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ABSTRACT
One of the main challenges that water companies face is to reduce carbon footprint in their transition to carbon neutrality. 
Past research assessing carbon performance of water companies has mostly ignored heterogeneity among the water companies 
evaluated. To overcome this limitation, this study employed a parametric metafrontier approach to assess and compare carbon 
performance of a sample of English and Welsh water companies, embracing water and sewerage companies (WaSCs) and water-
only companies (WoCs). This method allows for a comparison of the carbon performance of these two types of companies and 
analyses the impact of environmental variables on their performance. It was evidenced that water treatment complexity, main 
source of raw water, and population density significantly influence carbon performance of water companies. The average carbon 
efficiency for WaSCs was 0.816, indicating marginally superior performance compared to WoSCs, which had an average carbon 
efficiency of 0.803. Regarding carbon productivity between 2011 and 2020, WoSCs demonstrated an annual improvement in 
carbon performance of 2.9%, while WaSCs showed an annual decrease in carbon productivity of 4.2%. The insights gained from 
this study are highly significant for policymakers focused on transitioning the water industry toward net-zero carbon emissions.

1   |   Introduction

Within the framework of sustainable development goals, the 
water industry faces multiple challenges arising from global-
ization, climate change, urbanization, and population growth 
(Lechevallier 2014; Wang, Wang, and Li 2024). Extreme weather 
events, such as intense rainfall or droughts, pose significant 
risks to water resources and infrastructure. Concurrently, the 
escalating water demand due to population growth threatens 
the sustainability of existing water resources (Sukanya and 
Sabu 2023). Furthermore, the entire process of water provision, 
from extraction and treatment to distribution to end-users, de-
mands substantial energy use (Yan et  al.  2024). This energy 

consumption results in the emission of greenhouse gases (GHGs), 
an undesirable byproduct of water production. Therefore, un-
derstanding the factors that influence both economic and envi-
ronmental performance is crucial for ensuring the sustainable 
and efficient delivery of water services (Ananda  2018; Sowby 
and Hopkins 2023).

In recent decades, researchers and policymakers have undertaken 
initiatives to transition the water industry toward net-zero carbon 
emissions. For example, several Australian states have declared 
their intention to establish a net-zero carbon water industry by 
2050 (Ananda and Hampf 2015). Similarly, the UK government 
has set a target to achieve net-zero carbon across industries by 
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2030 (Ofwat 2010; HM Government 2018; CCC 2019). Numerous 
studies have examined the link between production factors and 
GHG emissions in the water cycle (e.g., Yan et al. 2024; Wang, 
Wang, and Li 2024; Maziotis et al. 2023). A key discovery from 
these studies is that production factors, particularly energy con-
sumption in water and sewerage treatment, are likely to rise with 
increasing water demand, potentially leading to higher GHG 
emissions. In this context, it has been evidenced the positive 
impact of environmental knowledge and environmental policy 
regulations on attitudes toward water management programs 
(Kherazi et  al.  2024). Consequently, understanding the factors 
that drive production costs and carbon emissions in water service 
provision is crucial. This necessity underscores the importance 
of evaluating carbon efficiency and productivity in the water in-
dustry. The use of composite indicators estimated through mul-
ticriteria decision analysis represents a valuable approach for 
managing the complexity inherent in decision-making within 
the water industry (D'Adamo et al. 2024).

To better understand the nexus water-energy-carbon in the 
urban water sector, the objectives of this study are twofold. The 
first objective was to evaluate and compare the carbon effi-
ciency and carbon productivity of two types of water companies, 
such as WaSCs and WoCs, accounting for group heterogeneity. 
The second objective was to quantify the influence of environ-
mental variables on the carbon performance of assessed water 
companies.

The contributions of this study to existing literature are three-
fold: First, the study is pioneering as it introduces a parametric 
metafrontier approach to assess and compare the carbon perfor-
mance among a sample of water companies. Unlike traditional 
models, this innovative methodological framework allows for 
the integration of group heterogeneity and the influence of exter-
nal variables into the evaluation process. This approach enables 
a more nuanced understanding of how internal and external 
factors impact carbon efficiency. Second, the research facilitates 
the first comparative analysis of the carbon performance be-
tween English WaSCs and WoCs. By employing the metafrontier 
model, this comparison acknowledges the intrinsic differences 
and operational variations between these groups, thus providing 
a more context-sensitive evaluation. This aspect of the study is 
crucial, as it highlights the diverse challenges and opportunities 
faced by different types of water companies in managing their 
carbon emissions. Lastly, the study contributes new insights 
into the role of environmental variables in shaping the carbon 
performance of water companies. Through a detailed analysis, 
it identifies specific external factors that are most influential, 
offering evidence-based recommendations for policy and oper-
ational adjustments. These insights are particularly valuable for 
policymakers and company managers aiming to design targeted 
strategies to reduce carbon emissions within the sector.

2   |   Literature Review

Research on the carbon performance measurement of water 
companies is relatively limited. Notable exceptions include the 
studies of Walker et al.  (2019) and Sala-Garrido et al.  (2021, 
2023) who incorporated GHG emissions in efficiency assess-
ments for water companies in England and Wales. These 

studies utilized data envelopment analysis (DEA) models, a 
nonparametric method. In the context of Australian water 
utilities, Ananda and Hampf  (2015) and Ananda  (2018) ex-
plored the impact of GHG emissions on the productivity of 
water companies. They employed the Malmquist-Luenberger 
productivity indicator, also using DEA techniques for their es-
timation. Following a similar approach, Molinos-Senante and 
Maziotis (2022) applied this framework to evaluate the influ-
ence of GHG emissions on the productivity of various water 
companies in England and Wales.

Despite the notable contributions of past research on this 
topic, the above-mentioned studies suffer from two main lim-
itations. The first one is that linear programming techniques 
such as DEA are deterministic which means that statisti-
cal noise is not included in the analysis and any deviations 
from the efficient frontier is due to inefficiency only (Wojcik, 
Dyckhoff, and Clermont  2019). Moreover, DEA models can-
not directly accommodate the impact of several environmen-
tal variables on carbon performance of water utilities1. The 
second limitation refers to the heterogeneity among the water 
companies evaluated. Thus, water companies in England 
and Wales embrace two types of utilities namely: (i) water 
and sewerage companies (WaSCs) and (ii) water-only com-
panies (WoCs) (Walker, Williams, and Styles  2020). WaSCs 
provide both water and sewerage services, while WoCs offer 
solely water services. Overlooking this distinction implies an 
assumption that all water companies share access to identi-
cal production technology (Oh  2010; Ananda and Oh  2023). 
However, comparing units (water companies) with heteroge-
neous production technology can lead to biased results (Jin 
et al. 2024).

