that the potential for productivity improvements
through technical change still remained in the industry. The
further tightening of the regulatory regime created more vol-
atility in TFPC. In the year ending 2001/2002, TFPC
remained at 0.56% per year with efficiency change increasing
by 1.26% per year. Technical change and scale change had
consistent negative impacts on productivity growth. However,
the efficiency gains were not sustained the following years
and in 2004/2005, TFPC dropped by −1.44%, with TC and
TEC being the major determinants of deterioration in
productivity. This finding is consistent with Portela et al.
(2011) and Molinos-Senante et al. (2014; 2016b) where the
authors concluded that less efficient companies improved their
performance towards the frontier company whereas the fron-
tier company did not continue to improve its performance.
This conclusion reinforces Ofwat’s statement in 2004 that
Bthe improvement in relative efficiency since 1999 is striking.
We now see companies clustering around the industry frontier
for operating costs and capital expenditure, with several com-
panies showing at or near best in class performance in both
operating and capital maintenance efficiencies^ (Ofwat
2004b). Moreover, managing a stepped change in price limits
to remove excess returns from past price reviews and continu-
ing high capital investment to improve overall performance
was challenging for the frontier companies (Molinos-Senante
et al. 2016a). The introduction of new prices in 2005 led to
small efficiency gains in the year ending 2006, which were
offset by substantial reductions in TC and scale effect.
Overall, the imposition of the price-cap regulation regime
was meant to stimulate efficiency improvements and TC; in
the longer term, it was not particularly effective in maintaining
efficiency and productivity growth. Evidence of technical
regress for WoCs was also found in Saal et al. (2011) where
the authors estimated a quadratic total cost function for the
period 1993–2009 without controlling for exogenous factors.
In contrast, other authors such as Bottasso and Conti (2009b)
reported positive technical change for WoCs by estimating a
variable cost function for the period 1995–2005. Brea-Solis

Table 3 Average, maximum, and minimum efficiency scores of
English and Welsh water-only companies

Year Average Maximum Minimum

1993–1994 0.927 0.989 0.678

1994–1995 0.933 0.992 0.737

1995–1996 0.926 0.991 0.707

1996–1997 0.936 0.992 0.722

1997–1998 0.942 0.990 0.824

1998–1999 0.929 0.991 0.796

1999–2000 0.938 0.991 0.820

2000–2001 0.957 0.978 0.900

2001–2002 0.963 0.987 0.910

2002–2003 0.956 0.989 0.897

2003–2004 0.941 0.991 0.838

2004–2005 0.939 0.993 0.736

2005–2006 0.945 0.985 0.852

2006–2007 0.936 0.984 0.805

2007–2008 0.933 0.988 0.781

2008–2009 0.949 0.988 0.843
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et al. (2017) also found technical progress by estimating an
input distance using both WaSCs and WoCs. Therefore, the
model specification, the choice of outputs/inputs, the sample
period, the inclusion or not of exogenous factors, and the type
of companies can lead to different conclusions with regard to
the existence of technical progress. We also note that there
might be other factors beyond the regulatory cycle that have
impacted companies’ productivity growth. For instance, water
companies use substantial amounts of electricity to treat water
and in 2005/2006, electricity prices increased more than the
producer price index for material and fuels purchased in the
collection, purification, and treatment (the index used to de-
flate operational costs). Moreover, Molinos-Senante et al.
(2016a) noted that exogenous climate characteristics might
explain the decline in companies’ performance. For instance,
during the extended dry period which started in the winter of
2004–2005, water companies successfully minimized the risk
of serious supply problems by using restrictions and undertak-
ing additional water efficiency programs, increasing therefore
their costs (Ofwat 2007).

