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Abstract

This paper builds on the author’s earlier work (Moroz, 2024) and extends the integral indicator of innovative
development for water and wastewater enterprises. The extension responds to three challenges now facing the
sector: rapid digitalisation, the EU’s push towards climate neutrality and tighter regulation. The original seven-
component model (resource, technological, personnel, effectiveness, institutional, social and ecological) is
supplemented with 26 new indicators drawn from the IWA performance measurement framework, the
European Benchmarking Co-operation and the OECD methodology for composite indicators. Among the
additions are digital transformation metrics, energy and climate indicators (unit energy consumption, carbon
footprint, energy self-sufficiency at treatment plants) and service quality metrics that can be measured directly
(supply continuity, affordability, network coverage under SDG 6) — replacing health-based proxies whose
link to any single utility is hard to establish. The paper also discusses the critical infrastructure status of water
utilities and what it means under the NIS2 Directive and the revised EU wastewater directive (Directive (EU)
2024/3019), which requires treatment plants to reach energy neutrality by 2045.
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Introduction

Water and wastewater utilities provide services that no modern society can do without. Yet in Poland, most of
these enterprises have been slow to innovate, and the consequences are visible: ageing infrastructure, high energy
costs and growing regulatory pressure.

Fixed assets are wearing out, technology lags behind what is available, and there is an urgent need for solutions
that save energy, protect the environment and improve service quality. All of this calls for faster innovative
development — and faster development requires a reliable way of measuring where each enterprise stands.

One practical step is to improve how innovation is assessed. The digital transformation of the water sector,
documented by Daniel et al (2023) across 64 utilities in 28 countries, is now a major driver of change. At the same
time, the revised EU urban wastewater directive (Directive (EU) 2024/3019) sets a deadline of 2045 for treatment
plants to become energy-neutral. Energy indicators can therefore no longer be left out of any serious innovation
assessment.

The academic discussion around innovation measurement has grown considerably. Researchers, regulators and
enterprise managers all face the same basic questions: is innovation actually happening? How much? And can we
talk about ‘innovative development’ if the innovations adopted have made environmental problems worse?
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Composite indicators — single numbers that summarise a complex picture — have a long track record in this
area. At the enterprise level, a number of scholars have tackled the problem. Heiets’ and Semynozhenko (2006),
Maliuta (2011), Illiashenko (2013), Kariuk (2012), Kuzhda (2008), Chervan’ov (1999), Nejkova (1990),
Yastrems’ka and Blyzniuk (2008), Prokhorova and Mushnykova (2014) and Lapko (2005) all proposed methods
for measuring innovation in engineering, energy, construction and agriculture.

The Ukrainian school is particularly notable: Maliuta (2011) used four components, Illiashenko (2013) worked
with technological, marketing, organisational and personnel dimensions using additive aggregation, and
Prokhorova and Mushnykova (2014) built a five-component model with min-max normalisation.

Natividade et al (2021) took a different route, proposing a composite index for intrapreneurial orientation in SMEs
that uses the Choquet integral instead of simple additive aggregation — an approach that avoids the full
compensability problem described in the OECD Handbook (Nardo et al, 2008). None of these models, however,
combines ecological, social and institutional dimensions, and none was designed for the water and wastewater
sector, where environmental and social outcomes are central to the business itself.

The result is a clear gap: innovation in water and wastewater enterprises remains under-measured. Rating systems
and indices exist, but they tend to focus on operational efficiency rather than on the innovation process as a whole.

At the international level, the Oslo Manual (OECD/Eurostat, 2018) provides a common framework for collecting
and reporting innovation data across all industries. Its fourth edition broadened the definition to include process,
organisational and marketing innovations — all relevant to the water sector, where new technology often goes
hand in hand with changes in how services are managed.

The OECD/JRC Handbook on Constructing Composite Indicators (Nardo et al, 2008) sets out a ten-step
methodology covering everything from variable selection and normalisation to weighting, aggregation and
sensitivity analysis. It remains the main reference for anyone building this type of indicator.

Kiparsky et al (2013) argued that the water sector suffers from an ‘innovation deficit’ rooted not in technology
but in institutional and organisational barriers. Path dependencies between technology and institutional structures,
they showed, slow down the uptake of new solutions. This finding supports the inclusion of an institutional
component in the model proposed here.

