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a b s t r a c t

In the context of an increasing commitment to water efficiency in the EU policy, a different approach for
eco-efficiency assessment in the agricultural sector, at the meso level, was applied to the Monte Novo
irrigation perimeter, located in the southern region of Portugal, targeting the new agricultural paradigm
being implemented in the Alentejo region, focusing on the assessment of the environmental and eco-
nomic impacts and the eco-efficiency performance associated with the water value chain for both the
baseline scenario and a set of potential eco-efficiency agricultural improvements. These improvements
would be resource efficient or pollution preventing. The agricultural eco-efficiency improvements which
promote the efficiency of water use, like the Regulated Deficit Irrigation, allow the reduction of water and
energy consumptions, whereas those promoting pollution prevention as the use of sludge from waste
water treatment plants or the use of organic fertilizers, make it possible to reduce pollution caused by
the use of chemical fertilizers. The selection of the agricultural eco-efficiency improvements to be tested
was based on stakeholders' involvement and perceptions; the chosen methodology highlights the im-
pacts of the application of each of those eco-efficiency improvements and the potential investments
required, in order to facilitate stakeholders' decisions. The results to be presented focus on the relative
performance of the scenarios corresponding to the application of each of the proposed eco-efficiency
improvements compared to a baseline scenario. The set of eco-efficiency indicators evaluated is com-
plemented with an economic performance assessment, allowing to present some policy recommenda-
tions on technology uptake.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Agriculture is considered a sector with a major contribution to
environmental impacts, due to the important water resources de-
mand volume but also due to the pollution emissions. The Euro-
pean Commission pointed out that the agriculture sector is the
third most important sector to the GHG emissions, just behind the
Energy and Transport sectors (European Commission, 2015). The
increasing concern with environmental impacts and its relation
with the economic value of different activities and organizations
led to the increasing interest in the eco-efficiency assessment
defined by the WBCSD in 1991 (Verfaillie and Bidwell, 2000). Since
then, the eco-efficiency assessment became a relevant tool in the
sustainability purpose of companies, individuals, governments and
a@fe.up.pt (C. Silva).
other organizations, settling its objectives as the reduction of re-
sources consumption, the reduction of environmental impacts and
emissions and the improvement of product and service value
(Lehni, 2000). The eco-efficiency assessment assumes a growing
importance in the decision making in several fields, allowing the
evaluation and comparison of different production systems,
manufacturing methodologies and materials. It has being used to
evaluate several different problems like studying industrial water-
service systems as in Levidow et al. (2016) or comparing different
biocomposites used in plastic pallet production like Korol et al.
(2016).

Since 1998, the Organisation for Economic Co-operation and
Development (OECD) promotes eco-efficiency initiatives in agri-
culture, pointing out the need to define strategies for improving
eco-efficiency, as changes in farm practices concerning pest control
and other activities that could reduce the environmental impacts of
agriculture and at the same time cutting costs (OECD, 1998). More
recently, the ISO 14045:2012 brought a new view on the eco-

Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:rmaia@fe.up.pt
mailto:cmsilva@fe.up.pt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2016.04.019&domain=pdf
www.sciencedirect.com/science/journal/09596526
http://www.elsevier.com/locate/jclepro
http://dx.doi.org/10.1016/j.jclepro.2016.04.019
http://dx.doi.org/10.1016/j.jclepro.2016.04.019
http://dx.doi.org/10.1016/j.jclepro.2016.04.019


R. Maia et al. / Journal of Cleaner Production 138 (2016) 217e228218
efficiency assessment methodology, defining the use of categorized
indicators, related with the life cycle assessment framework.

The study presented here encompasses an eco-efficiency
assessment focused on the meso-level scale, as developed in the
frame of the FP7- ENV EcoWater project. The system's approach
adopted, based on water service systems in different sectors,
allowed to address the gap in meso-level eco-efficiency metrics.
The analysis performed covers both the water supply and water use
chains and considers the interrelations among different actors
(EcoWater, 2013a).

Eco-efficiency assessment studies in the agriculture sector have
already been developed, demonstrating the possible gains in the
evaluation of the environmental impacts and of economic aspects,
as shown in G�omez-Lim�on et al. (2012), which performed an eco-
efficiency assessment of olive farms in Andalusia, considering
some environmental and economic variables. This study pointed
out the strong influence of the soil-climate conditions in eco-
efficiency.

Some different studies, like Romero et al. (2004), focused on the
irrigation perspective, analysing the possible improvements related
to the application of measures and techniques, namely the regu-
lated deficit irrigation and the subsurface drip irrigation. Also
García et al. (2004) and Lopes et al. (2011) analysed the regulated
deficit irrigation effects, although García et al. (2004) mainly
focused on the economic side, performing a cost-benefit analysis.

Several other studies analysed the environmental impacts
associated with the activities in the agriculture sector and, in some
cases, compared the alternatives associated with the type of
fertilization, testing the differences between the traditional and the
organic perspectives. In Pelletier et al. (2008), the life cycle
assessment results proved the capacity of organic agriculture to
contribute to the reduction of energy consumption's global
warming emissions and acidifying emissions in accordance to Ca-
nadian national emission values, mostly due to the differences
between the production process of conventional nitrogen fertilizers
(used in traditional agriculture) when compared with green ma-
nures production. Haas et al. (2001) also considered the life cycle
assessment but, in this case, the comparison was made between
three different farming approaches: intensive, extensified and
organic. The best environmental results corresponded to the
extensified farming and to the organic farming, with a special
highlight to the latter alternative. InWood et al. (2006), the analysis
of off-farm activities impacts revealed significant importance.
Although the results showed that indirect energy use, energy
related emissions and GHG emissions are higher for the organic
farming, the indirect contribution of those factors is significantly
higher for the conventional farms, resulting in a higher influence in
the overall impact results. Similarly, Pimentel et al. (2005) and
Stolze et al. (2000) compared the traditional and organic farming,
concluding the general capacity of reducing most of the environ-
mental impact results by the application of organic approach and
technologies.

