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Abstract: This work is intended to evaluate the technical, environmental, and economic feasibility of
converting the sludge produced at an industrial estate’s wastewater treatment plant (WWTP) in Oman
into energy through anaerobic digestion (AD). In this study, three different scenarios were analyzed.
They concerned the digestion of the total amount of the produced sludge alone (240 m3 day ')
(scenario 1), and its co-digestion with wet agri-food wastes (AFW) at rates of two tonnes clay*1
(scenario 2) and ten tonnes day ! (scenario 3). Based on the analyses of sludge samples, an intensive
literature review regarding sludge and AFW Physico-chemical and energetic characteristics and the
use of the cost-benefit analysis (CBA) approach, it was found that, for the overall duration of the
project (20 years), the AD of the sludge alone (scenario 1) permitted the production of 43.9 GWh of
electricity, the reduction of greenhouse gas (GHG) emissions (more than 37,000 tonnes equivalent
CO; (TCOy)) and exhibited positive net present value (NPV: $393,483) and an internal return rate
(IRR) of 19.4%. Co-digesting sludge with AFW significantly increased all of these key performance
indicators. For instance, scenario 3 results in the recovery of electrical energy of 82.2 GWh and avoids
the emission of 70,602 tCO,. Moreover, a higher NPV and IRR of $851,876 and 21.8%, respectively,
and a payback period (PBP) of only seven years were calculated. The sensitivity analysis revealed
that a decrease in total expenses by 15% results in a significant increase of the NPV and the IRR to
$1,418,704 and 33.9%, respectively, for scenario 3. Considering a pessimistic assumption (an increase
of the total expenses by 15%), all studied scenarios remain attractive. For instance, for scenario 3,
the NPV, IRR, and PBP were evaluated to $285,047, 13.5%, and 9 years, respectively. Therefore, the
co-digestion of sludge with agri-food wastes for energy recovery purposes could be considered a
promising, eco-friendly, and economically viable approach in the Omani industrial estates.

Keywords: sludge; agri-food wastes; biogas; electricity; greenhouse gas emission; feasibility study

1. Introduction

Enormous amounts of sludge are produced worldwide in wastewater treatment plants
(WWTP) [1]. These solid wastes could represent a real threat to the environment and hu-
man health [2]. Therefore, concerned stakeholders, including public/private organisms,
scientists, and civil society, are looking forward to minimize their production [3] and to
find out the adapted and sustainable management solutions [1]. These solutions should be
technically feasible, economically viable, eco-friendly, and socially acceptable [4]. Various
approaches and technologies have been applied to reduce their negative impacts on the
environment and/or to convert them into valuable resources. Such technologies mainly
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include dumping in wild / controlled landfills and composting for subsequent use in agri-
culture, fabrication of building materials, and energy extraction [5-7]. Sludge valorization
for energy recovery has emerged as a promising and sustainable approach since it permits
converting them into energy (electricity or heat or electricity /heat) that could be used
directly in situ for the WWTP’s functioning. The principal used technologies for this
purpose include combustion, gasification, pyrolysis, and anaerobic digestion (AD) [8-10].
The AD process is a biological process by which the organic compounds contained in a
given solid/liquid waste are converted into biogas by using microorganisms. This process
involves a series of four biochemical stages including [10,11]: (i) hydrolysis, where complex
organic molecules are converted into simple sugars, fatty acids, and peptides; (ii) acido-
genesis consisting in the fermentation of the hydrolysis products into short-chain volatile
organic acids such as alcohols, butyrate, carbonic acids, and propionates; (iii) acetogenesis
where the latter products are converted into acetate, carbon dioxide, and hydrogen; and
(iv) methanogenesis where these by-products were converted into methane. Compared
to the other technologies, the AD process is highly advantageous due to its lower cost,
lower energy consumption, and its ability to produce biogas, which is composed mainly of
60-70% of methane, 30—40% of carbon dioxide, and traces of other gases such as H,S [9,10].
This biogas can be either cleaned and upgraded to produce bio-methane (that can substitute
the natural gas) using water scrubbers [12] or converted into heat or electricity via thermal
reactors such as boilers, turbines, and generators [9,10]. The generated energy could be
used in the WWTP covering a significant proportion of its needs or even sold to the supply
grid [13,14]. Therefore, through the biogas recovery, the AD installations could represent
a concrete opportunity for WWTPs to improve their energy independence. WWTPs can
further reduce their operational costs and increase their overall environmental performance
by shifting from fossil fuels to renewable energy production and reuse [14].

