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• Wastewater treatments used at an Air
Force Base in Portugal were reported.

• Wastewater reuse can add value to the en-
vironmental protection mission.

• Low nutrient removal due to the plant size
and age and wastewater composition

• The treatment allows effluent reuse in air-
crafts maintenance and cleaning activi-
ties.

• Chlorination may decrease the concentra-
tion of undesired compounds.
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The current water-scarcity crisis that is being felt in Europe, namely in the southern region, has leveraged the develop-
ment and implementation of national and regional water management plans. These policies aim to promote efficient
wastewater reuse in industrial and urban sectors. Thus, stakeholders are now seeking strategies to enhance the sustain-
ability of their wastewater treatment processes. The present work details the evaluation of the wastewater treatment
methods used at an Air Force Base located in Portugal. In addition, this study also intended to determine how waste-
water reuse can be implemented and add value to the environmental protectionmission of themilitary airbase. Hence,
an assessment of wastewater treatment practices was carried out, considering primary and secondary treatments. The
chemical, physical, and biological indicators of samples collected over two consecutive years were analyzed to deter-
mine trends and fluctuations. The results revealed that the overall effectiveness of nutrient removal is low due to the
oversized nature of the treatment plant, the age of the facility, and the composition of thewastewater. The effluent pro-
duced meets standards for non-potable reuse and could be used on base for aircraft maintenance and the cleaning of
facilities. Nonetheless, the effectiveness of the plant could be improved by implementing a more advanced tertiary
wastewater treatment to decrease the concentration of undesired compounds (e.g., total nitrogen), enabling the
reuse of water in a broader range of activities.
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1. Introduction

The United Nations stated that most Mediterranean countries will have
less freshwater available in 2050, in relation to 1990 levels. In addition, a
higher demand for water is foreseen due to the global population growth
that is expected to surpass 9 billion by 2050 (United Nations, 2019).

Portugal was estimated that over the next 40 years, annual precipitation
will decrease significantly, while temperature will increase. Mountain and
coastal areas, namely the western coast of Portugal, are predicted to be
the most affected by temperature increases and precipitation fluctuations
(Lavrnić et al., 2017; Quinteiro et al., 2019). The intensification of severe
weather conditions due to climate change, together with urban develop-
ment, has been threating freshwater supplies, compromising water quality
and availability (Rebelo et al., 2020).

The present water crises in Europe, namely in southern countries, has
emphasized the need to ensure a sustainablemanagement of water and san-
itation for the population. Thus, the UnitedNations has accounted thismat-
ter at the Sustainable Development Goals, in target number 6 (clean water
and sanitation) (United Nations, 2021). Treated wastewater is a valuable
resource for bionetworks protection, freshwater depletion decrease, as
well as to be reused for potable and non-potable purposes (Food and
Agriculture Organization of the United Nations, 2022). Therefore, waste-
water treatment plays a prominent role in avoiding the release of pollutants
into streams, controlling nutrient levels, and diminishing bacteria levels
that could adversely affect the surrounding ecosystems.

Food and agriculture organization (FAO) global information system re-
ported that between 2018 and 2022, Portugal withdrew a total of 6 billion
m3 of water per year. The volume of municipal wastewater that was treated
during the same periodwas 0.3 billionm3 per year. However, the volume of
treated municipal wastewater that was directly used was only 0.003 billion
m3 per year, which corresponds to around 1.1% of total treatedwastewater
(Food and Agriculture Organization of the United Nations, 2022).

Wastewater treatment in Portugal is regulated by Directive 91/271/
EEC (European Commission, 1991) and transposed into Portuguese legisla-
tion by Decree-Law 348/98 (Diário da República, 1998a). This legislation
details total nitrogen and phosphorus levels for effluent discharged by
urban wastewater treatment plants (WWTP) and stipulates that tertiary
treatment should be used, when necessary, by the receiving environment
or water resources (Diário da República, 1998a). Currently, the majority
of wastewater generated in Portugal is subjected to a secondary treatment
(76%), followed by tertiary (15 %), and primary treatment (7%), meaning
that <1 % of wastewater is untreated (European Committee for Standardi-
zation, 2015). Bearing in mind those data and that presently 57.5 % of
mainland Portugal experiences water deficit, currently only approximately
10 % of treated wastewater is reused (Lavrnić et al., 2017).

Europe has created several national and regional water management
plans aiming to minimize the risk of water scarcity by promoting efficient
water use and reuse in industrial and urban sectors (Força Aérea
Portuguesa, 2020). These programs include the National Water Plan
(PNA), the National Program for the Efficient Use of Water (UNEP), the
Strategic Plan for Water Supply and Water Sanitation (PENSAAR), and
the Operational Program for the Sustainability and Efficiency in the Use
of Resources (PO SEUR) (Zamparutti, 2020).

National programs stand to have the largest impact on entities under
their direct control, such as military and governmental organizations. For
instance, the European Army conscientiousness on environmental issues
is leveraging additional novel initiatives to address this paradigm, as the
Smart Blue Water Camps (SBWC). The SBWC project aimed to evaluate
the water resources management and infrastructure sustainability and to
recommend technological interventions to improve water management at
the European military camp level. The proposed indicator framework, ac-
customed for the military sector, foresees a fast understanding of water
management conditions in the studied military camps, comparisons, and
identification of improvement opportunities (Makropoulos et al., 2019).