2. Study area

Located in the southern region of Portugal, the Alqueva reservoir
is the largest artificial lake in Europe with 250 km2 of surface area.
The implementation of the Alqueva Multipurpose Project, which is
an important source of water for several uses, has as its main
purpose to supply water for agriculture, with a total benefited area
of more than 115,000 ha. The project reflects a paradigm shift in the
Alentejo region, fostering the transition from rainfed agricultural
practices to irrigation and focusing on new economic activities,
embracing new standards in innovation and technology. TheMonte
Novo irrigation perimeter, as one of Alqueva Project sub-systems, is
part of that new agricultural paradigm, embracing more than
7800 ha. The perimeter began operating in 2009, withmaize, olives
and pastures as main crops, those representing approximately 80%
of the Monte Novo perimeter irrigated area in 2012. The water
volume necessary to supply the irrigation perimeter is directly
abstracted from Alqueva's reservoir and transported by a network
of channels and ducts, going through different reservoirs, to the
irrigated area. This irrigation network can be subdivided in:

- the primary network, which corresponds to water abstraction
from the Alqueva reservoir, water elevation and water transport
to the secondary network;

- the secondary network, which enables the water distribution
(under low or high pressure) to the different irrigated farms by
means of several reservoirs for storage regulation.

The primary network is the responsibility of EDIA e “Empresa
para o Desenvolvimento das Infraestruturas de Alqueva” (the entity
responsible for Alqueva's project development and exploitation)
that supplies water to the farmers' Association e AB Monte Novo
“Associaç~ao de Benefici�arios de Monte-Novo e responsible for the
secondary network, that, on the other hand, supplies the water to
the different farmers, through the secondary irrigation network.
Nevertheless, currently, and during a transitional period, EDIA is
still assuming the operational role allocated to the AB Monte Novo.
At the farmers' level, the water supply is provided at low or high
levels of pressure head, depending on the characteristics of the
irrigation area considered. The Monte Novo irrigation perimeter is
sub-divided in two different types of blocks:

- low pressure blocks (approximately 1 bar of pressure head at the
hydrants), with lower water tariffs. The water supply for the low
pressure sub-blocks is provided by gravity, requiring no water
elevation in the secondary network.

- high pressure blocks (about 4 bar of pressure head at the hy-
drants), requiring lower investments from the farmers on own
pumping stations but with higher water supply tariffs.

It should be noted that, in order to encourage the development
of irrigated agriculture, the current water prices are subsidized. The
lowwater tariffs, fixed by Law, are nonetheless increasing gradually
until 2017, when water will be charged at the total price.
3. Methodology for eco-efficiency assessment

The eco-efficiency assessment is a quantitative process which
enables the study of the environmental impacts of, in this case, the
agricultural products along with their economic value. The rela-
tionship between environmental impact and economic value is
expressed as a ratio, allowing an easy comparison between
different options or strategies. The eco-efficiency assessment was
performed taking into account the five phases of an eco-efficiency
assessment (ISO, 2012): (i) Goal and Scope Definition, (ii) Envi-
ronment Assessment, (iii) Value Assessment, (iv) Quantification of
Eco-efficiency and, (v) Interpretation.

The environmental impacts were evaluated using the Life Cycle
Assessment (LCA) tool. This is based on a life cycle approach and
consists of a Life Cycle Inventory (LCI) analysis e inventory of
relevant energy, resource inputs and environmental releases e to
allow the Life Cycle Impact Assessment (LCIA): identification and
evaluation of the potential environmental impacts associated with
identified inputs (water, electricity, nitrogen fertilizer and phos-
phorus fertilizer, in the case of the Monte Novo case study) and
releases/outputs (EcoWater, 2013a).



Fig. 1. Schema of the economic assessment for the Monte Novo case study.
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The value assessment was performed considering the full life
cycle of the product system. The values were calculated in mone-
tary terms (V) and expressed through costs, price, willingness to
pay, added value, profit, etc. and aggregated into the Total Value
Added (TVA) as the economic performance indicator (EcoWater,
2013a). Finally, the quantification of the eco-efficiency was deter-
mined by inter-relating the results of the environmental assess-
ment with those of the value assessment: the eco-efficiency is
estimated as the ratio between the value of the product/service and
the environmental impacts identified.

More specifically for the Monte Novo case study, the eco-
efficiency assessment was performed for the areas of land occu-
pied by maize, olives and pastures, the three most relevant crops in
the case study area. A baseline scenario was developed taking into
account the current (2012) agricultural reality of the Monte Novo
irrigation perimeter, by means of the data obtained primarily from
local stakeholders and representative farmers. This last was
extrapolated to all the area (and farmers) of the Monte Novo irri-
gation perimeter evaluated in this study (which corresponds to the
maize, olives and pastures areas, representing almost 80% of the
Table 1
Characterization factors of foreground/background elementary flows (EcoWater, 2014).

Background

Impact category Unit Electricity
production (per
kWh)

N Fertilizer
production (per kg)

P ferti
produ

Climate change (CC) t CO2, eq 8.0139 � 10�4 1.93006 � 10�3 0.3909
Eutrophication (E) kg PO�3

4 ,
eq

0.0003 0.00035 0.0672

Acidification (A) kg SO�
2 ,

eq
0.00606 0.02339 0.0219

Human toxicity (HT) kg 1,4-
DB, eq

0.06648 0.64951 0.1631

Respiratory inorganics
(RI)

kgPM10,
eq

0.00095 0.00314 0.0030

Aquatic ecotoxicity (AE) kg DB 0.00311 0.22896 0.0885
Terrestrial ecotoxicity

(TE)
kg DB 0.00154 0.00022 0.0006

Photochemical ozone
formation (POF)

Kg C2H4,
eq

0.00025 0.00100 0.0009

Minerals depletion (MD) kg Fe, eq 0.00018
Fossil Fuels depletion

(FFD)
MJ, eq 8.4385 40.9486 6.2103

Freshwater depletion
(FD)

m3

Table 2
Background processes and data sources (ELCD, 2014; USLCI, 2013).

