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Abstract: The region of Antofagasta is the mining hearth of Chile. The water requirement of the local
mining sector is 65% of the total water uses, with a water consumption of approx. 9 m3/s in the
year 2020. That determines an important pressure onto freshwater, which can only be alleviated by
resorting to desalination or reuse of treated wastewater. At present, an amount equal to 90% of the
wastewater generated in the city of Antofagasta is discharged into the ocean, after undergoing only
preliminary treatments. The wastewater treatment plant (WWTP), which includes a conventional
activated sludge (CAS) process, has a very low treatment capacity, insufficient to serve the whole
population. A new WWTP will be built with the twofold aim of (i) purifying the totality of the
wastewater generated from the city (approx. 320,000 equivalent inhabitants, e.i.), and (ii) allowing
the reuse of 100% of the treated wastewater in the local mining sector, in agreement with the goals of
the Chilean government. The new Antofagasta WWTP will include preliminary treatments and a
conventional activated sludge (CAS) process with a higher treatment capacity. This study integrates
a number of modeling tools, namely the Activated Sludge Model n.3 (ASM3), the Takacs model,
and some stoichiometric and energy balances, to assess the impact that some changes, possibly
introduced into the project of the new WWTP, could determine on its energy and environmental
sustainability. Specifically, through an energy-economic-environmental (3-E) analysis, the original
scheme of the planned WWTP was compared with three scenarios, of which Scenario 1 introduces
anaerobic digestion (AD) of secondary sludge, Scenario 2 concerns primary sedimentation and AD
of both primary and secondary sludge, and, finally, Scenario 3, other than primary sedimentation
and AD, also includes a pre-denitrification process. The results of the study demonstrated that all
the changes introduced by Scenario 3 were of capital importance to promote the transformation of
the WWTP into a nearly energy-neutral water resource recovery facility (WRRF). Specifically, the
processes/operations introduced with Scenario 3 can reduce the electric energy demand from external
sources to only 20% of that of the original scheme, and consequently avoid the emission of 4390 tons
CO2-equivalent/y.

Keywords: water demand; CO2 emissions; anaerobic digestion; economic analysis; wastewater reuse;
activated sludge model; SDG9 industry; innovation and infrastructures

1. Introduction

Water scarcity (WS) is one of the most critical risks that threatens social and economic
development around the world [1]. WS is related to the ratio between water demand and
availability in a given area, and it has been emphasized by the effects of global warming [2].
Some of the most productive regions of Chile, located in the north of the country, are
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experiencing this problem, because the overexploited water resources are insufficient to
cover environmental, domestic, and industrial demand [3].

Among the Chilean Northern Regions, the region of Antofagasta (II RCl) has some
unique features that determine an extremely high water-stress. The region holds the driest
desert area in the world (i.e., the Atacama Desert) and waters that feed ground and surface
basins are scarce because of both very low rainfall, in the order of only 5 mm/y, and high
evaporation rate [4]. Furthermore, the water of the main rivers (Río Loa, Salar de Atacama)
is not only scarce, but also of poor quality, because of high content of salts, boron, and
arsenic [5,6]. At the same time, the region of Antofagasta is known as the “mining hearth
of Chile”. It contributes to 51% of the country’s mining gross domestic product [7], and
it represents 30% of the total national exports, 55% of total copper exports, and 100% of
lithium production, which corresponds to 26% of world production [8]. The weight of the
mining sector on the water demand in the region of Antofagasta was estimated at 64% of
total water uses, compared to an average of only 7% in the other regions of the country [9].
The mining sector is the main driver of the extremely high water-stress [10].

In 2020, the copper mining industries located in the II RCl used 5.00 m3/s of seawa-
ter and 3.87 m3/s of continental water, the latter including surface water, groundwater,
water recycled from other industrial sectors, and treated wastewater [11]. According to
a provision of the Comisión Chilena del Cobre, a technical agency of the Chilean State,
the use of continental water for mining operations in 2032 should be reduced to only 10%
of the total water demand, which is estimated to grow to 9.8 m3/s. That action is aimed
to reduce the pressure on freshwaters, which should be exclusively intended to human
consumption [12]. A broad range of stakeholders is optimistic about the potential for desali-
nation to reduce conflict over water in mining regions. However, desalination of seawater
has high energy and environmental costs, which are estimated at 4.0–4.5 kWh electric
energy/m3 and 0.08–4.3 kg CO2-equivalent emitted/m3, respectively [13–15]. Furthermore,
some authors argue that the addition of seawater supplies to mining activities will not
reduce the use of freshwater but will determine an expansion of the mining production
and its associated local and global impacts [16,17]. Consequently, a partial substitution of
desalinated seawater with the wastewater treated in municipal WWTPs could contribute
to reduce the impacts of the mining sector not only on the resources (namely water, energy)
but also on society [18,19].

Presently, an amount equal to 90% of the wastewater generated in Antofagasta, the
main city of the II RCl with approx. 350,000 inhabitants (2017), is discharged into the
ocean, after the preliminary treatments of screening and grit removal. The residual amount
of wastewater is treated in a WWTP, which uses a conventional activated sludge (CAS)
process, with a treatment capacity of 120 L/s. The treated wastewater is subsequently
reused for industrial purposes. The existing WWTP is presently managed by Sacyr Agua,
a Spanish company. However, the concession which Sacyr Agua obtained by ECONNSA
(namely the Empresa Concesionaria de Servicios Sanitarios, a joint-stock company owned
by the Chilean State) will end in 2024. In this framework, works for building a new WWTP
have been planned, with the aim of both increasing the treatment capacity and improving
the quality of the treated wastewater, in order to make 100% of it suitable to be reused for
mining activities. ECONNSA invited domestic and foreign companies to an international
tender, the call of which was published in June 2021. According to the project put out to
tender, the new WWTP will include, other than the preliminary treatments of screening and
grit removal, a CAS process for the oxidation of biodegradable organic substances. That
kind of treatment was deemed to be sufficient to make the treated wastewater compliant
with the Chilean law (D.S. 90/2000) and to guarantee 100% reuse in the local mining
district [20].

The reuse of wastewater in mining activities will undeniably represent an important
environmental benefit, with respect to the present situation and expected water demand
increase in the mining sector in the next years. However, the very conventional train of
treatments planned for the new WWTP will not probably be able to achieve the high energy,
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economic, and environmental performances required by the sustainable development
goals [21]. Systems with low operating costs, reuse of the treated wastewater, and nutrient
recovery should be implemented in order to increase the sustainability of wastewater
treatment processes [22]. In fact, in these last years, the traditional model of WWTPs,
intended as facilities aimed to reduce the pollution load in wastewaters for a safe discharge
into the environment, has shifted toward the paradigm of the water resource recovery
facilities (WRRFs), which are plants that produce clean water, recover nutrients (such as
phosphorus and nitrogen), and potentially reduce fossil fuel consumption through the
production and use of renewable energy [23,24].

