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A B S T R A C T

The aim of the present work was the assessment of economic and environmental aspects of
decentralized energy-saving wastewater treatment systems. The formulated investment and
operation cost functions were adjusted by a power law function. The different wastewater systems
serving population settlements between 50 p.e. and 250 p.e., presented associated investment
costs varying from €400/p.e. to €200/p.e. and annual operation costs in the range of €70/p.e.– €20/
p.e., respectively. A life cycle analysis approach was used to compare the environmental impact of
alternative wastewater treatment systems. The assessment was focused on two energy-saving
systems (constructed wetland and slow rate infiltration) and a conventional one (activated sludge
process). Low environmental impact of energy-saving wastewater treatment systems was
demonstrated, being the most relevant the global warming indicator. Options for reduction of life
cycle impacts were assessed including materials used in construction and operation lifetime of
the systems. A 10% extension of operation lifetime of constructed wetland and slow rate infiltration
systems lead to a 5% and 7% decrease in the abiotic depletion indicator, respectively, and to a 1%
decrease in CO

2
 emissions in both systems. Replacing steel with HDPE in the activated sludge

tank resulted in a 1% reduction in CO
2
 emission and 1% in the abiotic depletion indicator. In the

case of the Imhoff tank a 1% reduction in CO
2
 emissions and 5% in abiotic depletion indicator

were observed when concrete was replaced by HDPE. Therefore, considering the huge potential
of energy saving wastewater treatment systems, the overall environmental impact of such design
alternatives should not be discarded.
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1. Introduction

Eco-efficiency is characterized by a continuous effort
towards the improvement of economical and environ-

mental values and a long-term need for sustainability.
Therefore, the goals for wastewater treatment systems
are moving beyond the protection of human health and
aquatic ecosystems to include minimization of the loss
of scarce resources, reduction of the use of energy and
water, reduction of waste generation and recycling of
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nutrients [1]. The directive 91/271/CE of the Council from
May 1991 and the subsequent initiatives concerning
municipal wastewater treatment are important guide-
lines for water resources protection in the European
Union. Currently, most of the large scale problems are
being solved or addressed and the challenge concerns
wastewater treatment of communities located in rural
areas. Under these conditions, it is hardly feasible, from
an economical point of view, to build sewer systems and
centralized wastewater treatment plants. Therefore, it is
a priority the implementation of decentralized solutions
and a pertinent question arises then concerning the se-
lection of the most appropriate design. Two technologi-
cal options are available for such purpose, the so-called
natural or energy-saving wastewater treatment systems
and the intensive treatment systems.

The energy-saving technologies are those that simu-
late the conditions of natural wetlands (e.g. constructed
wetlands), the processes which occur in rivers and lakes
(e.g. artificial lagoons) and the soil ecosystem (e.g. slow
rate infiltration) [2]. Therefore, such wastewater treat-
ments systems show different performances, result in
different impacts in the environment and have different
associated costs. Cost functions are essential to produce
estimations based on a reduced number of variables, eas-
ily identifiable and quantifiable. Based on investment and
operation costs, such tool should enable a first pre-selec-
tion among the existing wastewater treatment solutions.
The life cycle assessment methodology has been used to
explore the sustainability of wastewater systems, allow-
ing a comparison of different technical solutions in terms
of the estimated environmental loads [3–5]. Wastewater
treatment in rural areas requires decentralized systems
and different options and technologies are available for
such purpose.

The aim of the present work was the assessment of
economic and environmental aspects of decentralized
energy-saving wastewater treatment systems. The spe-
cific objectives were: (i) to develop cost functions focused
on energy-saving systems and (ii) to compare alterna-
tive wastewater treatment systems for small and decen-
tralized rural communities. The work was carried out
within the frame of DEPURANAT — sustainable waste-
water management in rural areas, an EU project co-fi-
nanced by Interreg IIIB Atlantic Arc Program. The
DEPURANAT project partners included Canaries Islands
(Spain), Andalusia (Spain) and Minho (Portugal).

2. Methods

The methodology applied in the present work con-
templated several phases as depicted in Fig. 1. The lay-
out of the twelve energy-saving wastewater treatment
systems, constructed or upgraded under DEPURANAT
project, included a pre-treatment for suspended solids

Fig. 1. General methodology.