Anaerobic digestion is being applied as a sustainable way to manage the produced
sludge in WWTPs in various countries in the world [14,15]. For instance, in 2019, in
China, about 6.8% of the total produced sludge (2.68 million tonnes (wet basis)) were
treated by this technology [15]. They are theoretically generating 132 Mm?3 of methane
and 1.47 million tons of fertilizer [15]. In the Unites States of America (USA), in 2017,
about 1240 large-scale WWTPs were equipped with anaerobic digesters [16]. In the
European Union (EU), at the end of the last decade, approximately 50% of the WWTPs
were equipped with anaerobic digestion facilities [17]. According to the latest report
published in 2020 by the EurObserv’ER barometer which measures the progress made by
renewable energies in each of the 28 countries of the EU [18], the overall primary energy
production from biogas was estimated to be 16,629.8 Kilotonne of Oil Equivalent (KTOE).
The contribution of the sewage sludge was determined to be more than 1593 KTOE (about
9.6%). In addition, the gross amount of produced electricity from biogas generated from
the AD of biomasses including sludge was estimated to about 62,463 GWh. This electricity
was mostly produced by Germany, Italy, and United Kingdom with percentages of 52.6%,
13.3%, and 12.1%, respectively.

In addition to the sludge from WWTPs, in industrial estates, large amounts of agri-
food wastes (AFW) are produced [19]. These wastes are not appropriately exploited since
they are generally dumped in landfills, where they could constitute a serious threat to the
environment and human health [19]. Simultaneously, various AFW has higher energetic
potential production than sludge due to their more important volatile organic matter
contents and degradation rates [20-22]. Indeed, these two parameters” average values
are assessed to 90% and 75% for AFW [23,24] and only 45% and 48% for sludge [10,25],
respectively. Therefore, the co-digestion of sludge with AFW has emerged as an interesting
way to manage these two kinds of solid wastes [26-28].

Oman has established nine industrial estates in various regions of the country. Al-
Russayl, in Muscat, is the largest industrial estate in the country. This industrial estate
collects and treats all the produced wastewaters in a centralized WWTP. Due to the signifi-
cant volumes of the generated sludge, its handling in this WWTP represents a substantial
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environmental and social concern. Furthermore, despite their significant energy potential
and other valuable resource contents, the whole amount of the produced sludge is dumped
into a landfill after its dewatering and drying. This operation might have an important
environmental negative impact on water and soil resources and air through the emission
of GHG. Thus, this sludge’s treatment/valorization (through AD process) could partially
resolve these social and environmental issues and offer a relevant economic opportunity
to convert it into energy (especially electricity). This generated energy could be injected
into the national distribution company grid or directly used in the WWTP to substitute the
commercial electricity.

On the other hand, despite the proven efficiency of the AD process for WWTPs’
sludge and AFW at both laboratory and field scales, relatively few studies have focused
on the technical, environmental, and economic viability of this technology at industrial-
moderate-sized WWTPs by using tailored approaches such as the cost-benefit analysis
method (CBA). Indeed, CBA has been pointed out among various available economic
analytical tools as a well-established method for assessing the projects’ viability dealing
with solid wastes conversion into energy through AD process [29]. This method allows the
determination, versus time, of various cost and benefits indicators essential for facilitating
decision-makers’ help and orientation. Therefore, this work’s main objective is to study
the technical, environmental, and economic feasibility of converting the sludge produced
at Al-Russayl industrial estate into electricity through the AD process. The economic
efficiency of its co-digestion with agri-food wastes produced at the same industrial estate
will also be assessed under various options.

2. Materials and Methods
2.1. WWTP of the Al Russayl Industrial Estate

This study concerns the Al Russayl industrial estate which is the largest one in Oman.
It covers 10.8 km? and contains 334 industries operating in various sectors, including
mainly agri-food, steel, aluminum, textile, etc.

According to a 2019 estimation, the average consumed water in this industrial estate
is about 4639 m> day . The entire wastewater amount generated by this industrial estate
is collected and treated by a centralized WWTP. In 2019, the average treated wastewater
amount in this WWTP was assessed to be about 2270 m® day ~!. The design, main operating
parameters, and the flow diagram for wastewater and sludge in this WWTP are given in
Figure 1. The wastewater treatment plant is constituted of the following systems: (i) a bar
screen chamber that removes objects having size higher than 3 cm such as plastics, stones,
and wood wastes etc.; (ii) a balancing tank with a volume of 420 m? where the wastewater
is collected and homogenized; (iii) a dissolved air flotation unit where the air injection at a
flow rate of 200 m3 h~! is applied to remove oil and greases; (iv) coagulation—flocculation
tanks that permit the removal of suspended and colloidal solids; (v) an anoxic tank, having
a volume of 362 m3, that allows the denitrification of wastewater; (vi) a moving bed
bioreactor (MBBR) tank with a volume capacity of 796 m3 allowing the removal of the
organic pollutants, vii) a clarifier with a volume of 1250 m?> where the wastewaters are
separated from the sludge that was created during the biological treatment; viii) a chlorine
tank with a volume of 165 m? that permits the disinfection of the treated wastewaters; and
(ix) three parallel tertiary filtration units filled with various materials (from up to bottom:
anthracite, activated carbon, fine sand, silex, fine pebbles, and finally coarse pebbles).
The discharged wastewater after treatment has a physicochemical-biological quality that
permits its reuse for the irrigation of surrounding green spaces.
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Figure 1. The design and main operating conditions of Al-Russayl wastewater treatment plant. (DAF: dissolved air flotation;
MBBR: Moving bed bioreactor).