The aim of this study is to use a 3-E (energy, economy, environment) analysis to
evaluate the impact that some changes, possibly introduced into the project of the new
WWTP of Antofagasta, put out to tender, could determine on its energy and environmental
sustainability. The original project of the WWTP already received the environmental ap-
proval from the governance authority. However, it can be modified by the tender-awarded
company in the view of enhancing the performances and environmental compliance of the
WWTP, possibly with the processes/operations proposed and discussed in this paper. The
3-E analysis considers three scenarios that introduce (i) the anaerobic digestion (AD) of the
produced sludge for the generation of renewable energy, and the sections of (ii) primary
sedimentation and (iii) predenitrification, for the reduction in the organic load entering the
CAS section. In fact, to a reduction in the organic load is associated the reduction in the en-
ergy demand of one of the more energy-demanding processes, which is the oxidation of the
biodegradable organic substance which occurs in the CAS section. This paper contributes
to the current literature by proposing a novel methodology that helps to select, based on
an integrated energy, economic and environmental analysis, the most appropriate scheme
capable of achieving the goals of wastewater reuse, WWTP energy self-sufficiency, and CO2
emission reduction. Specifically, this paper has two important innovative features. Firstly,
many studies showing the applicability of Activated Sludge Models (ASMs) to optimize ex-
isting WWTPs can be found in the scientific literature. However, few papers report the use
of such tools to support the design of new WWTPs, as reviewed by [25]. Secondly, it has to
be considered that, over the years, the equations at the basis of the abovementioned models
(i.e., ASM3, Takacs) have been implemented into black-box software such as GPS-X, Simba,
and others. The approach followed in this study is then aimed to demonstrate that such
equations can be written and individually controlled into the commercial Simulink-Matlab
software, a graphical, versatile, modeling-oriented programming environment, in order to
be used to design a real WWTP.

2. Materials and Methods
2.1. The Existing and Planned WWTP of Antofagasta

The existing CAS-WWTP has a treatment capacity of 120 L/s, capable to treat only
approx. 10% of the wastewater generated in the city of Antofagasta. In the future, the
municipal wastewater management system will be improved after the construction of a
new WWTP. It will be located in the surroundings of the city, which is in the industrial area
of Salar del Carmen, which already holds the two facilities for drinking water treatment
built in 1970 and 1989 [26].

The new wastewater management system will treat an average flow rate of 900 L/s
(minimum 400 L/s, maximum 1300 L/s, for a total of 314,000 equivalent inhabitants, e.i.)
and will overall include (i) the existing pretreatments of screening and grit removal, which
will be revamped at the new flow rate; (ii) an intermediate storage tank; (iii) the new
WWTP; (iv) adduction pipes to connect the pretreatments’ site with the storage tank, the
new WWTP and, finally, the sites where the treated wastewater will be reused to support
mining activities.

The new WWTP will include three parallel treatment modules, with a treatment
capacity of 300 L/s each. As shown in Figure 1, each treatment module will include two
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parallel CAS tanks followed by secondary settlers and a final disinfection unit. The project
does not contemplate a section of primary sedimentation [20].
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The characteristics of the wastewater, at the inlet (that is, after the preliminary treat-
ments, screening and grit removal), as a daily average, and at the outlet (that is, the
maximum concentrations admitted by D.S. 90/2000) of the planned WWTP, are listed in
Table 1. The characteristics of the wastewater after treatment are deemed to be suitable for
reuse in mining activities, notwithstanding the high concentration of chloride, in the order
of 1000 mg/L, which will not interfere with mining operations [27].

Table 1. Characteristics of the wastewater at the inlet of the planned WWTP [20] and concentration
values at the outlet allowed by D.S. 90/2000.

Parameter Unit After Preliminary Treatments D.S. 90/2000
Threshold Values (*)

Temperature ◦C >20 N.A.
pH 7.7 6–9

Fats and oils mg/L 75 20
TSS mg/L 225 80

BOD5 mg/L 242 35
TKN mg/L 51 50
TP mg/L 5 10

Chloride mg/L 999 N.A.
Alkalinity mg/L as CaCO3 286 N.A.

Total coliforms CFU/100 mL N.A. 1000
Notes: TSS, total suspended solids; CFU, colony-forming unit. (*) D.S.90/2000 of MINSEGPRES “Establece norma
de emisión para la regulación de contaminantes asociados a las descargas de residuos líquidos a aguas marinas y
continentales superficiales”.

The CAS tanks will have a volume of 6402 m3 each (58.2 m × 22 m × 5 m, L × W × D)
and a design solid retention time (SRT) of 7 days. The oxygen requirement of the CAS will
be ensured by a grid system of fine-bubble diffusers, with a maximum air requirement in
the summer period of 225 m3/min for each module. Three lobe-blowers, with a capacity
of 113 m3/min each, will be implemented in a 2 + 1 configuration (2 working, 1 spare) in
each module.

Secondary settlers will have a diameter of 26 m each. The recirculation of activated
sludge (RAS) and extraction of waste activated sludge (WAS) will be handled by three
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(2 + 1) and two (1 + 1) pumps, respectively. A final disinfection process, obtained through
chlorination (sodium hypochlorite, NaClO, solution, 6 mg/L), will be realized in two
parallel, back-and-forth plug-flow reactors for each module. Each reactor will have a
volume of 300 m3 and a hydraulic retention time (HRT) of approx. 33 min.

The WAS will be treated in the sludge-treatment line of the WWTP through the
operations of thickening, dewatering, and final chemical stabilization with lime (CaO). The
project of the sludge-treatment line does not contemplate sludge stabilization/valorization
through AD. Thickening will be obtained in six gravity thickeners, two for each module,
with a diameter of 11.5 m each. Each thickener can treat a sludge-flow rate of 8.5 L/s
(30.6 m3/h) and will generate a flow of thickened sludge up to 24.35 m3/h. Dewatering
and chemical stabilization will be carried out in a closed building. Dewatering will be
obtained with two screw-presses, with a treatment capacity of 13 m3/h each. Sludge can
be conditioned with a polymer before being dewatered, in order to increase the final total
solid (TS) content to values of approx. 25%.

2.2. Future Scenarios

The planned Antofagasta WWTP has been conceived to achieve two important en-
vironmental benefits, which are purifying the totality of the wastewater generated in the
city and reusing 100% of the treated wastewater in the local mining sector. However, the
design concept of the WWTP is very traditional and may not be capable of obtaining the
high energy, economic, and environmental performances required by the sustainable devel-
opment goals. For this reason, the planned WWTP (Scenario 0) was compared, through
a 3-E analysis, with three scenarios (namely Scenario 1, 2 and 3) that introduce some
processes/operations that could improve the energy, economic, and environmental per-
formances of the WWTP. The characteristics of each of the proposed scenarios are shortly
described in the following.