Process Data sources

Electricity production ELCD database (Pro
Nitrogen fertilizer production USLCI database (Pr
Phosphorus fertilizer production USLCI database (Pr

Note: ELCD e European Life Cycle Database; USLCI e U.S. Life Cycle Inventory.
total irrigated area in 2012). The annual Operational and Mainte-
nance (O&M) costs of the irrigation system, annual gross income of
the farmers and the revenues fromwater services (for EDIA and AB
Monte Novo) were evaluated in order to obtain the net cash flow. It
should be noted that the (annual) amortization of the investment
costs was included in the annual O&M costs. The total value added
for the irrigation perimeter area corresponds to the addition of the
net cash flow of all the different actors considered. The method-
ology applied to the economic assessment is summarized in Fig. 1;
the corresponding results/values obtained are presented in Table 4,
an economic summary, which appears in the Section 3.1 on the
discussion of the baseline scenario.

On the other hand, the environmental performance assessment
allows to quantify the environmental impacts caused by agricul-
tural activities. The approach adopted in this study considers the
environmental impacts due to the input resources and materials
and to the energy use. Regarding the system boundaries used for
the LCA, a “cradle-to-gate” analysis was considered, that corre-
sponding to an assessment of a (partial) product life cycle, starting
from the extraction of primary resources (cradle) to the point the
Foreground Impact method
database

lizer
ction (per kg)

N Fertilizer to
water (per kg)

P fertilizer to
water (per kg)

Water
(per m3)

7 � 10�4 CML-IA 2001
4 0.42 3.06 CML-IA 2001

7 CML-IA 2001

6 CML-IA 2001

0 Traci 2

3 CML-IA 2001
3 CML-IA 2001

3 CML-IA 2001

ReCiPe
ReCiPe

0.15 ReCiPe

cess Name: Electricity Mix, AC, consumption mix, at consumer, 230 V PT)
ocess Name: Nitrogen fertilizer, production mix, at plant/kg/US
ocess Name: Phosphorus fertilizer, production mix, at plant/kg/US)



Table 4
Economic summary, taking into account the different actors (baseline scenario; 2012).

Actor Annual O&M cost (V/yr) Annual gross income (V/yr) Revenues from water services (V/yr) Net cash flow (V/yr)

EDIA 684,709.65 0.00 395,196.55 �289,513.10
AB Monte Novo 265,224.07 0.00 278,416.37 13,192.29
Farmers 6,446,884.00 9,395,490.00 �673,612.92 2,274,993.08
Total 7,396,817.73 9,395,490.00 0.00 1,998,672.27

Table 3
Annual (2012) costs considered in the Monte Novo case study (baseline scenario).

Cost (V/ha) Maize (LP) Maize (HP) Olives (I,LP) Olives (I,HP) Olives (SI,LP) Olives (SI,HP) Pastures (LP) Pastures (HP)

Fertilizers/pesticides 522 522 69 69 150 150 63 87
Seeds 220 220 0 0 0 0 0 0
Labour/equipment 93 93 780 780 1169 1169 65 65
Other costs 989 989 804 804 1005 1005 121 121

*LP e Low Pressure (secondary network); HP e High Pressure (secondary network); I e Intensive production; SI e Super Intensive production.
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products leave the agricultural system boundaries (before being
provided to the consumer). In fact, no use or end life was taken into
account. As presented in Fig. 2, two different levels/systems were
considered: (i) the foreground system, focusing on all the stages
along the water value chain used in the analysis, including the
several resources (agro-chemicals and energy) used, and; (ii) the
background system, including the raw materials and the energy
production processes (e.g., in this case, the fertilizers and the
electricity), supplied to the foreground system (EcoWater, 2013a).

More specifically, the environmental performance was evalu-
ated according to eleven categories of environmental impacts
presented in Table 1 and to their respective characterization factors.
The background processes considered are presented in Table 2,
with the indication of the database sources used.

The environmental impact for each material/resource used is
calculated by multiplying the total amount of material/resource
used in the irrigation perimeter by the respective characterization
factor, for each of the 11 categories of environmental impact.

The development of the case study started with the assessment
of the eco-efficiency of the baseline scenario, defined as repre-
sentative of the current situation, then used for comparison with
scenarios corresponding to the application of each potential eco-
efficiency improvement in the case study area. These scenarios
were grouped in two distinct categories for further comparison:
improvements focusing on resource efficiency and improvements
focusing on pollution prevention. An additional scenario focusing
specifically on a change of the energy price was also evaluated. As
for the baseline scenario, these basic proposed scenarios with po-
tential application were evaluated regarding their specific envi-
ronmental impacts, relevant costs, and the corresponding added
value of implementation.

The eco-efficiency assessment for both the baseline scenario
and eco-efficiency improvement scenarios was performed using
specific tools2 that facilitate the evaluation of both the environ-
mental impacts and the economic performance. These tools
allowed to estimate the intermediate results concerning, resources,
energy, water and costs, facilitating the evaluation of the scenarios.
Finally, the analysis of the results together with the consideration of
the economic and social context of the Monte Novo region led to
the formulation of policy recommendations. These policy recom-
mendations intend to promote eco-efficiency, having in mind the
2 SEAT e Systemic Environmental Analysis Tool, EVAT e Economic Value Chain
Analysis and the EcoWater Toolbox, http://environ.chemeng.ntua.gr/ecoWater/
Default.aspx?t¼299.
European guidelines for water management improvement (2000/
60/CE) and the European Programme for Rural Development in
Portugal (European Commission, 2013) but their viability is, obvi-
ously, strongly dependent on stakeholders' validation.

3.1. Baseline scenario

The baseline scenario assessment, which included an economic
and environmental inventory, is the starting point for the study to
be undertaken. As referred before, this scenario is used in order to
evaluate, by comparison with it, the potential effect/impact of
different eco-efficiency agricultural improvements that were
identified as potentially applicable to the Monte Novo case study. It
should be noted that the economic assessment presented here
compiles different categories of agricultural production costs (wa-
ter, energy, fertilizers, seeds, labour and equipment and other
costs), per each of the referenced crops, for the year 2012, as pre-
sented in Table 3.

Table 4 presents the economic performance assessment for the
baseline scenario, specifying the corresponding economic in-
dicators obtained (in 2012) for each and all of the actors previously
considered, following the methodology described in Section 2. The
estimation of the Operational and Maintenance (O&M) costs was
based on the data provided in Table 3, the Annual Gross Income
corresponds to the sale price of the agricultural goods produced by
the farmers and the Revenues fromWater Services were calculated
in accordance to the water selling prices, fixed by law.