Figure 2 shows cumulative TEC, TC, SEC, and TFP
growth indices for an average WoC. The 1994 tight price
review had a positive impact on TFPC, which increased by
5.4% in 1998 relative to 1993, mainly due to an improvement

in TC. This finding is consistent with Bottasso and Conti
(2009b) where the authors reported small but positive rates
of technical change for WoCs. Using both WaSCs and
WoCs, Ashton (2008) reported a rate of technical change
1.8% during the period 1991–1996 and Portela et al. (2011)
reported an increasing trend for technical change for the years
1993–1997. A declining trend was then observed for TFPC
for the subsequent years, which was attributed to decreases in
SEC and TEC. In 2000, TFPC increased by 4.8% relative to
1993 due to a substantial increase in technical change of
5.36% and small efficiency gains. The 1999 price review
helped less efficient companies to improve their efficiency,
whereas the best performing companies continued to improve
their performance but at a lower rate. This finding is consistent
with Bottasso and Conti (2009b) and Portela et al. (2011)
where the industry showed an increasing trend in technical
change till 2000 but in the second half of the regulatory peri-
od, technical change falls. In 2004/2005, the average TFPC
index fell below its level at the first years of privatization.
Deterioration of TFPC is attributed to a decrease in TC.
TEC and SEC also decreased but at lower rates. The introduc-
tion of new prices in 2005 did not improve the average
company’s productivity growth, which declined substantially
due to substantial reductions in TC and SEC. Overall, relative
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Fig. 1 Evolution of total factor
productivity change (TFPC),
technical efficiency change
(TEC), technical change (TC),
and scale efficiency change (SEC)
of the English and Welsh water-
only companies
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to 1993, TFPC dropped by almost 14%, mainly due to the
reduction in TC by 10%, whereas SEC dropped by 3% and
TEC by 1%. This finding implies that it will be wiser for water
companies to not base productivity plans only on technical
efficiency but to focus further on scale efficiency and techno-
logical progress.

Linking the TFPC results with the regulatory cycle, it is
concluded that the 1994 price review had a positive impact on
productivity growth, which was attributed to TC, i.e., the shift
to the efficient frontier. This finding suggests that during the
years 1994–2000, the frontier company improved its manage-
rial practices significantly. The scale effect became negative
during the years 1997–2000, which implies that the
acquisition/mergers of WoCs from WaSCs did not have a
positive impact on WoCs’ productivities. Moreover, the addi-
tional tight price review in 1999 had a positive effect on
WoCs’ performances. During the years 2001–2005, less effi-
cient companies moved closer to the frontier company, the
productivity of which was following a downward trend. This
finding is consistent with Portela et al. (2011) and Ofwat’s
statement that several companies were at or near the frontier
company in terms of both operating and capital-maintenance
efficiencies (Ofwat 2004b; Portela et al. 2011). TC also im-
proved but followed a downward trend, whereas the scale
effect remained constantly negative. Overall, the 2004 price
review did not further accelerate efficiency changes or stimu-
late technical changes. There were deteriorations in productiv-
ity for both best firms and other firms, meaning that less effi-
cient companies did not move closer to the frontier, nor did the
benchmark company continue to improve productivity. This
finding is consistent with the results of Molinos-Senante et al.
(2014), which showed that during the years 2004–2008, the
UK water industry experienced a decline in productivity
growth mainly due to technical regression.

From a policy and managerial perspective, this study
allowed the identification of the primary drivers of productiv-
ity change and the assessment of the impact of regulation on
companies’ performances. This step is of great importance, as
it will aid regulators and water companies in defining mea-
sures that can be employed to improve performance in a reg-
ulated industry. Moreover, the utility’s regulators can use this
type of modeling and the results to propose X factors for the
WoCs over a 5-year period (See Table 4). This was illustrated
by using results from the year 2008 as an example.

The potential (anticipated) productivity improvement of
WoC1 obtained by catching up to company WoC10 over time
is 0.988/0.859 = 1.149. Assuming that WoC1 achieves 50%
catch-up for total costs over a 5-year period, then its produc-
tivity should improve by [1.000 + (1.125 − 1)/2] = 1.075 over
a 5-year period. That means that WoC1 should catch up to the

best firm 1:075ð Þ1=5 ¼ 1:015 per year. Assuming that the reg-
ulator entity requires a 1% continuing improvement factor
(technical change), the required productivity growth or X fac-
tor for WoC1 is X = 1.015 × 1.01 = 1.025, or 2.46% per year.
Analogously, illustrative X factors are computed for the other
WoCs and for the average company.