Scenario 1. The WAS extracted from the secondary settlers is valorized through a
20-day HRT, mesophilic AD process. Before AD, the WAS is thickened to a final TS content
of 5%. After AD, digestate is dewatered to a final TS content of 25% in a screw press. The
produced biogas, after being temporarily stored in a gasometer, is burned in a combined
heat and power (CHP) unit. A back-up boiler is used to preheat the sludge at the start-up
of the process, and a flare stack is used to destroy the biogas when it is not possible to
valorized it in the CHP unit.

Scenario 2. A treatment of primary sedimentation is added before the CAS tanks.
Both the primary sludge (PS) and WAS are valorized through AD. Before and after AD,
the mixture of the two sludge and the resulting digestate are thickened and dewatered,
respectively, as in Scenario 1. The produced biogas is burned in the CHP unit of Scenario 1.

Scenario 3. The scenario, other than the addition of the primary sedimentation and
AD for the PS and WAS, contemplates the partition of the CAS tanks in two parts, in order
to obtain an anoxic-oxic scheme according to the Pre-Anoxic Ludzack–Ettinger process.
Volumes of the anoxic and oxic sections are 0.4 and 0.6 times, respectively, of the volume of
the original CAS tank.

The pieces of equipment deemed to be necessary to implement the three scenarios
are listed in Table 2, together with the key parameters and design equations. The pieces of
equipment necessary for the AD process are also illustrated in Figure 2.

2.3. Methodology Used for the 3-E Analysis

This section describes the methodology used to carry out the 3-E analysis of the four
scenarios introduced in Section 2.2.



Water 2023, 15, 1221 6 of 20

Table 2. List of the pieces of equipment necessary to implement Scenario 1, 2, and 3, key parameters
and design criteria.

Unit of Process Parameter and Design Criteria Equation Reference

Primary
settlers

Wastewater design flow rate, QWW
Surface-loading rate, SLR

Primary settler area
SPS = QWW

SLR
[28]

Anaerobic
digesters

Sludge average flow rate, Qsludge
HRT anaerobic digesters

Vwork/Vtot ratio

Digester—working volume
Vwork = Qsludge·HRTanaer
Digester—total volume

Vtot,AD = Vwork
Vwork
Vtot

ratio

[29]

CHP unit

Methane flowrate, QCH4
Methane LHV, LHVCH4

Electric efficiency, ηel
Thermal efficiency, ηth

Electric power
WCHP,el = ηel ·LHVCH4·QCH4

Thermal power
WCHP,th = ηth·LHVCH4·QCH4

[29]

Gasometer Biogas flowrate, Qb
HRT gasometer

Gasometer volume
VG = Qb·HRTgasometer

[29]

Back-up boiler CHP unit thermal power, WCHP,th WBuB = 0.8·WCHP,th [28]

Heat exchanger

Max temperature sludge, Ts,max
Min temperature sludge, Ts,min

Max temperature hot water, Tw,max
Min temperature hot water, Tw,min

Heat transfer coefficient, U
Thermal power to transfer to water to sludge, Wws

Heat exchanger area
A = Wws

U·LMTD
Logarithmic mean

temperature difference, LMTD
LMTD = ∆TA−∆TB

ln
(

∆TA
∆TB

)
∆TA = Ts,min − Tw,min
∆TB = Ts,max − Tw,max

[28]

Flare stack Time necessary to burn the total daily production
of biogas, t τ = 1 d [28]

Post-thickener
storage tank

Digestate average flow rate, Qdig
Digestate average mass flow rate, Mdig

HRT post-thickener
Solid loading rate, SoLR

Post-thickener total surface
SPT =

Mdig
SoLR

Post-thickener total volume
VPT = Qdig·HRTPT

[28]

Specifically, four simulation models were used to determine the values of the main
parameters that characterize a WWTP, namely the concentration of solids into the CAS tanks
(i.e., the mixed liquor suspended solids, MLSS), the oxygen demand (OD), the concentration
of ammonium nitrogen, NH4-N, and nitrate nitrogen, NO3-N, after the biological treatment
and the production of the WAS.

The abovementioned simulation models were the following:

1. An ideal zero-dimension removal efficiency model, for the processes of primary
sedimentation, thickening, and dewatering;

2. The ASM3, for the biological processes that take place into the CAS tanks, under
the both only-oxic and anoxic-oxic schemes [30,31]. The biological processes include
heterotrophic carbon oxidation, autotrophic nitrogen oxidation, production of new
cell materials, endogenous respiration, and carbon oxidation in anoxic conditions
where applicable;

3. The Takacs one-dimension clarifier model, for secondary sedimentation; that model is
a non-reactive flux-based model that considers 10 horizontal layers, the 5th (from the
top) of which receives the fed sludge [32];

4. A stoichiometric approach for the production of biogas and biomethane. The specific
methane production of the sludge was assumed equal to 0.35 Nm3/kg CODremoved
and the volumetric concentration of methane into the biogas equal to 63% [33,34].

The utilization of the abovementioned models required a number of hypotheses:

• The surface-loading rate of the primary settlers was fixed equal to 40 m/d [28];
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• The efficiency of primary settlers, in both COD and TSS removal, was fixed equal to
50% [35];

• The COD/BOD5 ratio was fixed equal to 2.8 [36];
• The COD partition, required by the ASM3, was assumed equal to that reported in

Borzooei et al. [37] and detailed in the Supplementary Materials (Tables S1 and S2);
• All the stoichiometric and kinetic parameters required by the ASM3 were those re-

ported in Henze et al. [31];
• The biological degradability in the AD process of the microorganism coming from the

WAS was assumed equal to 80%, in agreement with the value of the debris factor (that
is, the residues of microorganisms after biological degradation) fixed by the ASM3
equal to 0.2 [30,31];

• The set of parameters required by the Takacs model for the secondary settlers was that
coming from the calibration of Takacs et al. [32];

• The concentration of dissolved oxygen (DO) into the aerobic tanks of the CAS section
was assumed equal to 2 mg/L;
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The energy assessment required the implementation of an energy balance between the
negative (i.e., consumption) and positive (i.e., production or saving) items. The negative
items are related to the electricity demand of the processes or pieces of equipment involved
in the four scenarios. The electricity demand of all the processes or pieces of equipment,
except the blowers used for the aeration of the CAS tanks, was calculated by multiplying
the specific electricity consumption (shown in Table 3), that is, the per unit of e.i., obtained
from Panepinto et al. [38] and Elshaw et al. [39], for the number of e.i. of the planned
WWTP, equal to 314,000. The obtained values of electricity demand are reported in Table 3.
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Table 3. Electricity demand of the processes or pieces of equipment involved in the four scenarios.