In addition to regional and national water management plans, the
European Commission developed the European Union EcoManagement
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and Audit Scheme (EMAS) certification as a method for organizations to
complete an environmental audit using standards defined in ISO 14001
(European Committee for Standardization, 2015). The feedback of the
audit allows to identify critical aspects and to prioritize actions to develop
a strategic plan to continuously improve the environmental performance
of facilities (Honkasalo, 1998).

Currently, there are 45 companies and/or organizations in Portugal
within EMAS. The size of these entities can vary, ranging from small com-
panies to larger organizations, such as the European Maritime Safety
Agency (EMSA). From the total amount of organizations registered in
EMAS, 60 % are considered large units. The sector that is most represented
is themanufacturing industry (57%), namely oriented to non-metallicmin-
eral products. Other relevant sectors with organizations that have EMAS
certifications include companies involved in the capture, treatment and dis-
tribution of water, electricity generation and distribution, and public ad-
ministration and security (Agência Portuguesa do Ambiente, 2022).

Considering both environmental protection and sustainable develop-
ment, Portugal's Air Force Base No. 5 has focused their efforts on earning
the EMAS certification as a means of continuously improving their environ-
mental systems. In 2016, Air Force Base No. 5 became the first unit of
European Union Defense and European Economic Area to earn the EMAS
distinction. To obtain this certification, Air Force Base No. 5 conducted an
extensive audit of all activities with an environmental impact occurring
on base, then developed amulti-axis strategic plan for the continued assess-
ment and diminishment of environmental impacts of on-base activities
(Rodrigues et al., 2021).

Herein, synergies between the various established activities and the en-
vironment are potentiated, including wastewater treatment. The sustain-
able initiatives put forth by the strategic plan that are included in Axis II
seek to promote the reuse of treated wastewater with a goal of reusing 50
% of treated wastewater (Força Aérea Portuguesa, 2020). Water reuse has
demonstrated promising results for decreasing water stress, while increas-
ing available water resources and closing the loop between water supply
and wastewater disposal (Gibbons, 2016). To guarantee the quality of
treated effluents and the success of the treatment plant, it is necessary to
create a tailored solution after meticulous examination, adapted to local re-
quirements, available funds, and modern technologies (Leverenz and
Asano, 2011).

The present work aims to evaluate the ongoing wastewater treatment
methods employed at the Portuguese Air Force Base No. 5 and determine
feasible improvements to enhance the sustainability of the treatment pro-
cess, to meet EMAS goals. Hence, all collected influent and effluent data
from chemical, physical, and biological indicator testing was analyzed
and compared with the allowed effluent discharge conditions outlined in
Air Force Base No. 5's wastewater treatment plant license. Building up
upon this analysis, current challenges and shortcomings of the existing
wastewater treatment method were identified, as well as a screening of
the most feasible techniques to improve the tertiary treatment. In addition,
potential purposes for the reuse of treated effluent to accomplish the goals
outlined in Axis II of the Air Force's Strategic Plan were assessed.
2. Methods

2.1. Case study description

The Monte Real Air Base, designated as Air Force Base No. 5, is a Portu-
guese Air Force Military airbase located in Monte Real, Leiria, Portugal
(Fig. 1). The mission of this center is to guarantee the readiness of the Air
Units and the logistical-administrative support, as well as internal security
and immediate defense (Quality and Environmental Office - Air Force
Base No. 5, 2021).

Air Force Base No. 5's secondary decentralized WWTP, with the capac-
ity to serve 3000 people, opened in 1998 and is located on the airbase. The
3000-person capacity is equivalent to 530 m3 of wastewater per day or
88.33 m3 of wastewater per hour. The WWTP treats all the domestic and



Fig. 1.Monte Real Air Force Base No. 5, Leiria, Portugal (source: Google maps).
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industrial wastewater, as well as rainwater collected on site (Força Aérea
Portuguesa, 2020).

There is a significant variation in the volume of wastewater treated due
to population fluctuations and rainfall. This impacts the concentration of
pollutants in the wastewater and the efficiency of the treatment. The
WWTP is located at the lowest elevation in relation to the airbase, so gravity
is the primary force used to transport wastewater to the treatment plant.
Additionally, there are three electric pump stations to increase the effi-
ciency of the transport process (Força Aérea Portuguesa, 2020). Fig. 2 de-
picts a diagram of the wastewater treatment process at the airbase.