To deal with group heterogeneity issue in efficiency and pro-
ductivity assessment, the metafrontier concept was introduced. 
The metafrontier approach was first proposed by Hayami (1969) 
and was further developed by Battese and Rao  (2002), 
Battese, Rao, and O'Donnell  (2004) and O'Donnell, Rao, and 
Battese (2008) and Huang, Huang, and Liu (2014). The meta-
frontier is defined as the envelope of producible input–output 
combinations across all feasible technology groups (Barra and 
Falcone 2024). The application of the metafrontier framework 
includes a two-step approach. In the first step, the efficiency of 
each group (group frontier) is estimated. In the second step, the 
metafrontier is calculated by assuming that all companies in 
each group have possible access to the same technologies (Ho, 
Hung, and Tien 2023). Thus, the efficiencies evaluated under 
the metafrontier are comparable across different groups (Jin 
et al. 2024).

Applications of metafrontier approach in the drinking water 
sector are rare. De Witte and Marques (2009) were pioneered 
in applying the metafrontier to compare the efficiency of 
water utilities from five countries. Its analysis was extended 
to eleven countries by Molinos-Senante and Sala-Garrido. 
Subsequently, the assessment was extended to examine the dy-
namic productivity changes (Molinos-Senante, Maziotis, and 
Sala-Garrido  2017). However, their focus was on economic 
performance of water companies as they did not integrate 
GHG emissions on efficiency and productivity estimations. 
Ananda and Oh  (2023) was the only study to assess carbon 
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performance of water companies employing the metafrontier 
concept. Its assessment focused on a sample of 49 water utili-
ties in Australian embracing four groups according to its size 
(major, large, medium, and small). However, one limitation of 
the study was that carbon productivity was estimated using the 
DEA method whose pitfalls have been previously described.

Despite the valuable contributions of existing studies previ-
ously discussed, a significant gap remains in the comprehen-
sive assessment of carbon performance in water companies, 
particularly in addressing group heterogeneity and the influ-
ence of environmental factors. Most prior research has relied 
on deterministic models, such as DEA, which do not account 
for statistical noise or the impact of external variables, poten-
tially leading to biased performance evaluations. Additionally, 
these studies often assume uniform production technologies 
across all companies, overlooking the technological and oper-
ational differences between WaSCs and WoCs. This assump-
tion fails to capture the diverse operational environments 
within the water sector.

To address these limitations, this article applies a paramet-
ric metafrontier approach—a pioneering methodology in 
this context—that provides a more nuanced analysis. Unlike 
traditional methods, this approach accounts for heterogene-
ity among water companies and quantifies the influence of 
external environmental variables on carbon performance. 
By adopting this methodology, the study offers new insights 
into how varying operational and contextual factors impact 
the carbon efficiency of WaSCs and WoCs. Furthermore, 
this research makes a novel contribution to the literature by 
providing a comprehensive comparative analysis of carbon 
performance across these two distinct groups of water com-
panies. The findings have practical implications for policy-
makers, highlighting the importance of tailored strategies to 
enhance carbon productivity within the water sector.

3   |   Methodology

Carbon efficiency and carbon productivity of English and 
Welsh WaSCs and WoCs was estimated and compared based 
on the metafrontier concept which involves estimating the 
production technology for each group of water companies, 
that is, WaSCs and WoCs, and the production technology 
that encompasses all observations from all groups, that is, the 
metafrontier.

Figure 1 shows the main methodological steps to estimate both 
carbon efficiency and carbon productivity of WaSCs and WoCs.

3.1   |   Carbon Efficiency Estimation

Step 1. Definition of the carbon Shephard distance function.

Let's suppose that each water company employs a vector of in-
puts such as operating expenses to produce a set of outputs such 
as drinking water delivered. As part of the water production and 
distribution process, carbon emissions (c) are also produced. 
Considering the environmental objective of minimizing carbon 

emissions, this variable was treated as input as well (Zhou, Ang, 
and Han 2010; Zhou, Ang, and Wang 2012; Lin and Du 2015; 
Tan et al. 2020; Molinos-Senante and Maziotis 2022). The vector 
of inputs is denoted as x =

(

x1, … , xK
)

 and the vector of outputs 
as y =

(

y1, … , yL
)

.

Carbon efficiency for each group of water companies and 
for the whole sample was estimated using the concept of the 
Shephard distance function (Tan et al. 2020; Molinos-Senante 
and Maziotis  2022). The carbon Shephard distance function 
with respect to the group frontier and metafrontier technology 
is defined as follows:

where � denotes the distance by which carbon emissions can 
go down (Molinos-Senante and Maziotis  2022). If the ana-
lyzed water company is on the frontier, then Dj

I
(x, c, y) = 1 or 

D∗
I (x, c, y) = 1 which means that the company is carbon effi-

ciency, and therefore, in comparison to its peers, it has no room 
to reduce carbon emissions.

Step 2. Estimation of the carbon Shephard distance function.

The carbon Shephard distance function is estimated using the 
stochastic frontier analysis (SFA) method. A parametric ap-
proach such as SFA is chosen because of its advantage to in-
clude both statistical noise and inefficiency (Huang, Huang, and 
Liu 2014; Horncastle et al. 2022). The functional form selected 
for the underlying production technology is the translog input 
distance function because of its flexible form as it includes in-
teractions between inputs and outputs (Susaeta et  al.  2024). 
Moreover, the use of an input distance function allows us to 
accommodate multiple inputs and outputs without the require-
ment of using prices for inputs and outputs (Rita et al. 2023).