Specific Electricity
Consumption (Whe/e.i.·d)

Electricity Demand (kW)

Scenario 0 Scenario 1 Scenario 2 Scenario 3

Secondary settlers 0.19 2.5 2.5 2.5 2.5
Pumps for WAS and RAS handling 5.03 65.8 65.8 65.8 65.8

WAS thickening 1.71 22.4 22.4 22.4 22.4
Anaerobic digesters 9.51 0 124.3 124.3 124.3

Post-thickening 0.02 0 0.3 0.3 0.3
Dewatering screw press 4.03 52.7 52.7 52.7 52.7

CHP unit 0.80 0 10.5 10.5 10.5
Primary settlers 0.62 0 0 8.1 8.1

Anoxic tank mixing 11.75 0 0 0 153.6
Total (kW) - 140.9 276.0 284.1 437.7

The electricity demand of the blowers used for the aeration of the CAS tanks was cal-
culated by using the approach described in the following. The blowers’ electricity demand
depends on the flow rate of the air necessary for the biological processes, which is related
to both the OD of the biological processes and the efficiency of the pieces of equipment
used for air diffusion. It was assumed that the air diffusers used in the Antofagasta WWTP
had the same characteristics of the Sanitaire® Silver Series II fine-bubble diffusers (see
Supplementary Materials Table S3) [40]. The overall number of diffusers was arbitrarily
fixed equal to 3840, with a consequent diffuser density of 3 diffusers/m2 for Scenarios 0-1-2,
and of 5 diffusers/m2 for Scenario 3, in which 2/5 of the volume of the original oxic tank
was used for anoxic (i.e., denitrification) reactions. Those diffusers’ density values were in
line with the values recommended in [40].

The efficiency values found in the technical sheets (namely the standard oxygen trans-
fer efficiency, SOTE, determined according to European Standard EN 12255-15:2003 [41] or
the equivalent ASCE standard [42]) must be corrected by a factor that is the ratio between
the standard oxygen transfer rate (SOTR) and the field OTR (OTRf), as in Equation (1) [28].

OTR f = SOTR
[

τβωC∗
20 − C

C∗
20

][
1.024T−20

]
αF (1)

where τ andω factors take into account the field temperature (T) and pressure, respectively,
α and β factors take into account the presence of TSS and total dissolved solids (TDS),
respectively, C∗

20 is the saturation concentration of DO at 20 ◦C, C is the concentration of DO
in the field condition, and F is the fouling factor. Details concerning Equation (1) and the
related parameters can be found in the Supplementary Materials (Equations (S1)–(S3)). The
F parameter was conservatively fixed equal to 0.73, on the basis of the results of a recent
study that reported a similar value for fine-bubble diffusers after 10 years of operation [43].
The α factor was deemed of importance for the assessment of the SOTR/OTRf ratio,
because the TSS layer that accumulates next to the oxygen bubbles locally decreases the gas
solubility, thus reducing the oxygen transfer efficiency (OTE) [44]. In this work, the α factor
was quantified by using both the Baquero-Rodriguez et al. [44] equation (Equation (2)), in
which α has a double exponential dependence on the TSS concentration, and the less recent
but most known Rosso et al. [45] equation (Equation (3)).

α =
u

u − v
·
[
e−v·MLSS − e−u·MLSS

]
(2)

α = 0.172·log
(

SRT· a·ND·z
Qair

)
(3)

where u and v are the dimensionless empirical parameters equal to 0.507248767 and
0.1043568988, respectively, as reported in [44]; MLSS is the MLSS concentration [g/L];
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a is the area of diffusers [m2]; ND is the total number of diffusers; Z is the diffuser submer-
gence [m]; Qair is the total air flow rate [m3/s].

Calculations of the OTRf factor were carried out by using the most conservative α
value returned by Equations (2) and (3).

The positive items in the energy balance included the electric energy produced by
the combustion of the biogas, generated in the 20-day HRT mesophilic AD process, in the
CHP unit, which had thermal and electric efficiencies equal to 42% and 40%, respectively.
Furthermore, savings of electric energy due to the loads of organic substance, which was
reduced after primary sedimentation and/or denitrification reactions, to be oxidized into
the CAS sections were also accounted.

The economic assessment of the scenarios described in Section 2.2 was aimed to
compare the savings of electricity that had to be supplied from sources external to the
WWTP, with the costs connected with the implementation of the proposed scenarios. The
tool used to perform the economic assessment was the internal rate of return (IRR), a metric
used in financial analyses to estimate the profitability of potential investments [46]. The
IRR is the discount rate (i) that makes the net present value (NPV) of all cash flows equal to
zero in a discounted cash flow analysis.

NPV(i, N) = ∑N
t=0

Rt

(1 − i)t (4)

The ultimate goal of the IRR is to identify the rate of discount (i) that makes the present
value of the sum of annual nominal cash inflows (from t = 0 to t = N) equal to the initial net
cash outlay for the investment. The IRR calculation excludes some external factors, such as
the risk-free rate, inflation, the cost of capital or financial risk.

The financial analysis of the scenarios described in Section 2.2 was performed over a
period of 20 years, although the new concession of the wastewater treatment service of the
city of Antofagasta will last 35 years. The net cash flow at the time zero (R, t = 0) was fixed
equal to the capital expenditure (CAPEX), which is the investment costs for equipment
supply and installation. The economic value of the installations at the end of their useful
life was set equal to zero. The net cash flows, from the first to the 20th year, were calculated
as the sum of in-cash flows and out-cash flows. In-cash flows were assumed to be the
amount of money saved from the implementation of the scenarios described in Section 2.2.
Out-cash flows were assumed to be the costs for operational expenditure (OPEX).

CAPEXs were assessed by referring to the procured equipment costs (PECs) of the
pieces of equipment necessary for the enhancement of the planned WWTP, actualized with
the exchange ratio (ER). PECs were assessed with equations found in [47] and reported
in Table 4. Those equations correlate the cost of each piece of equipment with a specific
characteristic of it. The ER parameter reported in Table 4 was calculated as the ratio
between the present (2021) chemical engineering plant cost index (CEPCI) and the CEPCI
at a reference year [48]. CEPCIs consider changes in the value of money caused by inflation
or deflation. Every year chemical engineering magazines publish actualized CEPCIs [49],
in order to allow a quick evaluation of the costs of plants and pieces of equipment of the
chemical and process industry.

ER =
CEPCI (2021)

CEPCI (re f . year)
(5)

CAPEX = PEC × ER (6)

The OPEX items include the maintenance of pieces of equipment, electricity consump-
tion, and WAS final management. The annual maintenance costs were fixed equal to 6%
of the investment costs [47,50]. The cost for electricity was fixed at 0.129 $/kWhe, which
was the price, including the cost of power, distribution, and taxes, paid in Chile in June
2022 [51].
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Table 4. PEC, CEPCI, and ER for the pieces of equipment necessary for the enhancement of the
Antofagasta WWTP.