The raw influent enters theWWTP through a channel equipped with an
automatic grid remover that eradicates large solids, constituting the pri-
mary treatment process. The bypass channel is parallel to the main conduit
and allows influent to move directly into the aeration tank when the main
canal overflows and the floodgates are activated (Rocha, 2020). Upon en-
tering the aeration tank, after passing through the main or bypass channel,
Fig. 2.Wastewater treatment plant
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the influent begins the secondary treatment process by mixing with oxygen
and aerobic microorganisms to undergo biological treatment. During this
step, the microbial community transforms dissolved pollutants and organic
matter into biological flocs that are collected and removed as sediment.
This treatment stage is contingent on microbial community growth, being
imperative to optimize the conditions of the aeration tank. These parame-
ters are achieved by automatic aerators controlled by an oxygen probe or
timer which maintains a dissolved oxygen concentration of 2 mg/L. Dis-
solved oxygen concentrations below this limit favor the predominance of
filamentous microorganisms which hinder sludge sedimentation (Brault
et al., 2011).

An aerobic environment is maintained in the aeration tank. However,
processes that require anaerobic conditions, namely denitrification and
sludge digestion, take place simultaneously in the aeration tank. The anaer-
obic conditions are promoted by the aeration absence. Another factor af-
fecting denitrification, and consequently, nitrogen values in the treated
scheme of Air Force Base No. 5.

Image of Fig. 1
Image of Fig. 2
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wastewater is the difference between equivalent population of the project
and current population being served. The aeration tank in tandem with
the automatic grid remover aims to minimize the suspended solids amount
and incorporate most of the organic matter into microorganisms and or-
ganic sediment. This is referred to activated sludge. Once the concentration
of activated sludge exceeds optimal value, the sludge is purged, and the in-
fluent moves to the decanter (Lampinen et al., 2001).

In the decanter, activated sludge settles to the bottom of the tank and it
is transported to the sludge collection point. Additionally, a bridge scraper
moves sludge and scum from the surface of the water into a box that is con-
nected to the sludge collection point. Although aerators are not included in
the decanter, sludge is kept in aerobic conditions via purging to avoid the
release of gas, which could result in settled sludge re-suspending in the par-
tially treated influent. Additionally, residual oxygen dissolved in the par-
tially treated influent is maintained to prevent denitrification of the
sludge,which could also reduce the sludge's settling (Englande et al., 2015).

At the sludge collection point, sludge can be recirculated to the aeration
tank if the concentration of microorganisms in the aeration tank is low, or it
can be transported to a silo where gravity is used to remove the water from
the sludge. Finally, the partially dried sludge is compressed in a band filter
and lime is added to completely dehydrate the sludge; this treatment re-
duces the volume and disposal cost of the sludge, making it easier to trans-
port (Al-Mutaz, 2004). The dried sludge (EWC 19 08 05) is collected in big
bags that are disposed of or purchased by external companies to use as com-
post. After the sludge separation, effluent drains over the internal rim of the
decanter to the effluent outlet, where it is discharged into the surrounding
forest and eventually joins Ribeira dos Tourões (Força Aérea Portuguesa,
2019).

The effluent outlet is equippedwith a flowmeter, so the Base can deter-
mine the amount of effluent produced each year. The hydraulic retention
time (HRT) of the wastewater is defined as the average length of time
that a compound remains in treatment plant. The sludge collected at the
airbase has an assessed HRT of 75 days, which is longer than the average
range of between 15 and 30 days, due to the low organic load of the
plant (Perry, 2020).

Wastewater treatment in Portugal is regulated by Directive 91/271/
EEC (European Commission, 1991) and transposed into Portuguese legisla-
tion by Decree-Law 348/98 (Diário da República, 1998a). In 2016, the
airbase obtained a five-year license to operate as a domestic WWTP. The li-
cense characterizes the treatment as secondary biological treatment by ac-
tivated sludge in prolonged aeration. The discharge system is classified as
“collectedwithout protectivework” indicating the effluent is discharged di-
rectly into the recipient medium, Ribeira dos Tourões. The license specifies
the hydrographic region, basin, sub basin, and water biological oxygen de-
mand (BOD5), and classifies their ecological status as reasonable (Rocha,
2020). One of the general conditions of the license is that the Air Force
BaseNo. 5must pay an annualWater Resource Fee of €600 to be authorized
by the Portuguese Environmental Agency to discharge wastewater. More-
over, general conditions state that the effluent cannot affect the quality of
the receiving environment in away that jeopardizes the resource or impacts
its flow (Força Aérea Portuguesa, 2019). Finally, the license lists effluent
discharge conditions and self-monitoring programs that must be imple-
mented to ensure that conditions are met. Currently, chemical, physical,
and biological parameters are regularlymonitored to guarantee the effluent
produced complies licensing standards (Força Aérea Portuguesa, 2020).

2.2. Influent and effluent indicators

Data on different chemical, physical, and biological indicators are col-
lected periodically during the wastewater treatment process at the airbase.
The collection points are as follows: (1) raw influent is collected before en-
tering the treatment plant, (2) influent is collected from the aeration tank,
(3) sludge is collected from the sludge collection point, (4) partially treated
effluent is collected from the aeration tank and sludge recirculation point,
and (5) treated effluent is collected from the effluent outlet. Once the
airbase obtained a five-year license to operate as a domestic WWTP and
4

EMAS certification in 2016, they began collecting and analyzing the data.
Therefore, the period from 2016 and 2018 was selected to enable the anal-
ysis of trends in the WWTP indicators.