The IWA Performance Indicator System (Alegre et al, 2016), now in its third edition, offers more than 170
indicators grouped into six areas: water resources, personnel, physical assets, operations, service quality and
finance. It is used by regulators across Western Europe, including Ofwat in the UK and ARERA in Italy. But it
measures how well a utility operates, not how innovative it is — and that is the gap this paper addresses.

Digitalisation is attracting growing attention. Daniel et al (2023) found that the distribution network is typically
where utilities start their digital journey. Grigg (2025) reviewed the full range of digital tools now available:
SCADA, digital twins, process optimisation. Both studies make the case for including digitalisation in any up-to-
date innovation assessment.

The shift towards sustainability and the circular economy (Obaideen et al, 2022; Kehrein et al, 2020) means that
indicators must now also capture resource recovery, energy self-sufficiency and carbon footprint reduction. The
European Benchmarking Co-operation (EBC, 2024) already evaluates utilities on water quality, reliability,
service, sustainability and finance.

Other relevant contributions come from Berg (2020) on benchmarking methods, Marques and Simdes (2020) on
the importance of including service quality, Cetrulo et al (2019) on the lack of ecological and social indicators in
developing-country studies, and Vilarinho et al (2024), who proposed the Water Utility Service Quality Index
based on the World Bank’s ‘Utility of the Future’ framework. Sakai (2024) called for future research to address
the social and environmental context, ageing infrastructure and climate neutrality. Goh and See (2021), reviewing
twenty years of water benchmarking literature, found that innovation indicators simply do not appear —
confirming the gap this paper sets out to fill.

Water and wastewater enterprises are not just ordinary businesses. Under Polish law (Act of 26 April 2007 on
Crisis Management), the water supply system is classified as critical infrastructure. A planned amendment
transposing the EU CER Directive (Directive (EU) 2022/2557) will extend this classification to wastewater
systems as well. The NIS2 Directive (Directive (EU) 2022/2555) adds cybersecurity obligations for water utilities.



All of this raises the stakes: measuring innovation in these enterprises is not only an economic question but also
a matter of national security.

The aim of this paper is to extend the integral indicator of innovative development for water and wastewater
enterprises by adding digitalisation and climate-neutrality dimensions, while keeping the ecological, social and
institutional specifics that make this sector different. The extended indicator set draws on: (1) the IWA system
(Alegre et al, 2016), notably Op25, Op31 and Op39; (2) the digital transformation survey of Daniel et al (2023);
(3) the network failure classification of Kwietniewski and Rak (2010); (4) energy data from Maston et al (2024)
and Czekata (2023); and (5) the Oslo Manual (OECD/Eurostat, 2018) and the OECD Handbook (Nardo et al,
2008) for normalisation, weighting and aggregation.

Research Results

Water and wastewater enterprises differ from firms in other sectors in several important ways. They provide
services essential to public health and daily life. The quality of those services affects not only health outcomes
but also household budgets, social cohesion and broader living standards. Any assessment of their innovative
development must therefore include a social component.

Water resources both define the core activity of these enterprises and reflect the environmental consequences of
their operations. The ecological component of the assessment therefore needs to go beyond water quality and
wastewater discharge to include energy and climate. At the Krosno treatment plant, for instance, Maston et al
(2024) measured energy consumption of 0.25-0.71 kWh/m? and energy self-sufficiency of 50.5%. Czekata (2023)
reported that in 2021, 100 Polish plants with sludge fermentation produced 367.8 GWh of electricity — against a
theoretical potential of about 900 GWh.

What sets this approach apart is the institutional component, designed to capture how public-sector governance
affects water and wastewater enterprises, especially in Eastern Europe. The case for including tariff cost coverage
is strong: a 2024 survey by the Polish water industry chamber (IGWP, 2024) found that roughly 65% of utilities
were running at a loss in Q1 2024, and three out of four had stopped investing.

The model calculates an integral index made up of sub-indices, one for each component. The full set of original
indicators was presented in Moroz (2024). This paper focuses only on the 26 new indicators that the author
considers necessary in light of the sector’s changing conditions: digitalisation of infrastructure, pursuit of energy
self-sufficiency, growth of the circular economy and the need to strengthen the ecological and social components.