Piece of Equipment PEC Correlation ($) Unit Year CEPCI ER Ref.

Primary settler 1
18 ·
(
2630·S0.678

PS + 6338S0.340
PS

)
m2 1998 389.5 1.82 [52]

Anaerobic digester 840221.5·
(

Vtot,AD
3000

)0.8
m3 2016 541.7 1.31 [47]

Desulfurization 1
1.12 ·15974.13·Qbiogas Nm3/h 2011 585.7 1.21 [47]

Demister 0.01·cost desul f urization $ 2011 585.7 1.21 [47]

Gasometer 1
1.12 ·40·VG m3 2012 584.6 1.21 [47]

Biogas blower 91562·
(

WBuB
455

)0.67 kWe 2013 567.3 1.21 [47]

Biogas pumps 3540·W0.71
P kWe 2011 585.7 1.21 [47]

CHP unit 22370·WCHP,el kWe 2015 556.8 1.27 [47]

Heat exchanger 32800·
(

A
80

)0.68
· 661.7

370.6 ·6.4 m2 2005 468.2 1.51 [47]

Post-thickener 10[4.8509−0.3972·log10(VPT )+0.1445·log10(VPT )
2 ] m3 2003 402.2 1.76 [47]

Back-up boiler 1
1.12 ·180·Qboiler kWe 2012 584.6 1.21 [47]

Flare stack 1.669·4600·QB m3/h 2013 567.3 1.21 [47]

Two options for the WAS final management were considered in this work, which are
disposal in landfill and recovery in agriculture. Landfilling is the most employed disposal
route for sludge in Chile, concerning 55% of the total produced sludge [53]. Biosolids
recovered in agriculture or used in other land application are only 9% of the total stabilized
sludge, with alkalinization with lime being the practice most commonly used for sludge
stabilization in Chile [54]. The cost of landfilling was fixed to 40 $/t of dewatered sludge,
in agreement with [55]. According to the World Bank Group, at present farmers can use
stabilized sludge in agriculture at no cost [55], Aguas Andinas (which is the water utility of
Santiago de Chile) pay the cost of transport, which amounts at 13 $/t of dewatered sludge.

The environmental assessment only considered the avoided emission of anthropogenic
CO2 and greenhouse gases (GHGs). CO2 and GHGs are recognized as the principal causes
of the global warming. CO2 emission can be limited through two principal strategies,
namely the reduction in the energy demand, by using more efficient processes or pieces of
equipment, and the production of energy from renewable sources. Avoided CO2 emissions
associated with savings of electric energy from sources external to the WWTP were eval-
uated by using the CO2 emission factor, equal to 0.308 kg CO2-equivalent/kWhe, which
characterizes the production of electricity from the Chilean energy mix [56].

All the mathematical models used to perform the 3-E analysis of the four scenar-
ios were implemented into the graphical programming environment Simulink-Matlab®

(Simulink 9.2, solver method ode15s).

3. Results and Discussion

The four scenarios presented in Section 2.2 were analyzed according to a 3-E ap-
proach, which concerns their energy, economic, and environmental performances. As
anticipated in Sections 2.1 and 2.3, the assessments were carried out for SRT = 7 days,
DO concentration = 2 mg/L, TSS content of the PS and WAS after thickening = 5%, and
HRT of the AD process equal to 20 days.

Energy, economic, and environmental assessments required the estimation of a number
of intermediate parameters necessary to completely characterize the processes and the
pieces of equipment included in the four scenarios. In this regard, Table 5 reports the main
outputs of the simulation models described in Section 2.3, in terms of concentration of the
MLSS in the biological section of the WWTP, OD, nitrogen concentration (as NH4-N and
NO3-N) after the treatment, mass flow rates of the WAS extracted from the CAS tank, PS
separated from the primary settlers, stabilized sludge (in the case of Scenario 0) or digestate
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(in the case of Scenarios 1, 2 and 3). The MLSS include active heterotrophic and autotrophic
biomass, residues of death cells, non-biodegradable volatile suspended solids (nbVSS), and
fixed suspended solids (FSS). Details concerning the outputs of the used simulation models
can be found in the Supplementary Materials (Table S4 and Figures S1–S4).

Table 5. Main outputs of the simulation models.

Parameter Scenario 0 Scenario 1 Scenario 2 Scenario 3

anoxic oxic
MLSS (mg/L) 6775 6775 3600 3612 3610

OD (kg/d) 6049 6049 4675 0 3951
α factor (dimensionless) 0.36 0.36 0.39 - 0.41

NH4-N (mg/L) 1 1 1 25 1
NO3-N (mg/L) 38 38 43 2 24

WAS (kg TSS/d) 37,177 37,177 19,755 19,815
PS (kg TSS/d) - - 22,363 22,363

Stabilized sludge/digestate
(kg TSS/d) 48,910 * 33,140 30,310 30,200

Stabilized sludge/digestate,
25% TSS (ton/d) 195.6 132.6 121.2 120.8

Note: * comprehensive of the CaO addition.

The characteristics of the pieces of equipment necessary to implement the changes
introduced by Scenarios 1, 2, and 3 into the WWTP original scheme are detailed in Table 6.
Finally, the outputs of the AD process are detailed in Table 7.

Table 6. Characteristics of the pieces of equipment to be implemented into Scenarios 1, 2, 3.

Pieces of Equipment Scenario 1 Scenario 2 Scenario 3

Primary settlers, area (m2) 0 1944 1944
Primary settlers, number 0 6 6

Primary settlers, diameter (m) 0 20 20
Anaerobic digesters, volume (m3) 18,700 21,000 21,100

Gasometer, volume (m3) 660 1745 1778
Back-up boiler, power (W) 308 818 837
Heat exchanger, area (m2) 17.7 20 20

Digestate post-thickener, area (m2) 375 420 420
Digestate post-thickener, volume (m3) 750 841 841

Table 7. Details of the AD outputs.

Parameter Scenario 0 Scenario 1 Scenario 2 Scenario 3

Biogas production (Nm3/d) 0 3538 9333 9535
Methane production (Nm3/d) 0 2229 5880 6007

Renewable thermal energy (kW) 0 388 1025 1047
Renewable electric energy (kW) 0 370 976 997

As can be seen from Table 5, the concentrations of MLSS in Scenario 0 and Sce-
nario 1, which did not include the primary sedimentation, were at a very high value
(approx. 7 kg/m3), higher than the usual values found in the CAS systems (3–4 kg/m3) [28].
High MLSS concentration values depended on the large amount of organic, non-biodegradable
substances (nbCOD), under particulate forms (see Table S2), and affected the WAS produc-
tion, which was equal to 37,177 kg TSS/d in Scenarios 0 and 1. In Scenario 0, the WAS was
stabilized with lime and disposed in a landfill.