Table 1 summarizes the indicators analyzed at each collection point.
Samples collected at points (1), (3), and (5) are analyzed by an external lab-
oratory, Laboratório Tomaz, in accordance with method described in ISO
5667-10:1992 (ISO, 1992). Samples collected at points (2) and (4) are ana-
lyzed in the laboratory at the Air Force Base No. 5's WWTP.

A sample of raw influent was collected quarterly and analyzed at
Laboratório Tomaz in 2018 to determine the composition of wastewater en-
tering theWWTP. This enabled theWWTP operators to quantitatively com-
pare influent and effluent, to determine the level of nutrient removal. The
pH of the influent is determined to ensure it falls within the optimal
range for microbial growth and the function of metabolic enzymes, to guar-
antee that wastewater can be efficiently treated in the aeration tank (Jin
and Kirk, 2018). BOD5 indicates the amount of oxygen the sample is con-
suming to degrade organic compounds without chemical assistance,
where higher values mean excessive undesirable biological activity. Chem-
ical oxygen demand (COD) measures the amount of oxygen needed to
chemically oxidize organic compounds and inorganic compounds in a
water sample (Perry, 2020). Total nitrogen and phosphorus represent the
amount of nutrients in the solution. A sample is collected from the aeration
tank four times per month to verify that the influent is receiving adequate
treatment (Força Aérea Portuguesa, 2015).The sample collection volume
was one liter of wastewater and was performed through a metal bar at-
tached to a plastic container. In theWWTP laboratory, the pH, conductivity,
dissolved oxygen (DO), and temperature of the sample aremeasured (Multi
3400i Handheld Multimeter, WTW, USA). If the DO concentration is above
or below 2 mg/L, the aerators in the aeration tank are automatically ad-
justed as necessary to avoid filamentous microorganisms' formation
(Brault et al., 2011).

Two sludge sampleswere analyzed in 2016. Sludge is collected from the
aeration tank and tested at Laboratório Tomaz to evaluate pathogen con-
centrations in the sludge. Escherichia coli and Salmonella have been selected
as the main indicators of pathogen levels. In addition, heavy metal levels
are analyzed at this collection point. Sludge collected from the WWTP are
submitted to a dehydration process and sold to AmbiPombal – Gestão de
Resíduos, S.A (Pombal, Portugal) to collect/valorize or sell as compost or
disposed of. Thus, it is critical to assess the concentration of pathogens or
heavy metals in the sludge once it may pose health risk.

A one-liter liquid sample is collected from the aeration tank and sludge
recirculation point. This sample is transferred into an Imhoff test cone to de-
termine the settle solids (SS30) of the samples collected. After being trans-
ferred into the test cone, the sample is left for 30 min to allow solid
sediments settle to the bottom of the cone and determine the volume of sed-
iment at each collection point. The sludge must be in a range of 800–1000
mL/L and between 400 and 600 mL/L at the recirculation point and in the
aeration tank, respectively. If there is not enough sediment in the aeration
tank, the sludge at the recirculation point is recirculated instead of moving
on to the gravity water remover (Força Aérea Portuguesa, 2015).

Treated effluent is collected and analyzed at Laboratório Tomaz
monthly to verify that the effluent's biological, chemical, and physical indi-
cators are within ranges specified on their discharge license. The pH of the
effluent is analyzed to validate that the effluent is neutral, avoiding changes
in the pH of the receiving environment. The biological and chemical oxygen
demand are assessed to verify that the effluent's oxygen demand will not
promote an anoxic environment in the receiving ecosystem (Donoso
et al., 2018).

Total suspended solids (TSS) are analyzed to ensure that enough sedi-
ment has been removed and the turbidity of the effluent is proper for
light to pass through the receiving environment. Nitrogen and phosphorus
levels are assessed to verify that the effluent nutrient levels are below the
limits, to protect the ecosystems against eutrophication scenarios. Hydro-
carbon, oil, fat, phenol, and heavy metal levels allow the quantification of
the extent of the treatment and the composition of the wastewater. The
flow rate of treated effluent being discharged into the environment is



Table 1
Indicators analyzed in the sample collection points studied.

Indicator

Collection point

1. Raw Influent 
Analytical 

Control

2. 
Aeration 

Tank 
Analysis

3. Sludge 
Analytical 

Control

4. Solid 
Sediments 

Record

5. Treated 
Effluent

Analytical 
Control

pH

O
2

(mg/L)

Biological Oxygen 

Demand (mg/L O
2
)

Chemical Oxygen 

Demand 

(mg/L O
2
)

Total Nitrogen (mg/L 

N)

Nitric Nitrogen

Ammonium (mg/kg)

Total Phosphorus 

(mg/L)

Sulphides (mg/L)

Total Hydrocarbons 

(mg/L)

Oil and Fat (mg/L)

Phenols (mg/L)

Conductivity (µS/cm)

Temperature (°C)

E. Coli

Salmonella spp.