Focusing on group frontier, for any group j for any water com-
pany i and period t , the translog carbon Shephard distance func-
tion is as follows:

(1)D
j
I
(x, c, y) =max

{

𝛿: 𝛿 > 0
(

c

𝛿

)

, y ∈ PPTj
}

(2)D∗
I (x, c, y) =max

{

𝛿: 𝛿 > 0
(

c

𝛿

)

, y ∈ PPT∗
}

FIGURE 1    |    Main methodological steps to estimate carbon efficiency 
and carbon productivity of water companies.
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where z denotes a set of environmental variables that could 
influence carbon efficiency, aj captures unobserved heteroge-
neity, v is the statistical noise that follows the normal distribu-
tion, and u captures inefficiency which follows the half-normal 
distribution.

In the case of the metafrontier, following the approach of Huang, 
Huang, and Liu (2014) and Cao, Qi, and Ren (2017), we first de-
rive the optimal carbon emissions 

(

c∗
i,t

)

 for any water company 
i at any time t  as:

where ci,t is the current carbon emission of the water company i 
at time t , and GCEIjt is the group carbon efficiency index of the 
group of water companies j at time t .

Then, the second stage SFA regression for any water company i 
at any time t  becomes:

where the meaning of the parameters is the same as in 
Equation (3) and * denotes optimal values.

Step 3. Computation of carbon efficiency scores and technologi-
cal gap ratio (TGR).

Carbon efficiency of water companies based on the group fron-
tier and metafrontier technology are defined as follows:

where GCEI and MCEI denote the group carbon efficiency index 
and metafrontier carbon efficiency index, respectively. These 
indices take a value between zero and one, with a value of one 
meaning that the water company under assessment is fully 
carbon efficient. Values lower than one indicate carbon ineffi-
ciency and, therefore, the potential to reduce carbon emissions. 
The TGR measures the distance in the carbon efficiency of a 
water company between the group and metafrontier technology 
(Battese and Rao 2002; O'Donnell, Rao, and Battese 2008).

Equation (8) can be written as follows:

Equation (9) evidences that the MCEI is influenced by two key 
factors, namely GCEI and TGR. Consequently, a water company 
can enhance its carbon efficiency concerning the metafrontier 
technology by pursuing one or more of the following strategies: 
(i) improving efficiency within its own group while keeping the 
distance between the group frontier and metafrontier technology 
constant; (ii) enhancing its potential efficiency, which is equiv-
alent to reducing the gap between the group frontier and meta-
frontier technology, assuming that internal efficiency within the 
group remains unchanged and; and (iii) simultaneously working 
on both improving group efficiency and potential efficiency.

3.2   |   Carbon Productivity Assessment

Step 4. Definition and estimation of the carbon productiv-
ity index.

Carbon productivity measures changes in carbon performance 
of each water company i between two time periods, t  and t + 1. 
This assessment is done using the traditional Malmquist produc-
tivity index framework, which comprises two integral compo-
nents: technical change and efficiency change (Fare, Grosskopf, 
and Zhang 1994):

(3)

ln
1

cjt
= aj+

L
∑

l=1

allnyljt+

K
∑

k=1

�klnxkjt

+
1

2

L
∑

l=1

L
∑

m=1

Y
lm
lnyljtlnymjt

+
1

2

K
∑

k=1

K
∑

n=1

�knlnxkjtlnxnjt

+

L
∑

l=1

K
∑

k=1

� lklnyljtlnxkjt+�1t+
1

2
�2t

2

+

K
∑

k=1

�klnxkjtt+

L
∑

l=1

� llnyljtt+

Z
∑

z=1

�zzjt+vjt+ujt

(4)c∗i,t = ci,t × GCEIjt

(5)

ln
1

c∗
i,t

= aj+

L
∑

l=1

allnyl,i,t+

K
∑

k=1

�klnxk,i,t

+
1

2

L
∑

l=1

L
∑

m=1

Y
lm
lnyl,i,tlnym,i,t

+
1

2

K
∑

k=1

K
∑

n=1

�knlnxk,i,tlnxn,i,t

+

L
∑

l=1

K
∑

k=1

� lklnyl,i,tlnxk,i,t+�1t+
1

2
�2t

2

+

K
∑

k=1

�klnxk,i,tt+

L
∑

l=1

� llnyl,i,tt+

Z
∑

z=1

�zzi,t+v
∗
i,t+u

∗
i,t

(6)GCEI =
1

D
j
I
(x, c, y)

(7)MCEI =
1

D∗
I (x, c, y)

(8)TGR(x, y) =
D
j
I
(x, c, y)

D∗
I (x, c, y)

=
MCEI

GCEI

(9)MCEI = TGR × PCEI

(10)

GCPIi,t,t+1=
1∕Dj,t+1

I (xi,t+1,ci,t+1,yi,t+1)
1∕Dj,t

I (xi,t ,ci,t ,yi,t)

×

[

D
j,t+1
I

(

xi,t+1, ci,t+1, yi,t+1
)

D
j,t

I

(

xi,t+1, ci,t+1, yi,t+1
)

×
D
j,t+1
I

(

xi,t, ci,t, yi,t
)

D
j,t

I

(

xi,t, ci,t, yi,t
)

]0.5

=GCECIi,t,t+1×GCTCIi,t,t+1

(11)

MCPIi,t,t+1=
1∕D∗,t+1

I (xi,t+1,ci,t+1,yi,t+1)
1∕D∗,t

I (xi,t ,ci,t ,yi,t)

×

[

D∗,t+1
I

(

xi,t+1, ci,t+1, yi,t+1
)

D∗,t
I

(

xi,t+1, ci,t+1, yi,t+1
)

×
D∗,t+1
I

(

xi,t, ci,t, yi,t
)

D∗,t
I

(

xi,t, ci,t, yi,t
)

]0.5

=MCECIi,t,t+1×MCTCIi,t,t+1
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where GCPIi,t,t+1 denotes the group frontier carbon productiv-
ity index which could improve, deteriorate, or remain constant 
between two time periods, respectively, if GCPIi,t,t+1 > < = 1. 
It is decomposed into group frontier carbon efficiency change 
(GCECIi,t,t+1) and group frontier carbon technical change 
(GCTCIi,t,t+1). Analogously, in Equation (10), MCPIi,t,t+1 denotes 
the metafrontier carbon productivity index between two time 
periods. It consists of two components, the metafrontier carbon 
efficiency change, MCECIi,t,t+1, and the metafrontier carbon 
technical change, MCTCIi,t,t+1. Both with respect to the group 
frontier and the metafrontier, efficiency change component mea-
sures changes to the efficiency of carbon emissions input from 
time period t  to time period t + 1. It is interpreted as a measure of 
the catching-up effect (Ananda and Oh 2023). In our case study, 
it involves the capacity of the water companies to be managed 
in accordance with the best operational practices. The second 
component, that is, technical change measures the improve-
ment or retardation in carbon efficient (group and metafrontier) 
technologies. It measures the changes in frontiers between two 
periods. It is related to long-term strategic planning and timely 
capital investment.