The Total Value Added obtained from the water use results from
adding the net cash flow of the different actors considered. Ac-
cording to this estimation, the irrigated agricultural activity (cor-
responding to maize, olives and pastures) in the Monte Novo case
study area generates (Table 4) a Total Value Added of about two
Million euros.

In order to be able to perform an eco-efficiency analysis, a
“functional unit” had to be defined: the functional unit is described
as a service (or product) under study which is, for the Monte Novo
case study, related to the freshwater consumption in Monte Novo
irrigation perimeter (boundary). The functional unit allows to track
all flows (inputs and outputs) associated to the consumption of
freshwater, like electricity consumption, nitrogen and phosphorous
fertilizers consumption and land occupation/utilization, all
considered as inputs of the system.

The environmental inventory allowed to quantify the emissions
caused by the use of water (foreground), electricity (background),
nitrogen fertilizer (foreground and background) and phosphorous
fertilizer (foreground and background) according to the 11 selected

http://environ.chemeng.ntua.gr/ecoWater/Default.aspx?t=299
http://environ.chemeng.ntua.gr/ecoWater/Default.aspx?t=299
http://environ.chemeng.ntua.gr/ecoWater/Default.aspx?t=299


Fig. 2. Boundaries of the system with the foreground and background processes (EcoWater, 2014).

Table 5
Life Cycle Inventory e Input flows present in the irrigation perimeter of
Monte Novo (baseline scenario).

Inputs/Resources Total amount

Freshwater (Alqueva) (m3) 21,264,275
Electricity (kWh) 12,030,293
Nitrogen fertilizer (kg) 519,855
Phosphorus fertilizer (kg) 300,125
Land (ha) 3673
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impact categories. Table 5 summarises the information on the LCI
for the baseline scenario. This information allows the calculation of
the environmental impacts associated with the Monte Novo irri-
gation perimeter. The output flows considered (Table 6) are the
products of agricultural activity generated in the irrigation perim-
eter, the fertilizers accumulated in surface and groundwater and
finally the waste water produced (stored both at the surface and
underground).

Table 7 presents the environmental impacts from the back-
ground and foreground systems for the baseline scenario. The
outputs “maize”, “olives” and “pastures” have no environmental
impact associated as they are the final product.
Table 6
Life Cycle Inventory e Output flows present in the irrigation perimeter of
Monte Novo (baseline scenario).

Outputs Total amount

Maize (ton) 20,055
Olives (ton) 18,360
Pastures (ton) 5090
N to surface water (kg) 103,971
N to groundwater (kg) 103,971
P to surface water (kg) 3001
P to groundwater (kg) 3001
WW to surface water (m3) 1,863,069
WW to groundwater (m3) 3,726,139
3.2. Eco-efficiency improvements and basic scenarios

After the assessment of the baseline scenario, and according to
the know-how, interest and feedback from stakeholders of the re-
gion, namely farmers and institutions involved in water manage-
ment of the area, a set of scenarios was defined considering the
application of individual eco-efficiency improvements to the
baseline scenario of the Monte Novo case study. Five different
scenarios were defined and hereafter presented. Scenarios 1 to 4
are refined through the introduction of sub-scenarios that intend to
copewith the specificities of each of the three studied crops (maize,
olives and pastures). Each of these new scenarios corresponds to
changes in the input and output flows in the life cycle inventory,
requiring a new inventory analysis. At the economic level, costs as
investment and management and operation costs were also
considered, depending on the evaluated scenario.
3.2.1. Scenario 1: regulated deficit irrigation
Scenario 1 focuses on improving water saving by using Regu-

lated Deficit Irrigation (RDI) for olives and maize which consists in
the application of lower amounts of water comparatively to the
currently defined water needs of the plant.

For maize, the RDI is applied during eight weeks following
sowing, where only 70%e80% of the water required for the crop is
provided. In the ninth and tenth weeks, as required by the
phenological3 stage of maize, water needs are fully satisfied (100%).
After this period, again, only 70%e80% of the water required by the
crop is applied until the last phenological stage is reached (Toureiro
et al., 2007).

For olives, a more specific monthly schedule is proposed, in
accordance with the dependence of the irrigation needs on cultural
3 The phenological stages refer to the different plant life cycle events associated
to the seasonal and interannual variations in climate they are influenced by.



Table 7
Environmental impacts from foreground and background systems (baseline scenario, 2012).

Indicator (Unit) Total Foreground Background

Climate change (t CO2, eq) 10,761 0 10,762
Fossil fuels depletion (MJ) 124,668,758 0 124,668,758
Freshwater resource depletion (m3) 3,189,641 3,189,641 0
Eutrophication (kg PO4, eq) 129,621 105,703 23,918
Human toxicity (kg1,4-DBeq) 1,186,343 0 1,186,343
Acidification (kg SO2, eq) 91,681 0 91,681
Aquatic ecotoxicity (kg1,4-DBeq) 182,957 0 182,957
Terrestrial ecotoxicity (kg1,4-DBeq) 18,786 0 18,786
Respiratory inorganics (kgPM10,eq) 13,961 0 13,961
Photochemical ozone formation (kg C2H4, eq) 3854 0 3854
Minerals depletion (kg Fe�, eq) 2165 0 2165
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evapotranspiration (ETc). The monthly schedule was adapted from
Fern�andez (2012).

Finally, in what concerns pastures, as, according to farmers' in-
formation and due to the edaphoclimatic conditions of the region,
RDI is not aimed to be used for this crop in the Monte Novo area, it
was not considered in the study.

3.2.2. Scenario 2: substitution of fertilizer by sludge
In this second scenario, a different approach was considered by

means of the introduction of sludge from waste water treatment
(WWT) plants in the area to allow the decrease of fertilizer's use in
agriculture. The sludge is obtained by removing solids from the
waste water and contains organic compounds and nutrients as
nitrogen and phosphorus that can potentially be used for fertil-
ization purposes. The sludge must be treated to remove heavy
metals, pathogens or hazardous substances before being used for
fertilization. The introduction of sludge from waste water treat-
ment has two direct associated benefits: (i) to allow a decrease in
the amount of fertilizers used in Monte Novo case study, and (ii) to
prevent the deposition of sludge in landfill, causing a decrease in
the environmental impacts and waste of resources.