Organic Dry matter (%)

Phosphorus, potassium, 

magnesium, calcium, 

cadmium, copper, 

nickel, lead, zinc, 

mercury, chromium 

(mg/kg)

Iron, zinc and lead 

(mg/L)

Total Suspended Solids 

(mg/L)

Aeration Tank (mL/L)

Recirculation point 

(mL/L)

Note: The shaded cells correspond to the indicators analysed in each collection point.
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Fig. 3. Influent and effluent BOD5, total nitrogen values and pH.
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determined by a flow rate sensor on the effluent outlet pipe (Força Aérea
Portuguesa, 2015).

2.3. Economics

Official documents from the airbase audit of on-base water consump-
tion were evaluated to identify possible areas of non-potable water reuse
and estimate the volume of water that could be reused for each identified
non-potable purpose. The cost-benefit analysis of implementing water
reuse at the proposed locations was calculated using the associated cost of
using water provided by members of the Quality and Environment Office.

3. Results and discussion

3.1. Influent and effluent indicators

In 2018, Air Force Base No. 5 collected raw influent and treated effluent
quarterly and determined its pH, BOD5, and total nitrogen values. The aver-
age pH of raw influent and treated effluent samples collected were both
within the acceptable license range between six and nine.Wastewater treat-
ment resulted in a 10 % wastewater pH decrease. The treated effluent
showed a pH closer to neutral than the raw influent.
Fig. 4. (A) Total nitrogen, (B) total suspended solids, (C) total phospho
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The average BOD5 of influent in 2018 was above the discharged condi-
tions. Wastewater treatment decreased the BOD5 of the wastewater by 86
%, resulting in an effluent with a BOD5 value below the license limit. Ini-
tially, the total nitrogen level of the wastewater was around three times
the license limit. Wastewater treatment decreased the nitrogen level by
27 %. However, the discharged effluent still had a nitrogen level about
two times higher than the license limit. These results are reflected in Fig. 3.

All three data sets demonstrate that the indicator values decreased due
to wastewater treatment. Nevertheless, the process resulted in only the
BOD5 indicator decreasing to meet the license limit. The pH level of the
raw influent was already below the license limit, and neither the total nitro-
gen level before nor after treatment were below the license limit. Thus,
Fig. 3 illustrates those nutrient levels, namely nitrogen, do not undergo a
significant decrease because of wastewater treatment.

The primary reason for inefficient nitrogen removal is the WWTP is
oversized. The facility is operating at 20 % of its intended capacity, and
the predicted wastewater composition and organic matter volume does
not correspond to the reality of the raw influent. The composition of the
wastewater has a higher proportion of urine and lower levels of organic
load than is intended for optimal treatment. This could be attributed to a
significant portion of the base population living off base and not using the
sanitary facilities as often as a larger population living on base would.
rus, and (D) pH levels relative to license limits from 2016 to 2018.

Image of Fig. 3
Image of Fig. 4


Fig. 6. BOD5 to COD ratio for all samples collected between 2016 and 2018.
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Additionally, the low levels of organic load in the influent correspond to
an average BOD5 level in the lower 100 mg/L O2 range. Domestic influent
usually has a BOD5 between 100 and 1000 mg/L O2, where higher incom-
ing BOD5 levels are more favorable since macronutrients are removed rela-
tive to BOD5 removal (Mara, 2013). Since 5 kg of nitrogen and 1 kg of
phosphorus are eliminated for every 100 kg of BOD5 removed, nitrogen re-
moval is hindered by low initial BOD5 levels. Another reason that ineffi-
cient nitrogen removal is observed is due to rainwater entry in the system
that is related to gravity-fed nature of the treatment plant, further diluting
the nutrients and decreasing the efficiency of the treatment (Quality and
Environmental Office - Air Force Base N.o5, 2021).

It is important to note that according toDecree LawNo. 236/98, it is not
imperative for Air Force Base No. 5 to meet the nitrogen license limits be-
cause theWWTP is not located in a “sensitive area” as defined by the decree
law (Diário da República, 1998b). However, there are environmental con-
sequences associated with discharging effluent with high levels of nitrogen
into the environment, including eutrophication. One way to promote deni-
trification without increasing organic load levels is to implement an anoxic
tank as a primary treatment step to decrease the nitrogen levels of the influ-
ent before it enters the aeration tank. The lack of oxygen in this tank would
force the bacteria to use nitrogen as an energy source, thus decreasing nitro-
gen levels (Perry, 2020). A denitrification primary treatment step would re-
sult in the total nitrogen levels of the treated effluent being closer, or
meeting, the license limits.

To understand the trends of those data, pH, TSS, total nitrogen, and total
phosphorus levels of the treated effluent were regularly collected between
2016 and 2018. When plotted (Fig. 4) The total nitrogen levels of the efflu-
ent samples trend upwards over time. Similarly, the total phosphorus levels
of the effluent samples trend upwards over time. The total phosphorus
levels of the collected samples all fall below the license limits. Total nitro-
gen is the only effluent indicator that was consistently higher than the li-
cense limit, although the TSS level exceeds license limits.