3.1. Energy Assessment

The principal results of the energy assessment carried out on the four scenarios are
showed in Figure 3. Specifically, Figure 3 reports the positive and negative items of the
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energy balance, which is the amount of renewable energy generated by the WWTP (green
bars), and the energy demand due to the aeration (light-gray bars) and other processes
(dark-gray bars), respectively. Furthermore, Figure 3 shows the results of the balance
calculation, which is the residual amount of energy that must be still supplied from external
sources for each of the considered scenarios.

Water 2023, 15, x FOR PEER REVIEW 13 of 21 
 

 

 
Figure 3. Energy demand due to the aeration process and to the other processes, together with the 
amount of renewable energy generated by the WWTP and the residual amount of energy that must 
be supplied from external sources for each of the considered scenarios. 

As can be seen from Figure 3, the overall energy demand of Scenario 0 was equal to 
2051 kW, approx. 92% of which was due to the aeration in the CAS tanks. As reported in 
previous studies, aeration is the largest energy-consumer in CAS-WWTPs, accounting for 
50% to 60% of the total energy consumption in WWTPs [57]. It can be seen that the value 
coming from the analysis reported in this study was far higher than the abovementioned 
range. That was due to two main reasons. Firstly, Scenario 0 considered a very simple 
treatment scheme, where other possible energy-demanding sections, such as AD, were 
not present. Secondly, organic substances under both particulate and soluble form were 
all removed in the CAS tank, because of the absence of the primary sedimentation section. 
That inevitably determined a high organic load, with consequent high energy expenses 
for organic carbon oxidation. Consequently, minimizing the energy consumption of the 
aeration unit is one of the principal keys to improve the energy efficiency of the Antofa-
gasta WWTP. No renewable energy was produced in the WWTP under Scenario 0; conse-
quently, the overall amount of electricity necessary for the WWTP must be supplied from 
renewable or fossil sources external to the WWTP. In Scenario 0, the unit energy cost for 
wastewater treatment was estimated at 0.63 kWhe/m3. Provided that the treated 
wastewater will be reused in mining activities, which are presently supplied with desali-
nated water, this cost has to be considered competitive, because it is in the low range of 
the costs for the treatment of seawater through reverse osmosis (RO), which are at 0.5–4 
kWhe/m3 [14]. 

Scenario 1 introduces the AD process for the energy valorization of the WAS pro-
duced in the biological section of the WWTP. In Scenario 1, the same amount of the WAS 
produced in Scenario 0, equal to 37,177 kg TSS/d (see Table 5), was digested in digesters 
with an HRT of 20 days and, consequently, a total volume of approx. 19,000 m3 (see Table 
6). The AD of the WAS produced 3538 Nm3/d of biogas with a 63% v/v methane concen-
tration. The combustion in the CHP unit determined the production of 388 kW of heat and 
370 kW of electric energy. As can be seen from Figure 3, the overall energy cost of Scenario 
1 was 6% higher than that of Scenario 0, because it included the energy demand of the 
pieces of equipment necessary for the AD process. The aeration of the CAS tanks was the 

-1500

-1000

-500

0

500

1000

1500

2000

2500

0 1 2 3

kW

aeration other items renewable residual - extra WWTP

Figure 3. Energy demand due to the aeration process and to the other processes, together with the
amount of renewable energy generated by the WWTP and the residual amount of energy that must
be supplied from external sources for each of the considered scenarios.

As can be seen from Figure 3, the overall energy demand of Scenario 0 was equal to
2051 kW, approx. 92% of which was due to the aeration in the CAS tanks. As reported in
previous studies, aeration is the largest energy-consumer in CAS-WWTPs, accounting for
50% to 60% of the total energy consumption in WWTPs [57]. It can be seen that the value
coming from the analysis reported in this study was far higher than the abovementioned
range. That was due to two main reasons. Firstly, Scenario 0 considered a very simple
treatment scheme, where other possible energy-demanding sections, such as AD, were not
present. Secondly, organic substances under both particulate and soluble form were all
removed in the CAS tank, because of the absence of the primary sedimentation section.
That inevitably determined a high organic load, with consequent high energy expenses
for organic carbon oxidation. Consequently, minimizing the energy consumption of the
aeration unit is one of the principal keys to improve the energy efficiency of the Antofagasta
WWTP. No renewable energy was produced in the WWTP under Scenario 0; consequently,
the overall amount of electricity necessary for the WWTP must be supplied from renewable
or fossil sources external to the WWTP. In Scenario 0, the unit energy cost for wastewater
treatment was estimated at 0.63 kWhe/m3. Provided that the treated wastewater will be
reused in mining activities, which are presently supplied with desalinated water, this cost
has to be considered competitive, because it is in the low range of the costs for the treatment
of seawater through reverse osmosis (RO), which are at 0.5–4 kWhe/m3 [14].

Scenario 1 introduces the AD process for the energy valorization of the WAS produced
in the biological section of the WWTP. In Scenario 1, the same amount of the WAS produced
in Scenario 0, equal to 37,177 kg TSS/d (see Table 5), was digested in digesters with an
HRT of 20 days and, consequently, a total volume of approx. 19,000 m3 (see Table 6). The
AD of the WAS produced 3538 Nm3/d of biogas with a 63% v/v methane concentration.
The combustion in the CHP unit determined the production of 388 kW of heat and 370 kW
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of electric energy. As can be seen from Figure 3, the overall energy cost of Scenario 1 was
6% higher than that of Scenario 0, because it included the energy demand of the pieces
of equipment necessary for the AD process. The aeration of the CAS tanks was the most
energy-demanding process also in Scenario 1, where it accounted for 86.4% of the overall
energy demand. However, in Scenario 1, an amount equal to 17% of the energy necessary
to the WWTP was produced by the AD process. Consequently, the unit energy cost for
wastewater treatment due to external sources decreased to 0.56 kWhe/m3.

According to the hypotheses set in Sections 2.1 and 2.3, the introduction of the primary
sedimentation section in Scenario 2 reduced the load of biodegradable organic substances
under particulate form by 50%. Consequently, the more organic carbon can be redirected
into the primary sludge, the less energy is needed for aeration in secondary treatment and
the more methane is produced in anaerobic digesters. Recent experiences even proposed
advanced primary treatments, with efficiencies in particulate COD removal up to 70–80%,
as an intensification option for current WWTPs in the search for energy positive process [58].
The PS collected from primary settlers was equal to 22,363 kg TSS/d. Because of the
reduction in the load of biodegradable organic substances under particulate form, the MLSS
concentration in the CAS tank, calculated by the ASM3, decreased to approx. 3.6 kg/m3, a
value which was now in line with that of the traditional CAS systems [28].