The total produced sludge amount by this WWTP is 240 m3 day ! (Figure 1). It is
collected from both the coagulation—flocculation and the MBBR biological treatment units
at equivalent amounts (120 m® day~! for each one). The produced sludge’s water content
varies between 95% and 98%, with an average value of 96.5%. This sludge is dewatered
in situ by adding various chemicals (like polymers) and centrifugation. The dewatered
sludge with a water content of about 75% is then sun-dried inside the WWTP site and
then transferred to landfills for dumping. Therefore, this sludge’s adapted management
represents an important task to be urgently undertaken to turn them into valuable resources
(energy recovery, for instance).

2.2. Preliminary Characterization of Sludge

The sludge of Al Russayl industrial estate was subjected to a preliminary characteriza-
tion including (i) pH determination for a solid-liquid ratio of 1:5 by a precisely calibrated
electrode, (ii) total organic carbon assessment by using the Walkley—Black method, and
(iii) the majority of the heavy metals contents were determined through an inductively
coupled plasma, mass spectroscopy (ICP-MS) apparatus after a solid-liquid extraction
according to the experimental protocol given by Khadhar et al. [30]. A selective electrode
quantified fluoride contents.

2.3. Methods and Data Used for the Feasibility Study

The technical, environmental, and economic feasibility of the conversion of the pro-
duced sludge in the WWTP of Al-Russayl into energy by the AD process was carried out
for the following three scenarios:

Scenario 1: The anaerobic digestion of the sludge alone produced in the WWTP;

Scenario 2: The anaerobic co-digestion of the sludge produced in the WWTP mixed
with 2 tonnes day ! of agri-food wastes (wet basis);
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Scenario 3: The anaerobic co-digestion of the sludge produced in the WWTP mixed
with 10 tonnes day ! of agri-food wastes (wet basis);

Table 1 summarizes the technical, environmental, and economic assumptions and
indicators to assess the biogas production and its conversion into electricity in the studied
WWTP. All the used parameter values were taken from the literature. Whenever possible,
average values given by various studies are calculated and used (Table 1). All the prices
given in this manuscript are provided in United States dollars ($).

Table 1. Main technical, environmental, and economic assumptions and indicators considered for sludge conversion into
energy in the WWTP of Al Russayl industrial estate (AFW: Agri-food wastes).

Biogas Generation

Reference
Parameter Value
Project duration (years) 20 This study, baseline option
Initial raw sludge flow rate (2021) (m3 day~!)—Scenario 1 240.0 Internal report
Average solid matter content in raw sludge (%) 3.5 Internal report; [9,10]
chfcglrilcri1 ;dsrg gi’clt)er amount in the first year of the project 8.4 Internal report
Annual increase of sludge flow rate (%) 2 This study, baseline option
é;ig r;iifrll)n_u zlcjrgrsil)u;i ge flow rate (2021-2040) 3724.8 This study, baseline option
Density of thickened sludge (kg m~3) 1020 [10]
Solid matter content in the thickened sludge (%) 25 [9]
Volatile matter (VM) content in sludge (%) 45.0 [10]
Volatile matter conversion rate of sludge (%) 45.0 [25]
C/N ratio range 6-10 [31]
Biogas production per kg of degraded VM of sludge (m3 kgfl) 1.0 [9,24]
Initial AFW flow rate (2021) (tonnes day '), wet basis—Scenario 2 2.0 This study, baseline option
Solid matter content in agri-food wastes (%) 20.0 [32,33]
Initial AFW flow rate (2021) (tonnes day '), dry basis—Scenario 2 0.4
Annual increase of AFW used flow rate (%) 2.0
Average annual dry AFW flow rate (2021-2040) 1774 This study, baseline option
(m3 year‘l)—Scenario 2
Initial AFW flow rate (2021) (tonnes dayfl), wet basis—Scenario 3 10.0
Initial AFW flow rate (2021) (tonnes dayfl), dry basis—Scenario 3 2.0
Average annual dry AFW flow rate (2021-2040) 886.9
(m3 year~!)—Scenario 3 '
Volatile matter content in agri food waste (%) 90.0 [33]
Volatile matter of AFW conversion rate (%) 75.0 [24]
C/N ratio range 11-21 [31]
Biogas production per kg of degraded VM of food wastes (m3 kg~') 1.1 [24]
Electricity generation
Methane content in biogas (%) 65.0 [24]
Lower methane energy content (M] m~3) 35.8 [21]
Thermal conversion factor (%) 45.0 [34]

Gas emission reduction

Electricity Grid emission factor (tCO, MWh1) 0.858 [35]
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Table 1. Cont.
Bi G ti
iogas Generation Reference
Parameter Value
Sludge transport factor (tCO, per 1000 km) 0.113 This study, baseline option
Emission reduction benefits rate ($per tCO,) 2.587 [36]
Electricity selling
Omani electricity price for businesses (kWh 1) 0.148 Internal report
Produced electricity from biogas selling price ($kWh~') 0.138 In this study, the baseline option

The project costs include (i) the digester acquisition, (ii) the biogas conversion into

electricity (CO, separation step, and electricity generators), and (iii) the operational and
maintenance costs:

The digester price (D,) was evaluated according to the empirical formula given by
Bidart et al. [37]:
D, = 18248 Q586 (1)

where Q, is the produced biogas amount per hour (m® h—1).