MCPIi,t,t+1 is the product of two terms namely, group carbon 
productivity (GCPI) index (GCPIi,t,t+1) and TGR (TGRi,t,t+1) 
(Equation (9)).

This means that metafrontier carbon productivity (MCPIi,t,t+1) 
can be influenced by group frontier and TGR. It suggests that 
using the metafrontier technology carbon productivity could 
be affected by the performance within each group and whether 
group productivity moved closer or away from metafrontier 
productivity.

4   |   Case Study Description

The evaluation of carbon efficiency and carbon productivity 
refers to the water services provided by WaSCs and WoCs in 
England and Wales over the period 2011–2020. The monopolistic 
nature of the private water industry required the establishment 

of a regulator, the Water Services Regulation Authority (Ofwat) 
who monitors the economic and environmental sustainability 
of the industry. Every five years the regulator approves water 
companies' business plans and determines a future revenue al-
lowance for each company (price review process), which is then 
used by the companies to set tariffs (Molinos-Senante, Maziotis, 
and Sala-Garrido 2017).

To calculate carbon efficiency and productivity over time, we se-
lected inputs and outputs based on available data and past litera-
ture reviews (e.g., See 2015; Walker et al. 2019; Walker, Williams, 
and Styles  2020; Cetrulo, Marques, and Malheiros  2019; Goh 
and See  2021). As output, we used the volume of water deliv-
ered measured in megaliters per year. We used two inputs in 
our analysis. The first input was defined as the annual oper-
ating expenditure of water services expressed in millions of ₤. 
The second input was the carbon emissions from the supply of 
water services. They were expressed in kg of CO2 equivalent 
(CO2eq) and are associated with the operation of water services. 
Carbon emissions are reported by water companies based on 
the UK Government Environmental Reporting Guidelines (HM 
Government 2019)2.

Several studies in the past (e.g., Zhou, Ang, and Wang 2012; Lin 
and Du 2015; Tan et al. 2020) showed that environmental vari-
ables could influence carbon performance and therefore, they 
were included in the modeling approach. The first environmen-
tal variables were associated with the geographic conditions 
from which raw water is abstracted. These included the percent-
age of water taken from two different water sources, rivers, and 
boreholes. We also incorporated the average pumping head as a 
proxy for the energy required to take, treat, and deliver water to 
users (Walker et al. 2021). The subsequent environmental vari-
able captured the treatment quality of water. This was defined 
as the percentage of water receiving high levels of water treat-
ment (Ofwat  2010). We finally included in the analysis popu-
lation density which was defined as the ratio of population and 
water area.

The descriptive statistics of the variables used in the study are 
displayed in Table 1 and were collected from Ofwat and water 
companies´ annual reports.

(12)MCPIi,t,t+1 = GCPIi,t,t+1 × TGRi,t,t+1

TABLE 1    |    Descriptive variables of water companies to assess its carbon performance. Values from 2011 to 2020.

Variables Unit of measurement Mean Std. Dev. Minimum Maximum

Operating expenditurea ₤m/year 110.86 96.87 8.33 422.84

Carbon emissions kgCO2e/year 74,667,299 67,258,171 3,122,940 275,900,000

Volume of water delivered Ml/year 246,301 203,783 8924 791,616

Water taken from rivers % 27.2 24.8 0.0 86.1

Water taken from boreholes % 41.2 31.2 0.0 100.0

Average pumping head nr 139 36 65 224

Water receiving high levels of treatment % 58.1 22.4 22.3 99.0

Population density 000 s/km2 0.469 0.280 0.146 1.263

Note: Total observations are 180 being 100 WaSCs and 80 WoCs.
aOperating expenditure is expressed in 2020 prices.
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5   |   Results and Discussion

5.1   |   Estimation of the Carbon Shephard Distance 
Function

In the proposed methodology for assessing carbon efficiency 
and carbon productivity, the initial step involves calculating the 
carbon Shephard distance function for each group of water com-
panies, that is, WaSCs and WoCs, as well as for the metafron-
tier. The findings from this stage of the analysis are presented 
in Table 23.

The estimated parameters indicate that the distance function 
behaves as expected: it is nonincreasing in outputs and nonde-
creasing in inputs. For WaSCs, the analysis reveals that a 1% 
increase in the volume of water delivered or in operating ex-
penses could lead to an increase in carbon emissions by approx-
imately 0.828% and 0.627%, respectively. Similarly, for WoCs, a 
1% increase in the same factors might result in carbon emissions 
rising by 0.990% for water delivery and 0.581% for operating ex-
penses. This pattern involves both types of companies which 
could potentially reduce their carbon footprint by increasing 
their scale of operation. The same trend is observed in the meta-
frontier model, where, on average a 1% increase in water delivery 
could lead to a 0.975% increase in carbon emissions across the 
water industry, and a 1% rise in operating expenses might result 
in a 0.804% increase in carbon emissions, all else being equal. 
Table 2 further confirms that the volume of water delivered and 

operating expenses are statistically significant factors driving 
carbon emissions in both WaSCs and WoCs. This finding em-
phasizes the importance of these variables in managing and 
strategizing for better carbon efficiency in the water industry.

In the metafrontier model, the time variable, representing tech-
nical change, showed a negative and statistically significant 
deviation from zero. This indicates that, on average, the water 
industry experienced a technical regression at a rate of 2.4%. 
However, the impact of this regression appears to be relatively 
minor, as suggested by the insignificance of the squared term of 
the time variable. When examining the different types of water 
companies separately, technical change was found to be insig-
nificant among WaSCs. In contrast, a small technical progress 
was observed among WoCs. This difference suggests that while 
overall the industry faced challenges in advancing its technical 
capabilities, the extent and impact of these challenges varied be-
tween different types of companies. This finding highlights the 
nuanced nature of technical change within the water industry 
and underscores the importance of differentiating between var-
ious types of companies when assessing industry-wide trends 
and developments. It also points to the need for targeted strat-
egies to address the specific challenges and leverage the oppor-
tunities for technical advancement in different segments of the 
industry.