Most of the samples collected between 2016 and 2018 have TSS values
below the license limit, although three samples had TSS levels above. Most
samples had a total nitrogen level above the license limit, though there
were four times where the total nitrogen level was less than the license
limit. Relative to the acceptable range given in the license, the pH levels
of the treated effluent have remained in the acceptable range from 2016
to 2018. The pH levels of the effluent samples have no clear trend over
the three years, and no samples fell outside the license range. In summary,
total suspended solids, total nitrogen, and total phosphorous levels all
trended upwards over time.

The BOD5 and COD of treated effluent samples were regularly mea-
sured. Between 2016 and 2018, BOD5 and COD levels generally remained
below the license limits. Nevertheless, some samples levels had exceeded
these limits. As TSS, total nitrogen, and total phosphorous values presented
in Fig. 4, BOD5 and COD levels trended upwards toward the license limit.
These results are displayed in Fig. 5.

Since BOD5 correlates the amount of oxygen needed for the degradation
of organic matter, and COD represents the amount of oxygen used to chem-
ically oxidize the organic and inorganic matter, the ratio of BOD5 to COD is
Fig. 5. BOD5 and COD levels relative to
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a useful indicator to determine the effectiveness of biological treatment
(Perry, 2020). A BOD5 to COD ratio >0.5 indicates that the biodegradable
fraction is high, and biological treatment has the potential to be successful.
A BOD5 to COD ratio between 0.5 and 0.3 suggests that the nonbiodegrad-
able fraction is significant, so further testing should be conducted to assess
if biological treatment has the potential to be effective. When the BOD5 to
COD ratio is lower than 0.3, biological treatment is unlikely to be success-
ful. Analysis of the BOD5 to COD ratio of effluent produced between 2016
and 2018 shows that most samples had a ratio <0.5, and a significant
amount were <0.3, as depicted in Fig. 6.

Analyzing the effluent indicator reveals that TSS, nitrogen, phosphorus,
BOD5, and COD values are trending upwards, suggesting that less nutrients
are being removed by the treatment process over time. This could be attrib-
uted to the age of the treatment plant, as it has been operated since late
1990's, with minimal adaptations to the water quality variation and total
population served decease over the years (Força Aérea Portuguesa, 2019).
However, the effluent is being discharged to an area that is not affecting
the surrounding ecosystems.

3.2. Action plan and economics

Table 2 summarizes moderate and significant water consumption activ-
ities on the Air Force Base No. 5 listed in the internal audit. The standards
that the treatedwaterwould need to comply in different activities are listed
according to Decree Law No. 119/2019 (Diário da República, 2019). The
adequate treatment column refers to the primary, secondary, and tertiary
designations.

It is not possible to use the treated effluent for several water consuming
activities because the effluent does not meet the requirements provided in
Decree Law No. 119/2019 (Diário da República, 2019), namely any type
of potable reuse and instances of reuse that have high risk of dermal contact
(e.g., washing personal protective equipment (PPE)). Effluent used for all
activities, except for water used for washing aircrafts and cleaning facilities
would require tertiary treatment.
license limits from 2016 to 2018.

Image of Fig. 5
Image of Fig. 6


Table 2
Water consuming activities and estimated reuse evaluation in theAir Force BaseNo. 5.

Water consuming activities Reuse standards Estimated annual reuse
volume (m3)a

Washing aircrafts pH: 6–9
Turbidity: ≤5
E. coli: ≤10

50

Washing personal protective
equipment

No standards outlined in
DL119/19

0

Aircraft maintenance No standards outlined in
DL119/19

0

Maintenance of vehicles and
equipment

No standards outlined in
DL119/19

0

Laboratory work No standards outlined in
DL119/19

0

Cleaning of facilities,
equipment, and vehicles

pH: 6–9
Turbidity: ≤5
E. coli: ≤10

100

a Volume estimated by the Quality and Environment Office.
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The Air Force Base No. 5. WWTP has not received any significant in-
tervention since it was built. Therefore, the top investment priority is to
improve the wastewater treatment plant regarding maintenance and up-
dates to enable that the effluent produced meets the nutrient limits
outlined in the license. As a public institution, one of the barriers to
implementing such recommendations is bureaucratic requirements
Table 3
Tertiary treatment methods' options and relevant drivers and barriers in the Air Force B

Treatment Drivers Barriers

Ozonation • Greater efficiency than chlorine
• 10–30-minute contact time
• No chemicals or residues
• Ozone production onsite
• Treatment increases dissolved O2 levels, avoiding
the need for reaeration

• Mitigation of taste and odor issues

• Complex equipmen
• Strong oxidizer ma
with low levels of T

• High cost of treatm

Ultraviolet (UV)
radiation

• Effective disinfectant against pathogens includ-
ing chlorine resistant pathogens

• No chemicals or residues
• Inexpensive and easy to use equipment
• Not equipment intensive
• 20–30 second contact time

• Low volumes of infl
• Repairing and reve
some organisms

• High turbidity can
• Immediate success
disinfectant

• Energy consuming
Chlorination • Chlorination is already used to treat water on the

airbase
• The residual disinfectant extends disinfection
against recontamination

• Cost-effective
• Effective against a wide range of pathogenic
organisms

• Remove odors
• Easy to adjust the quantity to accommodate
influent volume changes