The average annual cost (investment, operating, and maintenance) of the biogas
conversion into electricity through generators was fixed to $0.07 kWh~! produced.
Almost similar values were proposed by Bidart et al. [37] and Morin et al. [38].

The annual costs related to the digester’s operating and maintenance were fixed to 3%
of the capital investment. It is in agreement with the one proposed by Martin [39] and
exists in the proposed range by the United States Department of Agriculture (USDA,
2007). This value is higher than the proposed rate suggested by Mohammed et al. [29]
when carrying out a feasibility study of biogas integration into Ghana’s waste treat-
ment plants (1%).

The projected incomes of the baseline option are composed of:

The electricity production revenue (EPR) is equal to the produced amount multiplied
by its selling price. This price was fixed to $0.138 kWh~1, which is $0.01 lower than
the current price by the Omani electricity distribution company ($0.148 kWh~1).
The Certified Emissions Reduction (CER) benefits due to electricity generation from
biogas. It is equal to the produced electricity from biogas multiplied by the electricity
grid emission factor (EGEF). This factor depends mainly on the used feedstock and
technology for electricity production. The EGEF has decreased significantly during
the last two decades due to the adoption of cleaner technologies. In 2016, its average
value in Europe was estimated to 0.296 tCO, MWh 1. It is only 0.113 tCO; MWh !
for Finland, 0.440 tCO, MWh™! for Germany, but reaches 0.812 tCO, MWh! for
Estonia [40]. For Oman’s case, an average value of 0.858 tCO, MWh~! was proposed
by Charabi et al. [35], corresponding to the use of 97% of natural gas and 3% of diesel
for the production of electricity.

The CER benefits due to the decrease of the sludge amount transfer to landfills. The

sludge transport factor was calculated to 0.113 tCO, per 1000 Km.

2.4. Cost—Benefit Analysis

The cost-benefit analysis (CBA) is a financial method that permits to judge the utility

and the profitability of a given project. This judgment is based on the assessment of various
parameters such as the net present value (NPV), the internal rate of return (IRR), and the
payback period (PBP).
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The NPV is defined as follows [29]:

NPV = i (Bt —Ci)

-— 2
= 1+ ()

ZATow

where B; and C; are the benefits and costs at the year “t”, “r” is the discount or interest rate,
and “t” is the year number varying between 1 and 20.

The IRR refers to the discount rate, making the NVP of the cash flow equal to zero. It
is also considered as the average earning power of the project’s expenses over the project
life [29]. Finally, the Payback period (PBP) is defined as the number of years necessary to
recover the investment. Thus, it corresponds to the period where the cumulated benefits
cover the cumulated expenses.

2.5. Sensitivity Analysis

The sensitivity of the cost-effectiveness of this project was assessed in comparison
with the baseline conditions for the following options:

- Option 1: baseline conditions + generated electricity sold at the current price applied
by the Omani distribution company: $0.148 (7.25% higher than the one used for the
baseline conditions)

- Option 2: Baseline conditions + annual expenses decrease by 15%

- Option 3: Baseline conditions + annual expenses increase by 15%

3. Results and Discussions
3.1. Preliminary Physico-Chemical Characterization of Sludge

The sludge physico-chemical characterization shows that it is a slightly acidic media
with a pH of 6.6. Its total organic carbon (TOC) was assessed to 21.0%. As expected, TOC
content of this industrial sludge is lower than those observed for those collected from urban
WWTPs [41-43]. However, it remains relatively high, permitting the organic matter supply
to the micro-organisms to ensure their growth and the biodegradation of the sludge’s
volatile organic fraction. On the other hand, analyses of the heavy metals showed that
except molybdenum, all-metal contents in the sludge were lower than those fixed by the
Omani reuse norm in agriculture (Table 2). Molybdenum is most probably discharged in
the wastewaters generated by the alloy steel industries operating in this industrial estate.
Even if various countries have not yet included molybdenum in the compounds list of
their norms [44], it is recommended to remove this component at the producing sources
in Al-Russayl industrial estate utilizing mastered technologies as adsorption onto zeolites
or activated carbon [45,46]. Apart from this component, the calculated ratios between the
permissible concentrations fixed by the Omani standards and the measured ones vary
between 3.6 and 100. These relatively high ratios suggest that even after the AD process’s
mass sludge reduction, most of heavy metals contents should remain lower than those fixed
by the local reuse norm. It is worth mentioning that the measured sludge heavy metals
contents are also lower than the fixed values by the European directive 86/278/EEC [47].