The analysis of environmental variables in relation to carbon 
emissions, using the metafrontier technology, yielded several 

TABLE 2    |    Estimates of parameters of the carbon distance function for group and metafrontier models.

Group of WaSCs Group of WoCs
Metafrontier 

WaSCs and WoCs

Variables Coeff. S.Err. Coeff. S.Err. Coeff. S.Err.

Water delivered −0.827*** 0.073 −0.989*** 0.065 −0.975*** 0.059

Opex 0.626*** 0.056 0.581*** 0.062 0.804*** 0.063

Time −0.003 0.006 0.009*** 0.003 −0.024*** 0.006

Water delivered2 −0.401*** 0.145 −0.301*** 0.105 −0.102*** 0.016

Opex2 0.403*** 0.062 0.549*** 0.073 0.272*** 0.043

Water delivered*opex −0.126*** 0.031 0.274*** 0.037 0.029 0.024

Opex*time −0.041*** 0.009 0.021* 0.011 −0.017** 0.007

Water delivered*time 0.0141* 0.008 −0.044*** 0.005 −0.035*** 0.005

Time2 0.007* 0.004 −0.008*** 0.003 −0.003 0.004

Average pumping head −0.251*** 0.057 −0.582*** 0.021 −0.293*** 0.027

% of water taken from rivers 0.298*** 0.084 0.0205 0.048 0.307*** 0.057

Population density 0.154*** 0.039 −0.205*** 0.020 0.072*** 0.019

% of water taken from boreholes 0.032 0.088 0.138*** 0.043 0.082 0.050

Water treatment complexity −2.584*** 0.437 0.186*** 0.172 −0.672*** 0.162

Sigma 0.175*** 0.012 0.147*** 0.009 0.242*** 0.014

Lambda 1.005*** 0.216 2.251*** 0.319 0.726*** 0.235

Log-likelihood 66.97 59.77 87.001

***, **, and *: 1%, 5%, and 10% leves of significance, respectively.
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4724 Sustainable Development, 2025

insightful conclusions. Most environmental factors, except for 
the percentage of water drawn from boreholes, significantly 
influenced carbon emissions. Notably, two factors—average 
pumping head and water treatment quality—were found to 
potentially increase carbon emissions. This suggests that the 
processes involved in the abstraction, treatment, and delivery 
of water could lead to increased energy use and, consequently, 
higher carbon emissions. The impact of water treatment on car-
bon emissions was particularly pronounced, as indicated by the 
magnitude of its coefficient. This implies that more complex 
water treatment processes, which require greater input, can re-
sult in elevated carbon emissions.

Conversely, the study found that the percentage of water 
sourced from rivers and the population density could reduce 
carbon emissions. This might be attributed to the lower en-
ergy intensity of extracting water from rivers compared to 
other sources. The results indicate a nuanced relationship 
between different water sources and treatment methods and 
their respective carbon emission impacts. Understanding 
these dynamics is crucial for developing strategies to reduce 
the carbon footprint of the water industry, particularly in 
areas where environmental factors significantly influence en-
ergy consumption and carbon emissions.

The analysis of environmental variables among WaSCs 
yielded findings consistent with those observed using the 
metafrontier technology. Specifically, the complexity of water 
treatment emerged as having the most significant impact on 
carbon emissions among WaSCs, as indicated by the size of 
the estimated coefficient. This underlines the substantial in-
fluence of water treatment processes on the carbon footprint 
of these companies. However, when the analysis focused solely 
on WoCs using their specific frontier model technology, some 
differences emerged. The results suggested that for WoCs, av-
erage pumping head and population density could potentially 
increase their average carbon emissions. On the other hand, 
the percentage of water sourced from boreholes appeared 
to decrease carbon emissions in this group. Notably, among 
WoCs, the average pumping head was identified as having the 
most significant effect on carbon emissions, as evidenced by 
the size of its estimated coefficient.

These findings highlight the varying impacts of different en-
vironmental variables on carbon emissions across WaSCs and 
WoCs. They reveal the importance of considering the specific 
operational characteristics and environmental contexts of dif-
ferent types of water companies when assessing their carbon 
emissions and formulating strategies to mitigate their environ-
mental impact.

Results highlighted the necessity for customized policies and 
interventions that take into account the unique characteristics 
and challenges of the two evaluated types of water companies. 
It is essential that policymakers utilize these findings to craft 
regulations and support initiatives that cater to the particular 
requirements of WaSCs and WoCs. This conclusion was reached 
by acknowledging the diversity in carbon performance among 
water companies. Without this consideration, traditional anal-
yses would fail to distinguish the varying carbon performance 
between WaSCs and WoCs. From a theoretical viewpoint, this 

research underscores the significance of integrating environ-
mental variables when setting carbon performance benchmarks 
for the urban water sector. By exploring the link between op-
erational factors and carbon emissions, the study validates the 
critical role of environmental factors in shaping carbon perfor-
mance objectives.

5.2   |   Estimation of Carbon Efficiency of Water 
Companies

Table 3 reports a summary of the statistics of the group and 
meta carbon efficiency scores for the water industry over the 
years 2011–2020. The results indicate that on average the 
water industry showed considerable levels of carbon efficiency 
using the group and metafrontier technologies. However, 
there is room for further reductions in carbon emissions. The 
mean group carbon efficiency score for both WaSCs and WoCs 
was 0.902 which means that the industry could reduce carbon 
emissions by 9.8% to produce the same level of output when 
using group technologies. However, there is potential for 
higher savings in carbon emissions if the industry's best avail-
able technologies are adopted. As shown by the metafrontier 
carbon efficiency score, the industry could further cut down 
carbon emissions by 19% on average if the metafrontier tech-
nology is employed.