The reduction in the load of the biodegradable organic substances had a double
positive effect on the aeration process in the CAS tank. Firstly, aerobic biological processes
require less oxygen and, secondly, oxygen has a high transfer efficiency into the tank.
In fact, according to Rosso et al. [45], a decrease in the OD and, consequently, in the
air flow rate, determines an increase in the α factor, which affects the ratio between the
OTRf and SOTR, making oxygen diffusion into the CAS tank more effective. Furthermore,
the approach proposed by Baquero-Rodriguez et al. [44] suggests that increases in the
MLSS concentration had a detrimental effect on the α factor, which depends on the MLSS
according to a double exponential law. High MLSS amounts necessarily include high
amounts of residues of death cells, which contain a number of substances (extracellular
polymeric substances, surfactants, . . . ) that accumulate next to the surfaces of oxygen
bubbles, thus reducing OTE [44]. Because of the abovementioned reason, it was observed
that the energy demand for the aeration process in Scenario 2 decreased by approx. 30%.

The amount of generated WAS was reduced by approx. 50%, but the overall amount
of TSS to be valorized with the AD process was approx. of the same order of magnitude
(10% more) as that considered in Scenario 1. However, with the introduction of the primary
sedimentation section, the biogas production was estimated to experience an increase by
a factor of 2.6. In fact, the PS are deemed to be approx. three times more productive
than the WAS [59]. It is recognized that approx. 2/3 of the energy content entering the
WWTP is captured into the PS [60]. The account of the overall energy consumption items
revealed that the WWTP energy demand under Scenario 2 was of 1618 kW (81% due to the
aeration). The produced electric energy was 976 kW, thus indicating that the ratio between
the energy produced from AD and the energy supplied from external sources was 60:40.
Under Scenario 2, the unit energy cost for wastewater treatment due to external sources
decreased to only 0.20 kWhe/m3.

In Scenario 3, a denitrification process was introduced into the wastewater treatment
train before the oxic tank (predenitrification or Ludzack–Ettinger scheme). The wastewaters
originating from the city of Antofagasta and conveyed into the WWTP have an average
nitrogen concentration in the order of 50 mg/L (see Table 1). As shown in Table 5, the nitri-
fication process that takes place into the oxic tank, under all the scenarios considered in this
work, was capable of reducing the concentration of NH4-N to values of 1 mg/L. However,
the discharge of the treated wastewater into the ocean, or the reuse in mining activities, does
not require a complete nitrogen removal. For those uses (or final destinations), residual
concentrations of total nitrogen of 50 mg/L are accepted. In this view, the introduction
of a predenitrification section was deemed not necessary, but the denitrification process
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could bring some benefits for what concerns the oxygen saving, which was determined by
a partial removal of the biodegradable organic substance upstream the oxic tank [61].

The outputs of the ASM3 revealed that, under Scenarios 0 and 1, the concentration
of total nitrogen in the treated wastewater was reduced from 50 mg/L to 39 mg/L (see
Table 5). Scenario 2 was less efficient in nitrogen removal because the amount of microor-
ganisms necessary for the oxidation of the biodegradable organic substance was lower and,
consequently, the aliquot of nitrogen assimilated into the microorganisms, in the order of
12% of the microorganism dry weight, was lower as well. The combination of anoxic and
oxic processes could reduce the concentration of total nitrogen at the outlet of the biological
section to values of 25 mg/L. However, a more important benefit of the introduction of the
denitrification process was the energy demand that resulted from the aeration of the oxic
process. It was reduced from the original 1880 kW of Scenario 0 to approx. 50%, which is
964 kW, of Scenario 3. As mentioned before, a reduction in the air flow also determines an
increase in the α factor and, consequently, a better OTE, which positively affects the final
electricity demand for the aeration process.

The decrease in the energy demand for the aeration process was of 12% and 31%,
compared with Scenario 2 and Scenario 0, respectively. According to the output of the
ASM3, the amount of the WAS produced under Scenario 3 was similar to that calculated for
Scenario 2 (see Table 5). Consequently, also the volumes of produced biogas were the same.
The biogas produced in the AD could supply approx. 70% of the WWTP energy demand,
thus leaving a residual 30% to energy sources external to the WWTP. The unit energy cost
for wastewater treatment due to external sources decreased to only 0.13 kWhe/m3, a fifth
of the value calculated for Scenario 0, which is well below the lowest estimate for the RO
processes [13–15]. Although costs for RO desalination are expected to decrease in the next
years after the integration between conventional and emerging membrane technologies [62]
and a shift from the current electricity production mix to a predominantly renewable
energy production [63], it has to be considered that such costs will remain highly affected
by the distance from the source (seawater) to the final user [64]. The abovementioned
facts make the reuse of treated wastewater in mining facilities of great importance for
a sustainable development of the Chilean copper mining industry, coherently with the
circular economy paradigm.

3.2. Environmental Assessment

The energy calculations reported in Section 3.1 demonstrated that the changes in-
troduced into the original scheme could allow the Antofagasta WWTP to become an
energy-neutral (or nearly energy-neutral) plant. After the introduction of the sections of
primary sedimentation, predenitrification, and AD, the unit energy cost of the treated
wastewater due to external sources was reduced by approx. 80%. That had also some
evident positive environmental impacts.

The production of electricity from fossil fuels is associated with the emission of
anthropogenic CO2 and GHGs, which are recognized as the main causes of the global
warming and, consequently, climate change. CO2 emission can be limited through two
principal strategies, namely the reduction in the energy demand, by using more efficient
processes or pieces of equipment, and the production of energy from renewable sources [57].
The changes to the original scheme of the WWTP introduced by Scenarios 1, 2, and 3 proved
to be capable of achieving both these two goals, that is the reduction in the electric energy
demand (in Scenario 2 and 3 only) and the production of renewable energy from AD (in all
Scenarios), as detailed in Table 8.
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Table 8. Environmental benefits associated to the scenarios.

Parameter Scenario 0 ∆ 0–1 ∆ 0–2 ∆ 0–3

Electric energy demand (kW) 2051 +124 −433 −630
Produced renewable electric energy (kW) 0 370 976 997
Energy saved from external sources (kW) 0 246 1409 1627

Avoided CO2 emissions (ton/y) 0 664 3800 4390

In Chile, based on the national energy mix, the average CO2 emission factor associated
with the production of electricity is 0.308 kg CO2-equivalent/kWhe [56]. Consequently, the
changes introduced in the original WWTP scheme would make it possible to reduce CO2
emissions from approx. 660 tons CO2-equivalent/y, in Scenario 1, to approx. 4400 tons
CO2-equivalent/y in the most optimistic scenario, which is Scenario 3.

3.3. Economic Assessment

The sustainability of the changes introduced into the WWTP original scheme with
Scenarios 1, 2, and 3 was analyzed also from an economic viewpoint. As detailed in
Section 2.3, the cost items considered in the economic assessment were the CAPEX and
OPEX, which are the investment costs for the supply and installation of the pieces of
equipment, and the costs for operation and management, respectively. The OPEX include
maintenance, which was estimated at 6% of the CAPEX, electric energy supply from sources
external to the WWTP, and recovery or disposal of stabilized sludge.