More specifically, the application of sludge may be associated to
the production of various crops, as for example, maize and pastures.
In several studies, the application of sludge showed an increase in
dry matter production on pastures (Serr~ao et al., 2009, 2010). In the
study developed byMelo (2012), the use of sludge is shown to have
increased the yield production of maize, with the increase
depending directly on the amount of sludge used. The amount of
sludge to be used for each crop was determined by taking into
account the nutritional needs of nitrogen and phosphorus versus
the levels of nitrogen and phosphorus existing in the sludge, taking
into account the real availability of sludge in the Monte Novo area.

The application of sewage sludge in agriculture should take in
account the presence of high levels of heavymetals. In Portugal, the
application of sludge has to comply with the legislation (DL 276/
2009) designed to regulate the use of sludge in agriculture.

3.2.3. Scenario 3: decrease of chemical fertilizers' use
This third scenario analyses the decrease in chemical fertilizers'

use through the introduction of organic compounds appropriate for
biological agriculture. Organic fertilizers consist of a mixture pro-
duced from natural organic waste trough natural processes such as
composting or vermicomposting. This kind of fertilization allows
re-allocating nutrients to crops, for example, from green waste,
manure or municipal solid waste. The use of this type of fertiliza-
tion can simultaneously provide nutrients and improve soil quality
(structure, water retention capacity, microbiological activity)
(Alcobia and Ribeiro, 2001).

However, one of the main disadvantages of the use of organic
fertilizer is a consequent increase in costs. For maize, according to
the information of a national supplier, it is advisable to use 700 kg/
ha of organic fertilizer, which corresponds to an approximate cost
of 420 V/ha. In the case of olives, the amount recommended is
around 600 kg/ha, corresponding to a cost of 360 V/ha. For pas-
tures, no values were provided. However, based on the content of
phosphorus that may be present in the organic fertilizer and the
phosphorus requirements of pastures, it was possible to estimate
the amount of organic fertilizer to be used: 467 kg/ha, corre-
sponding to a cost of 280 V/ha.

The main interest in the use of organic fertilizers combined with
other environmentally favourable farming techniques is that it al-
lows the production of, for example, organic olive oil and that, in
this case (olives), the change from traditional agriculture to organic
agriculture allows a 20% increase in the price to be paid to the
farmer (Ferreira, 2010). For maize, the organic production selling
price is between 300 and 330 V/ton against 260 V/ton on average
for the conventional crop (EC, 2013). Finally, for pastures, due to the
difficulty in achieving a consensual value of the increase in the price
to be paid, only a 10% increase was considered in this study.

3.2.4. Scenario 4: improvement of irrigation efficiency
Another approach considered in this study was the improve-

ment of the irrigation efficiency through the adoption of subsurface
drip irrigation instead of drip irrigation for maize and olives. Sub-
surface drip irrigation (SDI) consists in the application of water
below the soil surface though emitters (ASAE, 2005) with discharge
rates similar to drip irrigation. This method of irrigation has been
used all over the world in a wide variety of crops: woody crops and
others such asmaize, tomato, etc. As an example, studies conducted
in Kansas (USA) enabled to conclude that it is possible to reduce in
25% the net irrigation needs with SDI, and maintain the same levels
of productivity (Lamm and Trooien, 2003). In parallel, the reduction
in water needs leads to an energy saving of the same magnitude.

The adoption of subsurface drip irrigation instead of drip irri-
gation increases the overall on-farm irrigation efficiency from 90%
to 95%. If a change from sprinkler to SDI is considered, the irrigation
efficiency increases from 80% to 95%. The investment costs associ-
ated with a subsurface drip irrigation system are considered to be
around 5000 V/ha, and the corresponding operation and mainte-
nance costs around 600 V/ha/year (12% of the investment cost), for
a 15 years' lifetime (EcoWater, 2013b).

3.2.5. Scenario 5: new energy price
The last presented scenario considers an improvement of irri-

gation costs through a new scheduling of irrigation, during periods
of lower energy price, which could be achieved by different alter-
native contracts for purchase of electricity.

Generically, in Portugal, the energy user can choose between
three different energy contracts with different energy prices ac-
cording to specific time periods. For the contract “Tarifa Simples”
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(“Simple tariff”) the price of the KWh is the same throughout the
day, 0.115 V/kWh. For the “Tarifa bi-hor�aria” (“bi-hourly tariff”)
contract, the price of the KWh varies according to two pre-
established time periods. Finally, the third type of contract, “Tar-
ifa tri-hor�aria” (“tri-hourly tariff”) sets the price of energy accord-
ing to three different time periods and to it corresponds the lowest
price per kWh but only during a specific time period (10:00 PM to
08:00 AM).

Energy costs associated with agriculture in the Monte Novo
irrigation perimeter, at the farmers' level, are mainly due to the use
of water pumps to supply water to the crops in the low pressure
blocks. After several contacts made with farmers' associations
producing olives and/or maize, no disadvantages associated with
the irrigation during the specific low cost energy period referred
above were identified. Thus, in accordance, the scenario considered
corresponds to choosing the “Tarifa tri-hor�aria” contract, with a
decrease in the energy price from 0.115 V/kWh to 0.0831 V/kWh
(corresponding to a 28% reduction). Based on the gathered infor-
mation, this scenario only takes into account olives andmaize as no
confirmation could be obtained for pastures regarding the appli-
cability of this innovative option.
4. Eco-efficiency assessment: main results

According to the methodology presented in Section 3, the first
step towards eco-efficiency assessment, in accordance to the Eco-
Water approach, was to assess the baseline scenario regarding the
eco-efficiency indicators selected. In a second stage, the assessment
of the scenarios envisaged to be used in the Monte Novo irrigation
perimeter (scenarios 1 to 5, Section 3) was carried out, comparing
the values obtained for the different indicators with the baseline
scenario's results: a higher value of an indicator obtained with the
scenario implementation translates into an improvement in eco-
efficiency.
4.1. Baseline scenario

The eco-efficiency assessment of the baseline scenario, was
performed for the year 2012 as described in Section 3. The eco-
efficiency indicators' values presented in Table 8 were obtained
by dividing the Total Value Added, considered as the total net cash-
flow presented in Table 4, by the corresponding total environ-
mental impact of each indicator, presented in Table 7.
4.2. Basic scenarios

The results of the different scenarios are grouped and compared
according to their main focus: (i) promoting resource efficiency
and, (ii) preventing pollution, allowing an easier evaluation and
Table 8
Eco-efficiency indicators (baseline scenario, 2012) (V/Unit).