On the other hand, it is essential to underline that a previous analysis of Al-Russayl
WWTP’s sludge quality [48] have shown that the molybdenum content was about two
times lower than the norm (11 mg kg~!). Moreover, this former study showed that only Cd
had contents higher than the Omani fixed norm and the European directive (64.5 mg kg1).
Therefore, it is recommended to carry out further sludge samples analyses to understand
heavy metals contents better progress with time. This is an essential aspect to consider if
valorization of the digested sludge is planned.
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Table 2. Heavy metals contents in the used sludge in comparison with the standards for sludge reuse
in agriculture in Oman (according to 145/93 ministerial decision) and Europe (European directive

86/278/EEC).
Ratio (Omani
Metal Content Omani Stan- European
(mg kg~1) Standard dard/Measured Standard
Content)
Arsenic <4 - - -
Boron 20 - - -
Barium 49 - - -
Cadmium <4 20 - 20-40
Cobalt 2 - - -
Chromium 190 1000 53 -
Copper 280 1000 3.6 1000-1750
Mercury 0.1 10 100 16-25
Manganese 210 - - -
Molybdenum 36 20 0.6 -
Nickel 29 300 10.3 300400
Lead 90 1000 11.1 750-1200
Antimony <7 - - -
Selenium <2 50 - -
Vanadium 12 - - -
Zinc 270 3000 11.1 2500-4000
Total cyanide <0.5 - - -
Fluorides <500 - - -

It is important to underline that high contents of heavy metals in feedstocks could
negatively impact the development of methanogens bacteria during the AD process [49,50].
Therefore, the co-digestion of this industrial sludge with AFW would potentially contribute
to the dilution of heavy metals contents and consequently to improve the blended biomass
(sludge and AFW) conversion into biogas.

3.2. Biogas and Electricity Production Capacities

The produced sludge and agri-food wastes in generating biogas, methane, and elec-
tricity were calculated based on the assumptions presented in Table 1 for the three selected
scenarios (see Section 2.5). Owing to the dry and hot climate of Oman, these wastes are
expected to be anaerobically digested under mesophilic conditions (temperature between
30 and 38 °C) and for an average residence time of 20 days [9]. Indeed, low residence
times (<10 days) do not allow optimal bacterial growth [11]. Whilst, increasing residence
times over 20 days will not permit a significant improvement in volatile matter degradation
and biogas production [10,51]. Moreover, the use of higher residence time is generally
accompanied by higher capital cost (larger size of digester), and requires more energy for
process operation such as sludge mixing [9]. Obtained results (Table 3) showed that the AD
of the Al Russayl WWTP sludge alone (scenario 1) has a significant potential for biogas
recovery. Indeed, the average annual amounts of biogas and methane were estimated to be
more than 0.75 and 0.49 Million m3 year~! (Mm? year~!), respectively. As indicated above,
the produced methane amount depends on the quantity and characteristics of the used
sludge and the temperature and hydraulic residence time [10,14]. For that reason, large
amounts of methane are produced in bigger WWTPs. For instance, in the Ankara WWTP, the
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biggest one in Turkey, designed for a daily flow rate of 0.971 Mm? day ! produced through
eight anaerobic digesters, a total methane amount than 11.8 Mm?® year~! [52]. During the
entire project’s lifetime, the biogas and methane amounts from the AD of the sludge alone
were assessed to about 15.1 and 9.8 Mm3, respectively (Table 3 and Figure 2). This biogas
permits producing a total electricity amount of about 43.9 GWh during the 20 years’ project
duration. The average annual produced electricity corresponds to about 2.2 GWh. This
production is about 34.4% higher than the total consumed electricity amount by the WWTP
in 2020. It is about 13.5% higher than the average consumed amount in the two previous
years that were not affected by the Corona virus pandemic. This calculated generated
electricity by Al-Russayl sludge is higher than the one produced in the Rovereto WWTP,
Italy (1.4 GWh year~!), which treats a lower sludge flow rate (90 m?® day—!). It is lower
than those produced in big plants such as those of Ankara, Turkey; Budapest, Hungary, and
Philadelphia, the USA, which are producing 25.5, 38.8, and 49.1 GWh year~! and satisfying
about 90% [52], 65% [53], and 54% [54] of these plants electricity needs, respectively.

Table 3. Annual and project lifetime (20 years) biogas, methane, and electricity produced amounts
from the digestion of Al Russayl WWTP sludge or its co-digestion with agri-food wastes (Scenario 1:
SS alone; Scenario 2: SS+ 2 tonnes day_1 of AFW; Scenario 3: SS+ 10 tonnes clay_1 of AFW).

Scenario 1 Scenario 2 Scenario 3
Average annu.aSl prodﬂced biogas 0.754 0.886 1413
(Mm?” year™")
Total biogas amount durl?g the project 15.085 17.719 28.255
lifetime (Mm”)
Average annualgprodlicled methane 0.490 0576 0918
(Mm?® year™")
Total methane produced amount
during the project lifetime (Mm?3) 9-806 11518 18.366
Average annual produced electricity
(GWh year—1) 2.195 2.578 4111
Total produced electricity during the 43.892 51.555 82210

project lifetime (GWh)

It is essential to underline that Oman has to carry out massive efforts related to
sludge conversion into electricity in Al-Russayl industrial estate and other urban WWTPs
producing substantial amounts. This will permit Oman to go in the same direction as some
European developed countries who are producing large energy amounts from the AD of
sludge only, such as Germany, UK, the Netherlands, and Sweden [55].