Sustainability Assessment

Data validation 

Environmental assessment Economic assessment 

Cost functions Life Cycle Assessment 

Enquiry Bibliographic research 

Inventory of costs and flows (energy and materials) 

removal (bar screening), an anaerobic biological process
provided by a septic tank or an Imhoff tank, and a sec-
ondary treatment for wastewater polishing. The second-
ary treatment is carried out by different options, as fol-
lows: vertical- and horizontal-flow constructed wetland,
free-water-surface constructed wetland, combination se-
ries/parallel of constructed wetlands, and slow rate in-
filtration. More detailed information about the systems
is described in [6].

The formulation of cost functions of energy-saving
wastewater treatment systems consisted in the assess-
ment of the relationship between the dependent variables
Y

1
 (Y

1
 = investment cost/served population) and Y

2
 (Y

2
 =

annual operation cost/served population) and the inde-
pendent variable X (X = served population) by regres-
sion analysis with a level of significance of 5% using the
statistical software tool SPSS version 14.0 [6]. The math-
ematical functions used were inverse, logarithmic, power
and quadratic. The quality of the adjustment was evalu-
ated by the determination coefficient (R2) and also
through residues analysis to check if they presented an
approximately normal distribution.

Life cycle assessment (LCA) is a quantitative meth-
odology that evaluates the effects that a system has on
the environment over the entire period of its life cycle.
The LCA study carried out in the present work and de-
scribed in detail elsewhere [7] followed the ISO
14040:1997 series and comprised an inventory analysis
and an impact assessment of resources and emissions
associated with the wastewater treatment systems. Three
wastewater treatment systems were included in the scope
of the present LCA study:
• A slow rate infiltration system serves a population

equivalent of 40 p.e. in winter and 120 p.e. in sum-
mer and processes a flow rate of 5 m3/d in winter and
15 m3/d in summer. The system occupies an area of
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2000 m2 and the biomass is Populus euroamericana (40)
and Eucaliptos camaldulensis (214). The irrigation is pro-
vided by a PE piping system. The biomass is harvested
each 5 years and the wood shredded in order to be
used to produce pulp;

• A constructed wetland system serves a population
equivalent of 120 p.e. and processes a flow rate of 15
m3/d. The system comprises a vertical flow, 317 m2,
and a horizontal flow, 277 m2, constructed wetlands
in series both with Phragmites australis. An Imhoff tank
is used as pre-treatment. The following materials are
used: i) geotextile lining, ii) gravel (support), iii) PE,
PP and PVC (piping), and iv) concrete and PVC
(Imhoff tank). The biomass requires annual culling
and the green waste is sent to a landfill. The sludge
accumulated in the Imhoff tank is removed every 10
years and is used as soil amendment;

• An activated sludge system (extended aeration) serves
a population equivalent of 500 p.e. and processes a
flow rate of 60 m3/d. The activated sludge tank was
constructed in inox steel AISI 306 and has two sur-
face aerators, functioning each 11 h/d. The sludge is
purged from the settling area and is used as soil
amendment.

The wastewater treatment system function is to pro-
duce a treated effluent that can be discharged in surface
waters according to the legal standards stated by the
Portuguese authorities (40 mg/L as BOD, 150 mg/L as
COD, 15 mg/L of ammonium, and 10 mg/L of phospho-
rous), the functional unit was one population equivalent
(p.e.), and the period of comparison was set at 10 years.
Fig. 2 depicts the system boundaries defined in the
present study. The materials used in the construction
phase were considered to last for the whole life cycle of
the systems, no replacement being considered for such
purpose. The ultimate disposal site for the disassembled
materials and wastes was assumed to be a landfill. The
excess sludge purged from the treatment process was
applied as soil amendment and the phosphorus and ni-
trogen avoided in land farming was calculated.

The inventory analysis comprised production of com-
ponents (equipments and accessories), construction and
assembly, operation and maintenance, and dismantling and
final disposal of the wastewater treatment components.