The analysis of carbon efficiency between WaSCs and WoCs 
revealed that on average WaSCs tend to be slightly more car-
bon efficient than WoCs (Table  3). Specifically, on average 
WoCs could reduce their carbon emissions by 10.6% (average 
CE score of 0.894) whereas WaSCs by 9.1% (average CE score 
of 0.909) to deliver the same amount of water. Within WoSCs, 
the least carbon efficient water company had a CE score of 
0.856 (Figure  2), indicating that the worst-performing firm 
could potentially reduce its carbon emissions by an average 

TABLE 3    |    Summary of group carbon efficiency, metafrontier 
carbon efficiency, and TGR for English and Welsh water companies 
(2011–2020).

Mean St.Dev. Min Max

WoCs

Group CE 0.894 0.065 0.691 0.979

Meta CE 0.803 0.066 0.620 0.905

TGR 0.898 0.012 0.872 0.926

WaSCs

Group CE 0.909 0.029 0.762 0.966

Meta CE 0.816 0.039 0.662 0.909

TGR 0.897 0.018 0.833 0.942

WoCs and WaSCs

Group CE 0.902 0.049 0.691 0.979

Meta CE 0.810 0.053 0.620 0.909

TGR 0.898 0.016 0.833 0.942
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of 14.4%. On the other hand, the most carbon efficient WoC 
achieved a mean efficiency of 0.925, suggesting a possible re-
duction in carbon emissions by 7.5%. These findings highlight 
that different WoCs need to put varying levels of effort into 
becoming more carbon efficient. When considering the mean 
meta carbon efficiency for an average WoC, it was found to 
be 0.803. The average TGR is 0.898, which is close to 1. This 
proximity to 1 indicates that group and metafrontier carbon 
efficiency scores are moving in the same direction. However, 
there is still potential for WoCs to become more carbon ef-
ficient by adopting the industry's available technologies, 
suggesting room for improvement through technological ad-
aptation and operational optimizations.

Delving into the results for WaSCs it is found that the potential 
savings in carbon emissions was at the level of 9.1% to generate 
the same level of output when the group technology is used. The 
less efficient company within this group reported a carbon effi-
ciency score of 0.892, whereas the most carbon efficient utility 

showed an efficiency score of 0.915 (Figure 3). This means that 
the savings in carbon emissions among WaSCs could vary be-
tween 8.5% and 10.8% on average. The mean meta CE was at the 
level of 0.816 and the average TGR was 0.897 which means that 
the companies in this group could additionally reduce carbon 
emissions by 10.3% based on the available technology to the in-
dustry as a whole.

By identifying the most and least carbon efficient water com-
panies (Figures 2 and 3), areas for targeted efforts become ev-
ident. Water companies with lower carbon efficiency scores 
should adopt specific strategies to enhance their performance, 
drawing insights from their more efficient counterparts. The 
observed differences between WaSCs and WoCs validate the 
application of the metafrontier approach in assessing carbon 
efficiency within the water industry. This contributes to the 
theoretical understanding of how diverse efficiency models 
can be employed to measure and compare carbon perfor-
mance effectively.

FIGURE 2    |    Average carbon efficiency (Group CE), potential carbon efficiency, and meta carbon efficiency for English and Welsh water-only 
companies (WoCs) (2011–2020).

FIGURE 3    |    Average carbon efficiency (Group CE), potential carbon efficiency, and meta carbon efficiency for English and Welsh water and sew-
erage companies (WaSCs) (2011–2020).
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5.3   |   Estimation of Carbon Productivity Change 
of Water Companies

Figure 4 shows the average estimates of the GCPI and meta-
frontier carbon productivity change during the years 2011–
2020. The results indicated that based on both group and 
metafrontier estimations, carbon productivity remained al-
most constant for the period 2011–2020 since average GCPI 
was 1.00 and average MCPI was 0.99. However, carbon pro-
ductivity was not constant over years. Figure 3 illustrates that 
carbon productivity improved during the years 2011–2014 
and 2016–2018 whereas for the remaining years evaluated 
suffered a retardation. These results can be linked with the 
regulatory cycle of English and Welsh water companies. The 
2009 price review refers to the years 2011–2015. As part of 
the 2009 price review, the water regulator, Ofwat, adopted 
several incentive schemes to encourage performance. For 
instance, it strengthened cost reduction targets and allowed 
companies to hold any savings in costs no matter the year 
these happened. Moreover, it introduced the Service Incentive 
Mechanism (SIM) to reward/penalize water companies for 

outperformance/underperformance, respectively, regard-
ing quality of service. The results indicate that the industry 
made considerable improvements in their carbon productivity 
which increased at a rate of 1.5% per annum.

As part of the 2014 price review, the regulator replaced SIM with 
a set of common and company-specific indicators to monitor 
industry's economic and environmental sustainability. Water 
companies received financial rewards/penalties when they de-
liver/do not deliver the outcomes they set in their business plans. 
Some performance indicators such as water leakage and bursts 
in pipes are associated with financial rewards and penalties, 
whereas other indicators such as GHG emissions and production 
of renewable energy are related to reputational rewards. Thus, 
the 2014 price review appeared to have stimulated less efficient 
WoCs to improve their carbon efficiency, while continuing to 
be industry leaders in terms of technological advancements. 
In contrast, WaSCs reported lower rates of carbon productiv-
ity on average. This was attributed to the lack of adoption of 
group-specific and industry carbon efficient technologies (See 
Figures 5 and 6).

FIGURE 4    |    Average group carbon productivity (GCPI) and metafrontier carbon productivity (MCPI) for English and Welsh water and sewerage 
companies and water-only companies.

FIGURE 5    |    Average group carbon productivity (GCPI) and metafrontier carbon productivity (MCPI) for English and Welsh water-only companies.
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The comparison between GCPI and metafrontier carbon pro-
ductivity (MCPI) estimations for the English and Welsh water 
industry, as illustrated in Figure  3, reveals significant varia-
tions across different years. In some years, such as 2012–2013 
and 2017–2018, the average values of GCPI and MCPI are quite 
similar, indicating a close alignment between the group and 
metafrontier productivity measurements. However, in other 
years, notably 2018–2019 and 2019–2020, there are more sub-
stantial differences between these metrics. This variability in 
the TGR from year to year suggests that the potential for carbon 
efficiency improvement in the industry is not consistent over 
time. Factors contributing to these fluctuations could include 
changes in technology, regulatory policies, environmental con-
ditions, and operational practices among the water companies. 
This finding underscores the importance of a dynamic approach 
to managing and enhancing carbon efficiency, recognizing 
that the pathways and potential for improvement may vary sig-
nificantly from 1 year to the next. Adapting strategies to these 
changing conditions and opportunities is crucial for continuous 
improvement in carbon efficiency within the water industry.