Owing to their higher organic matter contents and anaerobic biodegradability (see
Table 1), co-digesting sludge with agri-food wastes has significantly increased the produced
biogas, methane, and electricity amounts (Table 3). An increase in agri-food wastes flow
rate improves biogas, methane, and electricity production (Figure 2). For instance, when
the sludge was mixed with 2 and 10 tonnes day ! of agri-food wastes, the produced
electricity increased from 43.9 GWh by about 17.5% and 87.3% to reach 51.6 and 82.2 GWh,
respectively. This is mainly because the agri-food wastes’ volatile matter contents, C/N
ratio, and degradability capacities are much higher than those of the Al-Russayl WWTP’s
sludge. Indeed, the AFW’ volatile matter contents and C/N of agri-food wastes are about
two times higher than that of the sludge [31].
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Figure 2. Biogas, methane, and electricity generation capacities during the lifetime project by the digestion of sewage sludge
alone (SS) and its co-digestion with agri-food wastes (AFW) (Scenario 1: SS alone; Scenario 2: SS+ 2 tonnes day_1 of AFW;
Scenario 3: SS+ 10 tonnes day ! of AFW).

Similar trends were reported by both laboratory and field studies. For instance, at a
laboratory scale, Keucken et al. [26] reported an increase of methane production by 20-40%
when co-digesting sludge with organic food wastes at a ratio of 1:1 (based on the volatile
matter contents). In addition, Mattioli et al. [56] studied the co-digestion of the sludge
produced in Rovereto WWTP (Italy) at a flow rate of 90 m® day~! and a solid content
percentage of 4.3%, with 10 tonnes day~! of municipal organic wastes. They reported
an increase of the annual biogas production from about 0.482 to 0.993 Mm?, doubling
the amount of generated power from about 1.4 to 2.8 GWh year~!. This enabled the
plant to recover about 85% of its total energy demand. Furthermore, Koch et al. [57]
studied the digestion of sludge generated from the WWTP of Garching/Alz, Germany,
and its co-digestion with 10% of food wastes within a 1350 m3 digester volume. They
showed that the annual methane produced amount increased from 85,494 m? year~! to
more than 163,000 m> year—!. This has increased the self-generated energy from 25%
to 78%. They imputed this better energy performance during the co-digestion process
to the higher C/N ratio of the used food waste (17.7) than the raw sludge (8.8). Finally,
Maktabifard et al. [58], based on a comparative study on 176 WWTPs in Germany, reported
that about 44% of these plants could achieve energy neutrality through sludge co-digestion
with other organic substrates.

It is worth mentioning that the co-digestion of sludge with an important fraction
of AFW could, under certain conditions, negatively impact the AD process due to the
excessive presence of Na*™ and free-ammonia-nitrogen [31]. These two components could
interfere with the metabolic process of the microbial activity and lead to the accumulation
of volatile fatty acids, respectively [31]. Koch et al. [59] studied the co-digestion of raw
sludge and food waste using different mass-based mixtures in batch trials. They showed
that sludge co-digestion with food wastes fractions, up to 12.5% (mass-based) or 35%
(volatile solids based), significantly improved the methane yields and kinetic production.
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which is expected not to negatively influence the AD process.

Figure 3 summarizes the annual flow diagram of the sludge and sludge mixed with
AFW conversion into energy. It has been found that higher is the AFW amount, more
important is the produced electricity. Moreover, significant reduction in the amounts of
sludge and AFW after the AD process is also clear. The produced digestate is generally rich
in nutrients and could be valorized in agriculture as a biofertilizer. However, before that,
an in-depth physico-chemical characterization (especially its heavy metals and nutrients
contents) is necessary to ensure its safe and optimal reuse.
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3.3. Emissions Reduction Potential

According to the Intergovernmental Panel on Climate Change (IPPC), WWTPs con-
tribute to the GHG emissions in the atmosphere during the wastewaters and sludge
treatment and management [60]. The carbon footprint represents the direct or indirect
emissions of total emissions of CH4 and nitrous oxide (N,O) caused directly or indirectly
by the WWTP. The direct GHG emissions are originated from biological processes during:
(i) wastewaters collection, (ii) wastewaters treatment, and (iii) wastewaters discharge [61].
Inside the Al-Russayl WTTP, the direct N,O emission could probably occur at three lo-
cations based on literature [61,62]: the anoxic tank, the MBBR unit and in the receiving
water body. However, the CHy emission should occur mainly in the DAF and coagulation—
flocculation unit, in the sludge dewatering step, in the sludge drying basin, and in the
receiving water body [61]. The indirect GHG emissions in WWTPs mainly include those
related to the electricity supply and the sludge transportation to the landfill.