• Any concentration
• Dechlorination afte
• Complex microorga
• Some chlorination
effects

Reverse osmosis • No chemicals or residues
• High-quality treated effluent
• Easily added to existing WWTP infrastructure

• Costs associated wi
brine)

• Effluent quality dec
• High operation and

Activated
carbon

• No chemicals
• Low cost and maintenance needs
• Enhances effluent odor/taste
• Efficient for filtering carbon-based chemicals and
some microorganisms

• No efficiency in rem
• Prone to clogging
• Requires adequate
• Can be ineffective o

Constructed
wetlands

• The base has available land
• Low operation and maintenance costs
• Provides habitat for wetland organisms

• Less consistent perf
times in compariso

• Negatively impacte
wastewater volume

• Toxic chemicals can
Electrochemical
methods

• Hydrogen production could be coupled
• No chemicals
• Stable under corrosive conditions
• More efficient at higher contaminant concentra-
tion

• Relatively expensiv

8

and hieratical processes. Nevertheless, efforts are being made to ensure
its continued ability to treat wastewater effectively. Thus, to draw a
broad strategy to increase wastewater reuse in the activities that require
tertiary treatment, drivers, and barriers of traditional and/or cutting-
edge tertiary treatment methods applied to the case study were assessed
(Table 3).

Ozonation, reverse osmosis, and electrochemical methods are costly
and require the installation and maintenance of expensive and complex
equipment. Thus, these treatment methods are not likely to be imple-
mented due to budgetary constraints and the absence of personnel avail-
able. Nevertheless, electrochemical methods, such as electroremediation,
might pose an alternative if initial investment is set in the implementation.
Electroremediation when compared to other techniques, has demonstrated
promising results, and consists of a low-level direct current application to
promote physiochemical changes in wastewater pollutants (Magro et al.,
2020). The effluent undergoes electrolysis at the electrodes, generating
hydrogen and hydroxyl radicals, causing pollutants to undergo
electromigration, electrophoresis, and electroosmosis. Organic contami-
nants' anodic oxidation occurs when the anode surface is directly encoun-
tered, or it is indirectly oxidated by oxidants formed in surrounding liquid
media. In addition, hydrogen produced by the electrolysis of water can be
collected and used as fuel for fuel cells, offsetting the energy costs associ-
ated with the tertiary treatment (Magro et al., 2021).

The disadvantages of implementing activated carbon also outweigh the
advantages, making it an impractical tertiary treatment method. While
ase No.5 study case.

References

t and system
kes the process more effective on effluents
SS, BOD5, and COD
ent (due to electricity and infrastructure)

(Pistocchi et al., 2022; van Gijn et al.,
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uent may be ineffective
rsing the effects of treatment is possible in

harm the effectiveness of UV disinfection
cannot be measured due to lack of residual
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2022)

of chlorine is toxic to aquatic organisms
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hinder biological components
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activated carbon is a low-cost and chemical-free tertiary treatment method,
it is unable to filter out compounds with a low affinity for carbon and the
activated carbon filter tends to harbor bacteria and viruses. Moreover, the
activated carbon filter is prone to clogging, whichwould render the tertiary
treatment system completely unusable for periods of time (Azam et al.,
2022). Likewise, constructedwetlands are not well designed for the specific
characteristics of this treatment plant; changing environmental conditions
and population variations would result in less effective wastewater treat-
ment (Zhou et al., 2022). Additionally, thewastewater treatment plant is al-
ready located at the edge of the Air Force Base No. 5 perimeter, so the large
land requirement would pose an additional challenge.

Chlorination and UV radiation are both cost-effective tertiary treat-
ment methods that require minimal equipment and maintenance and
are effective against a wide range of pathogens, overcoming the two
major barriers of cost and maintenance and infrastructure. UV radiation
avoids the use of chemicals (Cerreta et al., 2020), although its imple-
mentation would require the purchase and installation of new UV
light infrastructure and optimization research to ensure an effective
dose is being administered. Furthermore, the overall energy consump-
tion will increase with the implementation of this treatment, and the
UV radiation will become less effective with the increase in TSS levels.
Chlorination is effective for a wide range of pathogens, overcoming
the major barriers of cost, maintenance, and infrastructure. Also, chlo-
rine acts as a residual disinfectant that continues protecting treated
effluent from recontamination. However, chlorination is not effective
against all microorganisms (Wang et al., 2022) and there is potential
for chlorine to form hazardous by-products, such as trihalomethanes
(S. Zhang et al., 2022).

Overall, and namely due to financial reasons, chlorination stands out as
a more advantageous tertiary treatment method. In fact, chlorine is already
being applied on Air Force BaseNo. 5 for water treatment, and thus, there is
the infrastructure and knowledge in place for implementing chlorine treat-
ment. The associated risks of chlorine usage, namely hazardous by-product
formation and toxicity to aquatic organisms could be rectified by using
chlorine dioxide or peracetic acid as alternatives (Guo et al., 2022). Chlo-
rine dioxide is not able to react with ammonia or aromatic organic com-
pounds to produce trihalomethanes, decreasing the potential to form
chlorinated organics. Peracetic acid is a mixture of hydrogen peroxide, ace-
tic acid, and water that has similar oxidative properties to chlorine with
minimal formation of by-products (Moharramzadeh et al., 2022). The suc-
cessful use of chlorination will require identifying the minimum amount of
chlorine that can be used to achieve the eradication of micropollutants and
pathogenswhileminimizing risk to aquatic ecosystems. Additionally, it will
be necessary to invest in effluent analysis using advanced analytical tech-
niques, such as gas chromatography and high-performance liquid chroma-
tography, to monitor hazardous by-product formation.