The CAPEX cost items are reported in Table 9 and were determined starting from the
key parameters of each piece of equipment. The total investment cost for Scenario 0 was
calculated at 39,581,000 $. As can be seen from Table 9, the introduction of the AD process
determined an increase in the initial investment costs of approx. 15%. Conversely, the
introduction of the section of the primary sedimentation and the compartmentation of the
CAS tank in the two anoxic-oxic units, in addition to the AD process, increased the initial
investment costs by approx. 25%.

Table 9. CAPEX cost items of the pieces of equipment to be implemented into Scenarios 1, 2, 3.

Pieces of Equipment ($) Scenario 1 Scenario 2 Scenario 3

Anaerobic digesters 3,988,000 4,370,000 4,370,000
Biogas desulfurization unit 14,000 18,500 18,500

Gravel filter demister 1400 1850 1850
Gasometer 29,000 75,600 77,000
CHP unit 1,450,000 3,824,000 3,906,000

Heat exchanger 204,000 221,000 221,000
Flare stack 58,000 105,500 106,500

Back-up boiler 61,000 159,500 163,000
Digestate post-thickener 61,500 61,500 61,500

Primary settlers 0 815,750 815,750
Total 45,447,400 49,234,200 49,332,100

Increment vs. Scenario 0 +14.8% +24.4% +24.6%

The economic benefit was assessed by comparing the IRR values calculated for each
scenario. Two destinations for the stabilized sludge, namely the recovery in agriculture
and the disposal in landfill, were considered. As anticipated in Section 2.3, the cost for
electricity was fixed at 0.129 $/kWhe [51]. The values of the IRR returned by the economic
analysis are listed in Table 10.
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Table 10. IRR values for Scenarios 1, 2, and 3.

Scenario 1 Scenario 2 Scenario 3

Sludge recovery in agriculture 0.37 0.34 0.36
Sludge disposal in a landfill 0.13 0.21 0.24

The results of Table 10 show that, not surprisingly, the recovery in agriculture of sludge
after AD was a more profitable solution than disposal in a landfill. In the case of digestate
recovery at no costs, the comparison among the three scenarios revealed that Scenario 1 was
the most profitable, even if the difference among the three IRR values was not so significant.
Scenario 1 had a higher value of IRR because the saved electric energy (see Table 10) was
not sufficient to compensate the increased costs due to the implementation of the primary
settlers and the compartmentation of the CAS tank. Conversely, if digestate disposal in
landfill is considered, Scenarios 2 and 3, where the saved energy was at the highest values,
appeared more advantageous than Scenario 1.

However, a more realistic assessment must consider the actual amount of sludge
TS that can be recovered with agricultural practices. The yearly amount of dry sludge
produced by the Antofagasta WWTP, after AD, will be of approx. 1.1·1010 g (see Table 5).
According to the data from Ministerio de Agricultura [65], the agricultural soil area in the
region of Antofagasta is in the order of 2400 hectares, 65% of which is dedicated to fodder
plants, vegetables, and cereals, which are cultures that can be fertilized with stabilized
sludge. Recent studies report the values of the sludge application rates to agricultural soils
ranging from 1–4·106 g TS/ha·y [66] up to 20·106 g TS/ha·y [67]. Consequently, under the
worst condition, only approx. 1/8 of the sludge produced in the new WWTP of Antofagasta
can be accommodated in the agricultural soils of the region. Conversely, under the most
optimistic condition, recovery in agriculture can be considered a feasible option for all the
produced sludge.

4. Conclusions

This paper presented a case study where the impact of some changes, to be possibly
introduced into the original project of a new WWTP, was assessed with the tool of the 3-E
analysis. The analysis was performed by integrating some mechanistic models used for
WWTP optimization, with energy balances and economic metrics. This holistic approach,
applied to a real case, proved to be successful in quantifying the improvements in the
energy and environmental performances of the WWTP, with a complementary assessment
of the economic feasibility of the operation.

Specifically, this paper analyzed the case of the city of Antofagasta, where, at present,
only 10% of the wastewater generated in the city is treated in a WWTP and subsequently
reused for industrial purposes. The remaining 90% is discharged into the ocean after the
application of only preliminary treatments. In the next years, a new WWTP will increase
both the wastewater treatment capacity of the city (from 120 to 900 L/s) and the reuse
rate in the local mining sector up to 100% of the reused wastewater. That will achieve an
important environmental benefit, compared with the option of using desalinated water or
freshwater for mining activities. However, the new WWTP was put out to tender under a
very traditional design concept, not fully capable of obtaining high energy, economic, and
environmental performances.

The results of the study demonstrated that

1. The introduction of an AD process (Scenario 1) to stabilize the sludge before reuse
in agriculture or disposal in a landfill could save approx. 12% of the electric energy
supplied to the WWTP, with an inherent reduction in CO2 equivalent emission of
660 tons/y;

2. The introduction of an AD process and of a section of primary sedimentation (Scenario 2)
could reduce the amount of electric energy supplied to the WWTP from external
sources to only 30% of the WWTP original scheme (Scenario 0), thus avoiding the
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emission of 3800 tons CO2 equivalent/y. Such a benefit was made possible because
of the significant increase in the produced renewable energy (+260% with respect to
Scenario 1) and the decrease in the energy demand due to the aeration process (−30%
with respect to Scenarios 0 and 1);

3. The implementation of an oxic—anoxic partition of the CAS tank, other than AD and
primary sedimentation, (Scenario 3) allowed the WWTP to reduce its electric energy
demand from external sources to only 20% of that of Scenario 0, thus avoiding the
emission of 4390 tons CO2 equivalent/y. The present requirement on the nitrogen
concentration in the wastewater to be discharged or reused for mining activities
does not require the presence of nitrification–denitrification processes. However, a
nitrification—denitrification scheme makes it possible to consume an aliquot of the
residual biodegradable organic substance at no free oxygen expenses, thus saving the
corresponding aliquot of electric energy necessary for the aeration process.

Although costs for desalination are expected to decrease in the next years, it has to be
considered that such costs will remain highly affected by the distance from the ocean to the
final user. The abovementioned facts make (i) the changes, introduced with Scenarios 1, 2
and 3, essential to promote the transformation of a WWTP into a WRRF and (ii) the reuse
of treated wastewater in mining facilities strategic for a sustainable development of the
Chilean copper mining industry, coherently with the goals fixed by the Chilean State and
the circular economy paradigm. Finally, it was demonstrated that the methodology used
in this paper could be easily extended to other case studies, thus offering a reliable tool to
engineers and plant designers called to perform scenario-analyses.
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