In our case, the carbon footprint due to direct emissions of GHG emissions of the
Al-Russayl WWTP cannot be precisely estimated due to the availability of limited data
concerning the wastewater quality progress in the treatment line. However, based on the
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literature, the direct N,O emission in the WWTPs could vary in a large range between
0.003% and 0.6% (Kg NO,-N/Kg total N (TN)) depending on the wastewaters loads and
operating conditions [61,63]. Concerning the N,O emission in the water receiving body;,
it is generally fixed to 0.5% of the effluent TN content [60]. Regarding CH4 emission, it
is usually more complicated to be evaluated in comparison to NO,. However, for the
whole WWTP, it is generally up to 30% of the produced biogas [64]. In the receiving
water bodies, the CHy4 emission is equal to 0.025 kg CHy /kg of chemical oxygen demand
(COD) of the effluent [60]. Regarding the sludge line, the CHy is emitted during: the
storage and dewatering of the digested sludge and the heat and electricity production
unit (non-burned methane) at percentages of 2—-4.5%, and 1.3-1.8% of the total produced
CH4 amount [61]. In the current study, we focused mainly on the avoided indirect GHG
emissions (CO, equivalent amount) due to the AD of the sludge alone and mixed with
AFW (Figure 3). Therefore, two indirect aspects have been considered: (i) the substitution
of the used electricity from the national grid by the one produced from biogas, and (ii) the
reduction of the sludge amount to be transported from Al-Russayl WWTP to the landfill
by trucks. For a grid electricity emission factor of 0.858 tCO, MWh 1 [35], the emissions
avoidance potential per year and during the project lifetime by the electricity generation
from Al-Russayl WWTP sludge only (scenario 1) was estimated to be about 1883 and
37,659 tCO,, respectively. The average annual and “total” reduced GHG emission reached
about 2212; “44,235” and 3527; and “70,536” tCO, year‘1 when the sludge was co-digested
with 2.0 (scenario 2) and 10.0 (scenario 3) tonnes day ! of AFW, respectively (Figure 4).
The avoided GHG emissions due to fuel combustion during the sludge transportation to
landfills were calculated for transporting trucks capacities of seven tonnes, a distance from
the WWTP to the landfill of 50 km and a sludge transport factor of 0.113 kgCO, km 1.
They were estimated to only 66 tCO, year~! for the three studied scenarios. This value is
very low compared to those calculated when using the electricity generated by the biogas
instead of the national grid. It is worth mentioning that the total GHG emission avoidance
in the case of the WWTP of Al-Russayl remain relatively low compared to those calculated
for larger WWTPs. For example, in South Columbus, USA, a net GHG emission reduction
of 9600 tCO, year~! is achieved through the co-digestion of sludge with fat, oils, grease,
and co-generation heat and power [14].

In Oman’s case, it is essential to underline that stringent emission reduction policies
and appropriate incentives for bioenergy can encourage the further adoption of biogas re-
covery from sludge and other organic-matter-rich-materials [65]. For instance, the European
Union uses the “renewable energy directive (2018/2001/EU)” as an efficient framework for
member countries to achieve CO, emission reduction targets. Bioenergy from anaerobic
digestion of organic wastes (including sludge) is stimulated within this framework for
further emissions reduction potential and environmental preservation [65].
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Figure 4. CO, emission reduction potential during the lifetime of project by the digestion of sewage sludge (SS) alone and
its co-digestion with agri-food wastes (AFW) (Scenario 1: SS alone; Scenario 2: S5+ 2 tonnes day ! of AFW; Scenario 3: SS+

10 tonnes day ! of AFW).

3.4. Economic Performance

The total digester cost and related operating and maintenance costs for the anaerobic
digestion of the produced sludge in the studied WWTP were found to be $1.082 million by
using Equation (1). This cost increases to about $1.242 and $1.855 million for scenarios 2
and 3, respectively. On the other hand, the total electricity generation cost from methane
was determined to be about $3.235, $3.800, and $6.060 million for scenarios 1, 2, and 3,
respectively. It can be deduced that the cost of biogas conversion into energy is much higher
than the one related to the digester implementation, operating, and maintenance cost.

Regarding the revenue of this project, it is mainly constituted by the generated electric-
ity selling. The other items, such as the CER benefits from the avoided GHG emissions and
transport fuels, were relatively low. For instance, for scenario 2 and 3, the selling benefits
of produced electricity was evaluated to $7.115 and $11.345 million and counted for about
98.1% and 98.2% of the total benefits, respectively.

Considering the economic feasibility of the produced sludge and AFW in the industrial
estate conversion into electricity, it can be seen from Figure 5 that the three studied scenarios
were financially feasible as their calculated NPV values over the project lifetime were
positive. For scenario 1 (biogas recovery from sludge alone), the NPV is estimated to
$393,483 over the project lifetime with an IRR and PBP of 19.4% and seven years, respectively.
The most excellent feasibility is offered by the biogas recovery from the co-digestion of the
sludge and 10 tonnes day ! of agri-food wastes (Scenario 3), where the NPV, the IRR, and
PBP were assessed to be $851,876; 21.8% and six years, respectively (Figure 5 and Table 3).
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Figure 5. Calculated net present value (NPV) and internal return rate (IRR) of the Al-Russayl WWTP sewage sludge (SS)
digestion or co-digestion with agri-food wastes (AFW) project for the baseline conditions (Scenario 1: SS alone; Scenario 2:
SS+ 2 tonnes day_1 of AFW; Scenario 3: S5+ 10 tonnes day‘1 of AFW).