Eco-efficiency indicator Value

Climate change (V/t CO2, eq) 185.72
Fossil fuels depletion (V/MJ) 0.02
Freshwater resource depletion (V/m3) 0.63

Eutrophication (V/kg PO�3
4 , eq) 15.42

Human toxicity (V/kg1,4-Dbeq) 1.68
Acidification (V/kg SO�

2 , eq) 21.80
Aquatic ecotoxicity (V/kg1,4-Dbeq) 10.92
Terrestrial ecotoxicity (V/kg1,4-Dbeq) 106.39
Respiratory inorganics (V/kgPM10,eq) 143.16
Ozone formation (V/kg C2H4, eq) 518.58
Minerals depletion (V/kg Fe�, eq) 922.98
comparison of results. A new energy price scenario adds as a spe-
cific alternative scenario.

4.2.1. Scenarios promoting resource efficiency
Among the eco-efficiency improvements evaluated for the

Monte Novo case study, the Regulated Deficit Irrigation (RDI) and
the Subsurface Drip Irrigation (SDI) were the most relevant in
promoting resource efficiency. The resource efficiency promotion,
especially the water efficiency, is much relevant in this case study
because of the significant rise of the water price up to 2017, as
mentioned before (Levidow et al., 2014).

For the maize crop, two sub-scenarios were considered: a first
sub-scenario considers the supply of only 70% of the crop water
needs; in the second one, only 80% of thewater needs of the culture
are fulfilled. This translates into reductions of water consumption of
21% (RDI Maize (21%)) and 35% (RDI Maize (35%)).

For olives, two sub-scenarios were also considered based on the
monthly schedule adapted from Fern�andez (2012) (referred in
Section 3.2.1), leading to a reduction of water consumption of 64%
for olives in intensive production (RDI Olives I) and 44% for olives in
super intensive production (RDI Olives SI).

For pastures, RDI was not considered since its use is considered
unusual for this crop.

Those percentages (for maize and olives) reflect the decrease in
water requirements in each of the studied crops and the results
obtained reflect the potential changes in the eco-efficiency rela-
tively to the baseline scenario.

In the case of maize, the application of the RDI leads to a
reduction in water consumption in the Monte Novo case study,
between 11% and 17% (for the RDI Maize (21%) and RDI Maize (35%)
scenarios respectively). For olives, the reduction verified is between
4% (for RDI Olives SI scenario) and 7% (for RDI Olives I scenario).
Regarding energy savings, the application of the RDI for maize al-
lows energy savings of 8% (RDI Maize (21%)) and 12% (for RDI Maize
(35%)). For olives, the reduction achieved is 2% for the RDI Olives SI
scenario and 5% for the RDI Olives I scenario.

The SDI allows to decrease both water and energy consump-
tions. For maize, water and energy savings are around 18% and 15%,
respectively. For olives, water savings are around 5% while energy
savings reach approximately 6%. Although the SDI application al-
lows an improvement of the environmental performance, the
associated costs are higher when compared with the baseline
scenario, leading to lower values of the eco-efficiency indicators.
On the contrary, the increase in eco-efficiency is clear when using
the Regulated Deficit Irrigation (Table A.1, in Appendix).

To subserve the inter-comparison, Fig. 3 presents the graphical
representation of the eleven eco-efficiency indicators obtained
with the application of the two referred irrigation improvements
(RDI and SDI) and in the baseline scenario, for the two crops
considered e a) maize (Fig. 3a) and b) olives (Fig. 3b). These graphs
present dimensionless values resulting from dividing the eco-
efficiency value obtained for each indicator by the eco-efficiency
value of the baseline scenario. As the baseline scenario is used as
a reference, a unit value corresponds to each of its indicators.

Fig. 3 confirms that whereas RDI leads to an improvement of
eco-efficiency (higher values for all the indicators than in the
baseline scenario, translated in Fig. 3 by spider graphs “outside” the
one representing the baseline scenario), for both crops, the SDI
leads to lower values of the selected eco-efficiency indicators.

The most relevant improvements obtained with RDI imple-
mentation are related with the “freshwater resource depletion”
indicator as the water consumption decreases for each crop (fore-
ground system). The most important improvement of this envi-
ronmental impact, when compared with the baseline scenario, is
obtained for maize (RDI Maize (35%) sub-scenario) with a total



Fig. 3. Comparison of the eco-efficiency indicators obtained with the application of RDI and SDI technologies with the baseline scenario for a) maize and b) olives (Note: for clarity
purposes, different dimensionless scales were considered in the spider graphs).
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reduction of thewater supplied to the system of about 17%. This fact
can be explained as maize requires an important amount of water
per hectare. As a consequence, small changes on the water needs of
this crop have great repercussions throughout the system.

Despite on a lower scale, the indicator “Minerals depletion” is
also positively affected with the application of RDI, as this indicator
is directly related with the electricity consumption. The smaller
water consumption in the irrigation system for RDI directly origi-
nates a lower energy consumption and consequently a lower pos-
itive effect on minerals depletion.

As referred above, for SDI, the eco-efficiency decreases for all the
environmental indicators, for both cultures. In fact, SDI reduces the
environmental impacts but its implementation originates an
important increase in costs which leads to a decrease of the eco-
efficiency to values below those obtained for the baseline scenario.
4.2.2. Scenarios focusing on pollution prevention
In what concerns pollution prevention in the case study area,

the twomost suitable eco-efficiency improvements identified were
(i) the use of sludge fromwaste water treatment plants and (ii) the
use of organic fertilizers. The introduction of sludge/organic fer-
tilizers in agriculture prevents pollution caused by the use of
chemical fertilizers (nitrogen and phosphorus e foreground
system).