Additionally, long-term financial benefits of water reuse can offset the
cost of implementing tertiary treatment. However, an accurate estimation
of total costs related to the implementation of such technology hinges on
region-specific costs. Herein, variable wastewater characteristics should
be assessed to reach an accurate value (de Boer et al., 2022).

Table 4 shows all presently identified Air Force Base No. 5 activities
where treatedwastewater can be reused for non-potable uses. The financial
benefit of implementing water reuse for these activities is calculated using
the cost of energy consumption associated with pumping the water out of
Table 4
Financial benefits incurred by water reuse.

Purpose for water reuse Financial benefit (€/year)

Maintenance of green spaces 1000
Sanitary facilities (requires installation of infrastructure to
transport effluent)

709

Cleaning of facilities, equipment, and vehicles 10
Firefighting training 10
Aircrafts wash 5

9

the wells and treating it with chlorine (associated cost comes to a total of
€0.10/m3). Reusing treated wastewater to fill toilet cisterns would require
the installation of an infrastructure to separate treated wastewater from
freshwater.

All activities, except for the cleaning of vehicles which can be driven
down to theWWTP, require the transport of treated effluent to the location
where it will be reused. This poses a challenge since installing piping and
pumps to transport this water would significantly increase the cost that
would hardly be offset by the financial benefit of implementing water
reuse. Thus, an alternative solution to installing piping for water reuse
that would enable all proposed water reuse activities, except for water
reuse in sanitary facilities, is using firetrucks to transport water from the
treatment plant to the final location. Implementing water reuse within
the unit will support the Air Force Base No. 5 on achieving the goals
outlined in Axis II of their strategic plan. In addition, this would contribute
to accomplishing the guideline given in Decree Law No. 226-A/2007
(Procuradoria-Geral Distrital de Lisboa, 2007), that states that wastewater
should be reused whenever possible for non-potable purposes. Following
the above evaluation of how to improve the sustainability of Air Force
Base No. 5 WWTP, some recommendations may be pinpointed, as follows:

1) Implement an anoxic chamber during primary treatment or a macro-
phyte pond (denitrification accelerator to decrease nitrogen concentra-
tion in the effluent)

2) Adopt tertiary treatment (e.g., chlorination)
3) Employ water reuse for the purposes listed in Table 2
4) Promote research and development activities and apply for external

European Union funding for WWTP improvement.

Air Force BaseNo. 5 is continuously searching for solutions to overcome
these issues and continue improving their services to serve the society and
the environment. In this sense, further research should address feasible al-
ternatives, with economic and environmental benefits.
4. Conclusions

Wastewater treatment plays an important role in reusing water re-
sources and improving water quality, in line with the current water short-
age and pollution. Effective wastewater treatment is critical to positive
human-environment interactions.

The goal of the present research was to evaluate alternatives to improve
the sustainability practices of Air Force Base No. 5's WWTP and provide an
inventory of the plant efficiency on several indicators between 2016 and
2018.

The oversized nature of theWWTP and the composition of thewastewa-
ter, coupled with the treatment plant's age, is compromising the effective-
ness of the nutrient's removal, which is decreasing over the years. The
analysis of the samples from different collection points demonstrated that
pH, BOD5, and total nitrogen values decreased 10, 86 and 27 % respec-
tively, after the treatment. However, the final effluent nitrogen concentra-
tion was 31.25 mg/L, corresponding to two times the license limit for this
nutrient discharge. Furthermore, between 2016 and 2018, TSS, nitrogen,
phosphorus, BOD5, and COD values increased. Thus, the removal of nutri-
ents generally decreases during the wastewater process.

Tertiary treatment would be environmentally beneficial since it may de-
crease reliance on freshwater extraction and decrease the discharge of
micropollutants and pathogens into the environment, enhancing both the
sustainability and effectiveness of treatment. The screening of the most
common methods to apply at this treatment stage has highlighted the ad-
vantages of applying chlorination at Air Force Base No. 5. Effluent that
has undergone tertiary treatment opens the door to several other potential
areas for reuse at the airbase, which offers a financial incentive to imple-
menting the treatment and to achieving the EMAS goals listed in Air
Force Base No.5's Strategic Plan. Wastewater reuse would then be executed
at the airbase to maintain green spaces, sanitary facilities and for cleaning
and washing activities.
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Employing more sustainable practices during wastewater treatment en-
ables the decrease of the environmental impacts across several environmen-
tal aspects. Furthermore, other units could be encouraged to enhance the
sustainability of their Air Force WWTP and be certificated by EMAS.
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