The separate analysis of carbon productivity for WoCs and 
WaSCs, as depicted in Figures 5 and 6, reveals that WoCs have 
generally been more carbon productive than WaSCs over time. 
The comparison of average GCPI and MCPI between WoCs 
and WaSCs reveals notable differences in carbon productivity 
trends between 2011 and 2020. Specifically: The average GCPI 
for WoCs was 1.011, indicating an improvement in carbon pro-
ductivity during this period. In contrast, the average GCPI for 
WaSCs was 0.991, suggesting a slight decrease in carbon pro-
ductivity. Furthermore, these trends are consistent when carbon 
productivity is assessed using the metafrontier approach. The 
average MCPI for WoCs was higher at 1.029, further confirm-
ing their improvement in carbon productivity. For WaSCs, the 
average MCPI was 0.958, again indicating a decrease in carbon 
productivity. These results demonstrate that WoCs, on average, 
have been more successful in enhancing their carbon produc-
tivity compared to WaSCs during this timeframe. The higher 
MCPI values for WoCs suggest that they have been more effec-
tive in adopting or benefiting from the industry's best available 
technologies and practices to reduce carbon emissions relative 

to their outputs. Conversely, the lower productivity indices for 
WaSCs highlight challenges or slower progress in carbon effi-
ciency improvements in this group. This difference could be due 
to various factors, including the scale of operations, the nature 
of the services provided, investment in technology, or other op-
erational strategies.

A key factor behind this trend is the technological advancements 
among WoCs, which have accelerated the convergence rate be-
tween group and metafrontier technologies. Specifically, during 
the years 2011–2020, the metafrontier carbon productivity for 
WoCs improved at an annual rate of 2.9%, as shown in Figure 5. 
Similar to the overall trend observed in the English and Welsh 
water industry, carbon productivity change among WoCs was 
not constant over the years. Notable divergences are observed 
across different time periods. This fluctuation in carbon produc-
tivity for WoCs mirrors the pattern seen in the wider industry, 
which is often influenced by the regulatory cycle.

While average WoC reported an improvement in carbon produc-
tivity, this was not the case for an average WaSC. This group of 
water companies showed a considerable retardation in their pro-
ductivity over time showing negatives rates of productivity for 
most of the period of study (Figure 6). This was due to the lack 
of adoption of group-specific and metafrontier technologies. 
Mean carbon productivity deteriorated at a rate of 4.2%. There 
was a divergence between group and metafrontier technologies 
at an annual rate of 3.5% on average. This finding means that 
although WaSCs did not show a substantial leadership in adopt-
ing new carbon efficient technologies, small efficiencies in the 
allocation of resources might have led to lower carbon emissions 
contributing therefore positively to productivity growth.

The results depicted in Figures 3–6 highlight the influence of 
regulatory changes on the carbon productivity of water compa-
nies. This underscores the connection between policy modifi-
cations and operational outcomes, a critical insight for strategic 
planning directed toward achieving a carbon-neutral water 
industry. The fluctuating nature of carbon productivity over 
the years indicates that both water companies and regulators 
must maintain flexibility, adapting their strategies to align with 

FIGURE 6    |    Average group carbon productivity (GCPI) and metafrontier carbon productivity (MCPI) for English and Welsh water and sewerage 
companies.

 10991719, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sd.3375 by M

aria M
olinos-Senante - U

niversidad D
e V

alladolid , W
iley O

nline L
ibrary on [11/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4728 Sustainable Development, 2025

current conditions and technological progress. This adaptability 
is crucial for effectively managing carbon efficiency in the face 
of evolving environmental and regulatory landscapes. From a 
theoretical perspective, this underscores the importance of eval-
uating carbon performance longitudinally, that is, assessing car-
bon productivity over multiple years, rather than just within a 
single year. This approach allows for a more comprehensive un-
derstanding of trends and the effectiveness of various strategies 
over time, reflecting the dynamic nature of carbon management 
in the water industry.

Enhancing the carbon performance of water utilities is essen-
tial for improving the sustainability of drinking water services. 
However, other approaches may also contribute significantly 
to achieving this goal. In this context, the circular economy 
represents a powerful framework for addressing a range of 
sustainability challenges within the urban water cycle (Castellet-
Viciano, Hernández-Chover, and Hernández-Sancho  2022). 
Several conceptual frameworks have been proposed to advance 
circular economy principles in water and sanitation services. 
For instance, Delgado et al. (2024) developed a framework that 
jointly assesses circular economy and resilience by integrating 
nature-based functions into the drinking water supply. Similarly, 
Carrard et al.  (2024) proposed a framework based on eight “R 
strategies,” with three focused on practical applications of circu-
lar economy principles in the design of water and sanitation sys-
tems, while the remaining five address critical dimensions such 
as purpose, process, and inclusion. Moreover, the food-energy-
water nexus has been identified as an effective approach to im-
prove sustainability within the urban water cycle by alleviating 
conflicts and enhancing synergies across these interconnected 
sectors (Verma et al. 2024). This methodological approach has 
been used to propose and apply water circularity indicators that 
measure, monitor, and promote urban water circularity. For 
example, Kakwani and Kalbar (2024) developed a 5Rs index to 
evaluate water circularity in India and propose policies for its 
improvement. Similarly, Peydayesh and Mezzenga (2024) intro-
duced a water circular economy index based on the targets of 
Sustainable Development Goal 6. Their application of this index 
across 132 countries identified critical bottlenecks and chal-
lenges in the sustainable use of water resources across six conti-
nents. Adopting circular economy principles in the water sector 
presents multidimensional challenges, encompassing economic, 
governance, social, environmental, political, and technolog-
ical aspects (Vinayagam et  al.  2024; Smol, Szołdrowska, and 
Duda  2024). Addressing these challenges requires an integra-
tive and collaborative approach that promotes circular economy 
practices within the urban water sector, ultimately enhancing 
its overall sustainability.