Both sludge and organic fertilizers allow a high increase of the
environmental performance of the environmental indicators
mainly affected by the use of chemical fertilizers such as the
“eutrophication” indicator (foreground system). Additionally,
changes in the indicators associated with the life cycle of nitrogen
and phosphorus production (“acidification”, “human toxicity”,
“fresh aquatic ecotoxicity” and “fossil fuel depletion” indicators e

background system) are also verified.
Table A.1 (see Appendix) reports the different eco-efficiency

indicators by crop obtained with the application of sludge and
organic fertilizers that can potentially contribute in a positive way
for pollution prevention. It should be noted that different sub-
scenarios were considered, according to the crop considered:

- maize in high pressure blocks (HP) and maize in low pressure
blocks (LP),
- olives in intensive (I) production in low pressure blocks (LP),
olives in intensive production in high pressure blocks (HP) and
olives in super intensive (SI) production in low pressure blocks
(LP), and

- pastures in low pressure blocks (LP) and pastures in high pres-
sure blocks (HP).

The consideration of sludge applied to maize leads to a reduc-
tion in chemical fertilizers of approximately 7% for nitrogen and 7%
for phosphorus. For olives, the reduction verified is between 6% for
nitrogen and 5% for phosphorus. Finally, for pastures, the chemical
fertilizer savings range from 5% to 6% for phosphorus.

For maize, the application of organic fertilizers results in a
reduction of chemical fertilizers of about 67% for phosphorus and
77% for nitrogen. When applied to olives, organic fertilizers can
reduce the consumption of chemical fertilizers in 23% for nitrogen
and 21% for phosphorus. For pastures, there is a reduction of 12% for
phosphorus.

Fig. 4 graphically summarizes the eco-efficiency comparison
between the baseline scenario and the pollution prevention im-
provements proposed (use of sludge from waste water treatment
plants and use of organic fertilizers) for the three crops considered:
a) maize (Fig. 4a), b) olives (Fig. 4b) and c) pastures (Fig. 4c).

For maize and olives (Fig. 4a and b), a general improvement in
eco-efficiency is obtained when using organic fertilizers in agri-
culture, with most significant results for maize. For this culture, the
introduction of organic fertilizers increases more significantly the
“Eutrophication” and “Aquatic Ecotoxicity” eco-efficiency in-
dicators. The increase observed for the “Eutrophication” indicator is
due to the substitution of chemical fertilizer by organic fertilizers
(foreground system). For the “Aquatic Ecotoxicity” indicator, the
positive effect in eco-efficiency is due to the decreased impact
associated with the production of chemical fertilizers (background
system). For olives, the eco-efficiency results follow a similar trend
as maize.

On the opposite side, for pastures, in general terms, the eco-
efficiency decreases (in comparison with the baseline scenario),
when using organic fertilizers, due to the increase of costs that
outweigh the positive effect of reducing the environmental impact.

When using sludge, eco-efficiency is increased for the three
considered crops. However, for maize and olives, the benefits



Fig. 4. Comparison of the eco-efficiency indicators obtained for the baseline scenario and the pollution prevention improvements (use of sludge fromwaste water treatment plants
and use of organic fertilizers) for the three crops considered: a) maize, b) olives and c) pastures (Note: for clarity purposes, different dimensionless scales were considered in the
spider graphs).
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obtained with its application are muchmore reduced than the ones
verified with the introduction of organic fertilizers, and are not
even visible in Fig. 4a (for Maize (LP) and Maize (HP)) and in Fig. 4b
(for Olives I (HP)) since they almost coincide with the baseline
scenario. This fact is explained by the insufficient quantity of
available sludge from WWT plants in the of Monte Novo area,
which does not allow meeting all the nutritional requirements of
the irrigation perimeter for these crops using only sludge.

4.2.3. New energy price scenario
The scenario regarding the consideration of a new energy price

is evaluated separately since it does not fit into the two above
referred categories (promotion of resource efficiency and pollution
prevention). The adaptation of the irrigation schedule to the low
cost energy period allows a reduction in energy costs (annual O&M
costs) and consequently improves the economic performance
whereas the environmental performance remains the same as for
the baseline scenario. Thus, the increased eco-efficiency observed
for both cultures (Table A.1, in Appendix) is only due to the increase
in the economic performance.
For both selected cultures (maize and olives, as explained in
Section 3.2.5), an improvement of the eco-efficiency is obtained
when comparedwith the baseline scenario (Fig. 5). As expected, the
decrease in energy costs has a positive effect on all the selected eco-
efficiency indicators, for both cultures, with better global results for
olives (Table A.1 and Fig. 5).

5. Global comparison of the scenarios

The results comparison presented above was performed within
the considered categories e resource efficiency, pollution preven-
tion and new energy price. However, the interpretation of the
specific results, obtained for each of the indicators, may not high-
light and make clear the best global eco-efficiency results
comparing the different agricultural improvements. In that context,
and to facilitate the presentation of the main findings of the study
to stakeholders, a global comparison of the chosen potential agri-
cultural improvements was carried out for each sub-scenario,
following a three-step process: (i) normalization and aggregation
of the environmental impacts into a single score (ReCiPe, 2012), (ii)



Fig. 5. Comparison of the eco-efficiency indicators in the baseline scenario and the new energy price scenario.
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obtainment of dimensionless values for both TVA's and final scores
(dividing by the sum of TVA's and final scores respectively), and (iii)
ratio between dimensionless TVA and final score. Fig. 6 presents
the obtained results that naturally translate similar eco-efficiency
performance effects as described in Section 4. The use of organic
fertilizers for maize presents the best results whereas, SDI in maize
and olives and the use of organic fertilizers in pastures show worse
results than the baseline scenario.
6. Conclusions and policy recommendations

The assessment of the eco-efficiency in the Monte Novo irriga-
tion perimeter through the comparison between the baseline sce-
nario and different eco-efficiency improvement scenarios allowed
to identify the best scenarios for the maximization of economic
productivity and the reduction of the environmental impacts. The
Fig. 6. Comparison of the sub-scenarios evaluated (Bars and legends in blue or orange corre
scenario). (For interpretation of the references to colour in this figure legend, the reader is
several simulations carried out showed that the suggested agri-
cultural eco-efficiency improvements to be implemented have
particular influence on water, fertilizer and energy consumption.
Water and energy savings are directly related to greenhouse
emissions and to production costs. The type of fertilizers used in-
fluence the composition of the soil and the water quality in the
surrounding areas of the irrigation perimeter as well as the market
price of the agricultural products.