Conclusions

The assessment of the productivity change over time and its
determinants is of great importance for regulators when set-
ting urban water tariffs. In a regulatory framework, such as
that of England and Wales, where water companies consoli-
date and make up a technologically mature industry, some
exogenous factors become significant in the assessment of
the performances of water companies. This issue is of great

Table 4 Illustrative calculation of X-factors for the English and Welsh water-only companies (WoCs)

Company Technical
efficiency

Potential productivity
growth through catch-up

50% catch-up
for total costs

Catch-up
(%) per year

Continuing
improvement factor

Required
productivity growth

X-factor

WoC1 0.859 1.149 1.075 1.015 1.010 1.025 2.466%

WoC2 0.931 1.061 1.031 1.006 1.010 1.016 1.611%

WoC3 0.986 1.002 1.001 1.000 1.010 1.010 1.019%

WoC4 0.975 1.013 1.006 1.001 1.010 1.011 1.131%

WoC5 0.905 1.092 1.046 1.009 1.010 1.019 1.910%

WoC6 0.978 1.010 1.005 1.001 1.010 1.011 1.097%

WoC7 0.781 1.265 1.132 1.025 1.010 1.035 3.541%

WoC8 0.977 1.011 1.005 1.001 1.010 1.011 1.109%

WoC9 0.976 1.011 1.006 1.001 1.010 1.011 1.114%

WoC10 0.988 1.000 1.000 1.000 1.010 1.010 1.097%

WoC11 0.959 1.030 1.015 1.003 1.010 1.013 1.301%

WoC12 0.885 1.115 1.058 1.011 1.010 1.021 2.139%

Average WoC 0.933 1.058 1.029 1.006 1.010 1.016 1.581%
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importance for the English and Welsh water industry which is
regulated based on RPI-K price-cap methodology. Given the
importance of this topic, several studies have aimed to assess
TFP of water companies in England and Wales. However,
they focused on assessing the productivity performances of
WaSCs or both WaSCs and WoCs, whereas the only study
that specifically addressed the assessment of WoCs’ perfor-
mances aimed to evaluate the presence of scale economies.
Hence, this study adds to the debate over the impact of regu-
lation on WoCs’ productivity, technology, and scale changes.

This paper reports our empirical research dealing with the
estimation of technology, assessment of efficiency, and iden-
tification of determinants of productivity change in WoCs in
England and Wales during the years 1993–2009. To achieve
this, an input-distance function is used to estimate and decom-
pose the productivity change into TEC, TC, and SEC using
stochastic frontier techniques. We also explore the impacts of
several exogenous and service-quality variables on compa-
nies’ efficiencies. Finally, we show how the utility’s regulator
can use this type of modeling and the results to calculate
illustrative X factors for the WoCs.

The primary findings of our empirical research can be sum-
marized as follows. First, the 1994 and 1999 price reviews
stimulated technical change, and there were small efficiency
gains. During the years 1993/1994–2001/2002, the best com-
pany improved its productivity over time and several compa-
nies were at or near the frontier company in terms of both
operating and capital-maintenance efficiencies. Mergers be-
tween WoCs or WaSCs and WoCs did not have positive ef-
fects on WoC performance, as the scale change was negative.
The 2004 price review did not speed up TEC or stimulate TC,
whereas SEC remained negative. Second, the average and
maximum efficiency levels of WoCs had been relatively high
at privatization, so it was difficult to achieve substantial effi-
ciency gains after privatization. Moreover, the minimum effi-
ciency levels have been improved considerably since privati-
zation, which means that price-cap regulation had a positive
impact on those companies that were less inefficient when
privatized. Furthermore, the inclusion of several exogenous
factors did not broadly increase long-term input requirements.
On average, companies reported relatively high efficiency
levels during the period of study, which suggests that they
had already been investing in cost-efficient technologies or
using inputs with respect to exogenous factors in a cost-
efficient way. Finally, an average WoC needs to improve its
productivity or reduce its costs relative to the benchmarking
company by 1.58%.

From a policy and managerial perspective, our empirical
study is of great significance for researchers and policy
makers for the following reasons. First, our methodology al-
lows the identification of the factors that affect productivity
change over time, which could aid regulators and managers to
define measures that can be employed to improve

performance in a regulated industry. Moreover, calculating
appropriate X factors in price-cap regulation is essential to
create incentives to improve the efficiency and productivity
of water companies. Finally, it provides a better understanding
of the relative importance of various productivity components,
which is essential to water regulators and water companies for
the sustainable and efficient management of the urban water
cycle.
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