6   |   Conclusions

In the quest for efficient and sustainable water services, it is 
crucial to assess both economic efficiency and environmental 
performance. A sustainable water cycle demands reducing not 
only the production costs but also the carbon emissions result-
ing from the provision of water services. This study specifically 
addresses the carbon efficiency and productivity of various 
English and Welsh water companies, utilizing the metafrontier 
concept. This approach is particularly beneficial due to its ability 

to accommodate heterogeneous technologies within the indus-
try. The metafrontier framework is well-suited for the analysis 
of English and Welsh water companies, which consist of both 
WaSCs and WoCs. These different types of companies often op-
erate using varied technologies and under distinct conditions, 
which necessitates a method of evaluation that can capture 
these discrepancies. By employing the metafrontier concept, the 
study can effectively compare and measure the performance of 
these diverse entities in terms of carbon efficiency and produc-
tivity. This method provides a more comprehensive understand-
ing of how different technologies and operational models impact 
the environmental footprint of water service provision, guiding 
the industry toward more sustainable and environmentally re-
sponsible practices.

The main findings can be summarized as follows. First, it was 
found that using the metafrontier technology the volumes of 
water delivered and operating expenses were major determi-
nants of carbon emissions. Additionally, several environmental 
variables related to topography, water treatment complexity, and 
density influenced carbon emissions. It was found that average 
pumping head and high levels of water treatment could increase 
energy requirements and subsequently, could lead to higher 
levels of carbon emissions. In contrast, water taken from rivers 
and densely populated areas had an adverse impact on carbon 
emissions. Moreover, the results from the carbon efficiency es-
timates using the group and metafrontier technology showed 
that the water industry is characterized by high levels of carbon 
efficiency. WaSCs were found to be more carbon efficient than 
WoCs on average. Over time, both WoCs and WaSCs showed 
high levels of convergence in their group and metafrontier car-
bon efficiency scores.

The results obtained from the metafrontier analysis of carbon 
productivity indicates that, generally, the carbon productivity 
in the industry has shown a slight decline. It was observed that 
WoCs were more efficient in carbon productivity compared to 
WaSCs. The average carbon productivity of WoCs increased an-
nually by 2.9%, positioning them as technological frontrunners 
in the industry and leading to a harmonization of group and 
metafrontier technological standards. In contrast, the average 
carbon productivity of WaSCs worsened, primarily due to their 
failure in adopting the most effective group and industry tech-
nologies. Additionally, the 2014 price review appeared to signifi-
cantly boost the carbon productivity of WoCs, while it negatively 
impacted the carbon productivity of WaSCs.

The findings from this study offer valuable insights for policy 
formulation in the water industry, especially in the context of 
pursuing a net-zero carbon goal. The methodology developed 
and utilized in this research provides several advantages for 
policymakers: (i) The methodology enables the measurement of 
carbon efficiency and productivity changes in a context where 
water companies are heterogeneous. This is particularly import-
ant given the varied scales, operational models, and technolo-
gies employed by different companies within the industry; (ii) 
The approach is robust as it accounts for the different technolo-
gies that companies may operate. This is crucial in ensuring that 
the assessment of carbon efficiency and productivity is accurate 
and reflective of the actual capabilities and practices of each 
company; (iii) The methodology allows policymakers to identify 
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which companies are the most and least productive over time. 
This information is critical for understanding where interven-
tions or support may be needed and where best practices can 
be replicated and; (iv) The insights gained from this study are 
highly significant for policymakers focused on transitioning the 
water industry toward net-zero carbon emissions. By identify-
ing the current state of carbon efficiency and productivity across 
various companies, policymakers can develop more targeted and 
effective strategies. These strategies could include incentivizing 
technological adoption, setting performance benchmarks, and 
fostering industry-wide collaboration to share best practices.

While this study significantly advances the understanding of 
the water-energy-carbon nexus within the water sector, it pres-
ents two limitations that pave the way for potential future re-
search. First, the current research approach aggregates all GHG 
emissions related to the provision of drinking water without 
distinguishing between the types of emissions—namely, scope 
1 (direct emissions from owned or controlled sources), scope 2 
(indirect emissions from the generation of purchased electric-
ity), and scope 3 (all other indirect emissions in a company's 
value chain). Future studies could enhance the understanding of 
carbon performance assessments by evaluating each GHG type 
separately. This differentiated approach would provide a clearer 
picture of the primary contributors to carbon inefficiency and 
allow for more targeted interventions. Second, the assessment 
conducted integrates the three primary stages involved in 
drinking water provision, that is, raw water abstraction, water 
treatment, and water distribution. Conducting a detailed anal-
ysis that treats each stage independently could yield nuanced 
insights that support more effective decision-making. This ap-
proach would allow researchers and policymakers to identify 
specific inefficiencies and improvement potentials at each stage 
of water provision, leading to more precise and impactful strate-
gies to enhance carbon performance in the water sector.
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Endnotes

	1	To overcome this limitation, Molinos-Senante and Maziotis  (2021) 
used parametric (econometric) techniques such as Stochastic Frontier 
Analysis (SFA) to measure carbon efficiency and productivity of a sam-
ple of English and Welsh water companies.

	2	Carbon emissions involve scope 1 which embraces direct emissions, 
scope 2 which embraces indirect emissions and regulated scope 3 
embracing emissions from contractors and outsourced services and 
business-associated transport, on public transport or in private vehi-
cles. Non-regulated scope 3 emissions embracing chemical manufac-
ture, Embedded emissions—from construction and manufacturing 
activity, customers' energy use to heat water and release of methane 
and nitrous oxide from sludge disposed to landfill and agriculture are 
not considered (CIWEM 2013).

	3	Before analyzing the results we note that we conducted a log-
likelihood test (LR test) to determine if the water companies oper-
ated under heterogeneous technologies. The LR test took the form of 

LR = 2 × |LR1 − LRo|, where LR1 is the sum of log-likelihood values of 
each SFA group model (see Table 2), whereas the LRo is the value of the 
log-likelihood function for the model that assumes a common technol-
ogy (see Table S1). The outcome of the LR supports the use of metafron-
tier technology and rejects the null hypothesis that water companies 
operate the same technology.
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