The approach followed in this study, based on the evaluation of
basic scenarios grouped according to their main focus e promotion
of resource efficiency or prevention of pollution e, was an impor-
tant starting point for the future definition of more complex sce-
narios, combining different agricultural eco-efficiency
improvements of the Monte Novo case study.

Based on the developed work, some general recommendations
to increase the eco-efficiency in the Monte Novo irrigation
spond to an increase or a decrease of eco-efficiency when compared with the baseline
referred to the web version of this article.)
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perimeter can already be proposed. In general terms, it came clear
that the evaluation of the different scenarios should take into ac-
count political, economic, social and technological factors. More-
over, all stakeholders (farmers, water user organizations, policy and
decision makers, etc.) perceptions and assessments should also be
considered for the adoption of adequate eco-efficient measures
and/or recommendations. Regarding specific actions, some needs
could already be identified, namely:

- A feasibility study on the production of new crops economically
more profitable, in the current economic context, in accordance
with the new European agricultural policies, and increasing
competitiveness, is required. The results obtained in this study
showed that the reduction in water consumption increases the
eco-efficiency of the Monte Novo irrigation perimeter. For this
reason, the consideration of new crops with edaphoclimatic
characteristics suitable for the region of Monte Novo is advis-
able. Products like cotton, linen or crops like beets, edible oil
crops, fruits crops present themselves as an alternative to the
current crop mix, as they have a high demand, high economic
return associated with low water consumption (DGADR, 2005).

- The identification of possible barriers/weaknesses to the
implementation of new eco-efficiency improvements moving
beyond quantification, saving cost and resources. For example,
RDI allows high water savings as demonstrated by the results
achieved. Nevertheless, despite being a very viable solution, its
implementation should be monitored, in order to avoid prob-
lems with the yield production in years with rare climatic con-
ditions (EcoWater, 2013).
Table A.1Eco-efficiency indicators for the analysed scenarios (V/Unit)

Eco-efficiency Indicator CC (V/t
CO2, eq)

FFD
(V/MJ)

FRD
(V/m3)

E (V/kg
PO�3

4 , eq)
HT (V/kg 1,4
Db eq)

Baseline scenario 185.7 0.02 0.63 15.42 1.68

Resource
Efficiency

Maize RDI
(21%)

210.5 0.02 0.75 16.29 1.87

RDI
(35%)

225.0 0.02 0.82 16.74 1.98

SDI 110.8 0.01 0.39 7.98 0.97
Olives RDI I 199.8 0.02 0.69 15.93 1.79

RDI SI 192.0 0.02 0.66 15.65 1.73
SDI 153.0 0.01 0.51 11.94 1.37

Pollution
Prevention

Maize Sludge
(HP)

193.15 0.02 0.65 17.07 1.78

Sludge
(LP)

193.15 0.02 0.65 17.06 1.78

Org.
Fert.

304.4 0.03 0.95 83.00 3.38

Olives Sludge I
(HP)

190.17 0.02 0.64 16.67 1.75

Sludge
SI

194.46 0.02 0.65 17.12 1.79

Sludge I
(LP)

190.5 0.02 0.64 16.77 1.75

Org.
Fert.

226.24 0.02 0.75 23.44 2.16

Pastures Sludge
(LP)

187.06 0.02 0.63 15.75 1.70

Sludge
(HP)

187.83 0.02 0.63 15.86 1.71

Org.
Fert.

182.74 0.02 0.62 15.71 1.66

Energy Price Maize (LP and HP) 189.64 0.02 0.64 15.75 1.72
Olives (LP and HP) 191.05 0.02 0.64 15.86 1.73

Note: Indicators are listed in Table 1.
- The promotion of more eco-efficient agricultural practices
providing adequate information to farmers, bymeans of training
andworkshops to increase the technical capacity. That shall take
into account that most often the scientific knowledge is not duly
transposed into reality. For example, RDI should be analysed and
studied case by case as it may not be applicable in a generalized
form for all regions (EcoWater, 2013). Fertilization with waste
water sludge requires a prior analysis of the composition of the
soil to be fertilized, namely as established for Portugal in the
Decree-Law 446/91 (1991). This kind of information is
extremely important to maximize crop yield taking into account
environmental sustainability factors.

- The promotion of the link between the production sector (dif-
ficulty in selling the product) and the marketing sector (diffi-
culty in obtaining the product), as required for the biological
production of olive oil that presents a higher economic return to
farmers but is not always easy to be sold in the current market.
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Appendix A
- A (V/kg
SO�

2 , eq)
AE (V/kg 1,4-
Db eq)

TE (V/kg 1,4-
Db eq)

RI (V/kg
PM10, eq)

Of (V/kg
C2H4, eq)

MD (V/kg
Fe�,eq)

21.80 10.92 106.4 143.2 518.6 923.0

24.50 11.70 121.5 161.2 582.8 1055.4

26.06 12.12 130.4 171.7 619.74 1133.9

12.78 5.81 64.49 84.27 303.9 561.1
23.35 11.38 115.0 153.5 555.3 998.2
22.49 11.13 110.1 147.7 534.9 956.1
17.82 8.56 88.19 117.2 424.0 766.0
22.83 11.93 109.98 149.69 543.23 953.03

22.83 11.93 109.97 149.68 543.21 953.00

38.72 41.11 162.5 249.3 923.4 1032.8

22.45 11.69 108.32 147.24 534.22 938.88

22.97 11.99 110.72 150.60 546.49 959.58

22.50 11.75 108.46 147.54 535.36 940.04

27.17 15.84 126.99 177.45 646.70 1097.79

22.02 11.08 107.15 144.57 523.90 929.12

22.13 11.13 107.59 145.23 526.33 932.89

21.61 10.92 104.67 141.76 514.03 907.01

22.26 11.16 108.64 146.18 529.53 942.48
22.43 11.24 109.44 147.27 533.47 949.48
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