Fig. 2. Boundaries of life cycle study.
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In the present LCA study SimaPro 7 software was used
as a database for the inventory on resources’ consump-
tion and environmental emissions. The environmental
impact assessment comprised two steps: classification
and characterization. In the classification step, all emis-
sions were sorted into impact categories according to
their environmental effects. Certain emissions were in-
cluded in more than one impact category, as is the case
of NOx that contributed to acidification and eutrophica-
tion. Subsequently, emissions within each impact cat-
egory were aggregated using characterization factors that
compared the effect of a specific emission with that of a
reference emission [8]. The characterization method cho-
sen was the CML 2 BASELINE 2000. The impact catego-
ries considered in the present study and the respective
reference emissions, in brackets, were abiotic depletion
(Sb), acidification (SO

2
), and global warming (CO

2
). Re-

sources consumption is directly related with the impact
categories abiotic depletion and global warming and in-
cluded energy (fossil fuel and electricity), materials used
in construction of wastewater treatment components
(concrete, gravel plastics, metals), and raw materials used
as inputs to materials’ production. Environmental emis-
sions to air contributed to impact categories acidification
and global warming and comprised mainly carbon di-
oxide and monoxide, nitrogen dioxide and oxides, sul-
fur oxide and dioxide, and particles.

3. Results and discussion

One focus of the present study was on the economics
of twelve energy-saving systems used for wastewater
treatment in rural areas with communities up to 250 p.e.
The investment and annual operation costs depicted in
Fig. 3 and Fig. 4, respectively, present a decreasing ten-
dency with the increase of the served population. The
wastewater treatment systems serving communities be-
tween 50 p.e. and 250 p.e. present associated investment
costs varying from €400/p.e. to €200/p.e. and annual op-
eration costs varying from €70/p.e. to €20/p.e (data from
2006). The performance of energy-saving wastewater
treatment systems has been studied intensively in the
last decades, yet information regarding investment and
operation costs of these systems is scarce in literature.
Salas [9] reported investment costs of constructed wet-
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lands in the Andalusia region (Spain) between €400/p.e.
and €250/p.e., for a served population in the range of
150–250 p.e. A study carried out by l’Office Internacionale
de l’Eau [10] in France indicated an investment cost of
€530/p.e. for a constructed wetland serving a population
with 100 p.e. Also, Rousseau [11] reported investment
costs of constructed wetlands in Belgium between €480/
p.e. and €120/p.e. In this context, the investment costs
obtained in the scope of DEPURANAT project (data from
2006) are encompassed by the ones described in litera-
ture, although the costs are not based on the same year.

Though the current study is focused on energy-sav-
ing wastewater treatment technologies, it is adequate to
establish a comparison with intensive technologies. Stud-
ies performed in Spain [9] and France [12] show that the
investment costs of energy-saving systems (lagoon, slow
rate infiltration, and constructed wetland) are, in gen-
eral, lower than those of intensive systems (extended
aeration, bio-disc, and trickling filter). The exploitation
of energy-saving systems is, in general, less expensive
than the operation of intensive systems, in particular
concerning the energy costs but, also, the sludge pro-
cessing costs.

The development of cost functions is crucial in pre-
design studies as it allows the preparation of simplified
budgets based on a reduced number of variables which
are easily identifiable and quantifiable. Cost functions
of investment and operation (Figs. 3 and 4) were both
modeled using the power law because a higher R2 value
was obtained (> 0.70) in comparison with the R2 values
obtained with other mathematical functions (inverse,
logarithmic, and quadratic).

Another focus of the present study was to evaluate
the environmental aspects of energy-saving (constructed
wetland and slow rate infiltration) and intensive (acti-
vated sludge) wastewater treatment systems serving a
population with a size of the same order of magnitude.

Fig. 3. Investment cost as a function of served population
(R2 = 0.72).

Fig. 4. Annual operation cost as a function of served popula-
tion (R2 = 0.85).
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Firstly an inventory analysis of resources and emissions
of the different wastewater treatment systems was car-
ried out. Afterwards, all emissions were sorted into im-
pact categories according to their environmental effects.
Finally, emissions within each impact category were ag-
gregated using characterization factors that compared
the effect of a specific emission with that of a reference
emission. Fig. 5 presents the inventory results per im-
pact category expressed in relation to a functional unit
of 1 p.e.