Table 1: New partial indicators proposed for inclusion in the integral assessment model

N | Component New partial indicator

1 | Resource Network failure rate (L) (Tchorzewska-Cieslak and Piegdon, 2012; Zimoch and Czopik,
2018; Hotlos, 2007; Piechurski, 2006)

2 | Resource Average network age

3 | Resource CAPEX to revenue ratio

4 | Technological | Smart metering penetration (AMI)

5 | Technological | SCADA/GIS implementation level

6 | Technological | Share of automated processes

7 | Technological | Digital twin deployment

8 | Technological | AI/ML adoption level

9 | Personnel Share of personnel with digital/IT competencies

10 | Personnel Staff turnover rate

11 | Effectiveness | Energy self-sufficiency of wastewater treatment plant

12 | Effectiveness | Network rehabilitation rate (IWA PI: Op31)

13 | Institutional Tariff cost coverage ratio

14 | Institutional Access to external innovation financing
15 | Social Continuity of water supply (IWA PI: Op25)
16 | Social Affordability of services




N | Component | New partial indicator

17 | Social Population connected to water supply network (SDG 6.1)
18 | Social Population connected to sewerage network (SDG 6.2)
19 | Social Customer satisfaction index

20 | Ecological Specific energy consumption for water supply (IWA PI: Op39)

21 | Ecological Specific energy consumption for wastewater treatment

22 | Ecological Carbon footprint

23 | Ecological Non-revenue water

24 | Ecological Sewage sludge utilisation rate

25 | Ecological Energy recovery from biogas rate
26 | Ecological Treated wastewater reuse rate

Source: Author’s development.

At the third stage, indicators are standardised. Because they use different units and scales, normalisation is needed
— for example min-max rescaling or z-scores, as recommended in the OECD Handbook (Nardo et al, 2008). At
the fourth stage, weights are assigned. Expert-based weights can be supplemented with data-driven methods such
as PCA or Shannon entropy to reduce subjectivity (Nardo et al, 2008).

The additions reflect real changes in the sector. Water and wastewater services use large amounts of energy: in
Poland, treatment plants consume 0.3—1.2 kWh/m? (Maston et al, 2024), compared with an EU average of 1.18
kWh/m? (EurEau, 2021) for countries with strict discharge standards. Circular economy indicators mark a shift
from ‘remove pollutants and dispose’ to ‘recover resources and reuse’. The 100 Polish plants with fermentation
capacity produced 367.8 GWh in 2021, but the potential is roughly 900 GWh (Czekata, 2023).

Replacing health-based social indicators with direct service quality measures — supply continuity (IWA Op25)
(Alegre et al, 2016), affordability (OECD 3-5% threshold) (OECD, 2010) and network coverage (SDG 6) —
solves a long-standing attribution problem. Disease rates depend on many factors; supply hours and connection
rates depend directly on the utility.

For enterprise managers, the integral indicator offers a way to track performance and identify where innovation
is most needed. For investors, it can inform valuation and acquisition decisions. For regulators, it allows
comparisons at the level of individual firms, sectors, regions or the whole country. The extended model also helps
enterprises monitor their progress towards the requirements of the revised EU directive (Directive (EU)
2024/3019), especially on energy self-sufficiency and micropollutant removal.

Summary

This paper has extended the author’s seven-component integral indicator of innovative development for water and
wastewater enterprises with 26 new partial indicators, responding to three pressures now shaping the sector: rapid
digitalisation, the European Union’s pursuit of climate neutrality and tighter regulation. The additions span digital
transformation (smart metering, SCADA/GIS, automation, digital twins and AI/ML), energy and climate (specific
energy consumption, energy self-sufficiency at treatment plants, carbon footprint, biogas energy recovery, sludge
utilisation and treated-wastewater reuse) and directly measurable service-quality metrics (supply continuity,
affordability and SDG 6 connection rates) that replace health-based proxies whose link to any single utility is hard
to establish.

The extended indicator draws on the IWA Performance Indicator System, the European Benchmarking Co-
operation and the OECD methodology for composite indicators, while retaining the ecological, social and
institutional components that distinguish the water and wastewater sector. In light of its critical-infrastructure
status under the NIS2 and CER directives and the energy-neutrality deadline of 2045 set by the revised EU urban
wastewater directive (Directive (EU) 2024/3019), the indicator offers enterprise managers, investors and
regulators a consistent basis for tracking innovative development and monitoring regulatory compliance.
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