In the present study the materials used in higher
amounts for construction were concrete (e.g., Imhoff
tank), plastics (piping in all treatment systems and
geotextile membrane in the lining of the constructed wet-
land), and steel (activated sludge tank). All such items
contributed to the impact category abiotic depletion be-
cause they use raw materials in its production and to the
impact category global warming since energy consump-
tion is used in the production process. The activated
sludge system presents the highest impact in both cat-
egories.

The energy usage of constructed wetland and slow
rate infiltration systems is similar because both systems
require a very low input. On the contrary, the activated
sludge has much higher energy requirements because of
the aeration equipment (22 h/d operation). These results
agree with those reported by Dixon et al. [5]. Energy us-
age (fossil fuel and electricity) is the main contributor to
the impact categories abiotic depletion and global warming
which justifies the fact that activated sludge presents a
higher impact in both categories.

The CO
2
 emissions are directly related to energy con-

sumption. Again, the activated sludge system presents
the highest environmental burden in the global warming
category, when compared to the other systems, due to
the high energy input for aeration. The constructed wet-
land and in particular the slow rate infiltration have sig-
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Fig. 5. Inventory results per impact category expressed in re-
lation to a functional unit of 1 p.e.
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nificantly lower overall CO
2
 emissions, due to the fact

that biomass acts as a carbon sink, locking away atmo-
spheric carbon.

The main sources of solid emission resulted from the
land excavated during construction and from the sur-
plus sludge production during system operation. Dixon
et al. [5] reported that the environmental impact of soil
removal can be reduced by their reuse in the infill dur-
ing the dismantling phase. Sludge spreading on soil was
the procedure applied by Lundin et al. [1] in order to
reduce environmental impact of sludge disposal. Such a
procedure can only be considered in non sensitive areas
and might be questionable when large quantities are dis-
posed off. The reuse of sludge is translated into a reduc-

tion in the abiotic depletion impact of constructed wetland
and activated sludge systems.

The activated sludge system presents the highest
impact in the impact category acidification derived from
the combustion of fossil fuels to produce electricity with
the consequent release of acid gases.

Options for reduction of life cycle impacts were as-
sessed including materials used in construction and op-
eration lifetime of the systems. A 10% extension of op-
eration lifetime of constructed wetland and slow rate
infiltration systems lead to a 5% and 7% decrease in the
abiotic depletion indicator, respectively, and to a 1% de-
crease in CO

2
 emissions in both systems. The effect of

the materials used in the construction of activated sludge
and Imhoff tanks (used as a pre-treatment in the con-
structed wetland), respectively steel and concrete, on the
life cycle impact of the systems was assessed. In both
units steel and concrete were substituted by HDPE, a ma-
terial that can be used in construction. Replacing steel
with HDPE in the activated sludge tank resulted in a 1%
reduction in CO

2
 emission and 1% in the abiotic depletion

category considering a functional unit of 1 p.e. In the
case of the Imhoff tank a 1% reduction in CO

2
 emissions

and 5% in the abiotic depletion category were observed
when concrete was replaced by HDPE.

4. Conclusions

The costs of construction, operation and maintenance
of the several energy-saving wastewater treatment sys-
tems audited during the project were very competitive,
namely when compared to intensive conventional sys-
tems. Additionally, because noise problems are mini-
mized and landscape value and scenic quality are pre-
served, social acceptance tends to be high. Therefore, such
wastewater treatment processes are good examples of
sustainable technologies for environmental protection
and resources valorization.

The present study reveals that the LCA approach can
be used as a decision tool in design studies. The LCA
quantification identified the constructed wetland and the
slow rate infiltration systems as appropriate technolo-
gies in rural areas. The key factor was the reduction of
global warming impact due to carbon sequestration, as
opposed to the activated sludge processes, which require
a high energy input and present a negative carbon bal-
ance.

The benefits of low energy consumption wastewater
treatment technologies should not be generalized since
costs are affected by many factors (e.g. materials used in
construction, price of land and labor) and can vary con-
siderably. Also, environmental impact assessment results
based on life cycle analysis depend on the processes in-
cluded in the system boundary and on the materials used
in construction.
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