It is essential to underline that it is complicated to compare these values to those found
in the literature. Indeed, such operation’s efficiency depends on the feedstock’s nature and
flow rate, the AD process conditions (primarily temperature and residence time), the size of
the used digesters, and the efficiency of the methane conversion into electricity [14,29,66].

3.5. Sensitivity Analysis Results

Since this economic study was performed under particular assumptions, it is important
to carry out a sensitivity analysis that considers market instability versus time and costs
vary. The studied options (see Section 2.4) showed that all of them were economically
feasible. Indeed, the corresponding NPV and IRR were positive and higher than 10%,
respectively (Figure 6a,b and Table 4). Option 1, which assumes that the generated electricity
will be sold to businesses at the same price currently applied by the Omani electricity
distribution company (0.148 $US kWh 1) instead of 0.138 $US kWh~! (baseline simulation),
has significantly increased the NPV and IRR for all the studied scenarios. Indeed, the related
calculated NPV and “IRR” reached $0.552, $0.667, and $1.148 million and “23.1%", “23.8%",
and “26.0%” for scenario 1, 2, and 3, respectively (Table 3 and Figure 6a,b).
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Figure 6. Economic feasibility of electricity production from Al-Russayl WWTP sludge and agri-food wastes co-digestion
process. Sensitivity study effects on Net present value (a), Internal return rate (b), and Payback period (c) (Scenario 1: SS
alone; Scenario 2: SS+ 2 tonnes clay_1 of AFW; Scenario 3: SS+ 10 tonnes day_1 of AFW; Baseline conditions: electricity
selling price = $0.138 kwh~!; Option 1: electricity selling price = $0.148 kwh~!; Option 2: baseline conditions+ annual
expenses decrease by 15%; Option 3: Baseline + annual expenses increase by 15%).

Table 4. Economic feasibility of biogas generation from Al-Russayl WWTP sludge and agri-food wastes co-digestion.
Sensitivity study results (Scenario 1: SS alone; Scenario 2: S5+ 2 tonnes day_l of AFW; Scenario 3: SS+ 10 tonnes day_1 of
AFW; NPV: net present value; IRR: internal return rate; PBP: payback period).

NPV ($ Million) IRR (%) PBP

Scenario 1 0.393 19.4 7

Baseline option Scenario 2 0.481 200 7

Scenario 3 0.852 21.8 6

Option 1: Generated Scenario 1 0.569 23.6 6

electricity sold for Scenario 2 0.688 243 6
$0.148 kWh~!

Scenario 3 1.181 26.5 5

Option 2: Total Scenario 1 0.706 30.1 5

expenses df/Cfease by Scenario 2 0.845 31.0 5

1% Scenario 3 1.419 33.9 5

Option 3: Total Scenario 1 0.081 11.7 9

expenses i{}/Cfease by Scenario 2 0.117 122 9

1% Scenario 3 0.285 13.5 9

The best option yielding the highest NPV and IRR corresponds to where the engaged
costs were supposed to decrease by 15% (option 2). Under these conditions, the calculated
NPV values were determined to be $0.706, $0.845, and $1.419 million for scenarios 1, 2,
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and 3, respectively. These values are 79.6%, 75.6%, and 66.5% higher than those found for
the baseline option. Moreover, the IRR values were significantly higher than the current
banking interest rates since they reached 30.1%, 31.0%, and 33.9% for options 1, 2, and 3,
respectively. The PBP for the three scenarios were evaluated to 5 years only (Figure 6c).

On the other hand, even with a 15% increase in the calculated costs, the NPV and IRR
are still positive and higher than 10%, respectively (Figure 6a,b, and Table 4). However,
the related NPV has significantly decreased compared to the baseline option. They were
assessed to be about $80,823, $116,793, and $285,047 for options 1, 2, and 3, respectively.
The IRR values have also considerably decreased compared to the baseline condition, with
values of only 11.7%, 12.2%, and 13.5% for options 1, 2, and 3, respectively. The PBP
increased to 9 years for all the studied options (Figure 6¢).

It is worth mentioning that the benefits of the digested sludge valorization as organic
fertilizers instead of the commercial ones were not included in this study. This is attributed
to the uncertainties related to the heavy metals concentrations progress versus time, es-
pecially cadmium and molybdenum. In this regard, Alhammad [66], when studying the
economic feasibility of turning dairy manure farm (generated by 2000 cows) into electric-
ity at Zarqa, Jordan, reported that the expected revenue from the annual production of
organic fertilizer was to 24,000 €. It is 33% higher than the benefits derived from electrical
energy generation.

On the other hand, it is essential to include in future investigations the social aspect
that could include issues related to sludge’ odors complaints, the public perception of
renewable energy recovery from sludge, and the political support to such technology.
Regulatory issues should also be considered in this context. They should emphasize the
discrepancies between concerned governmental agencies, tariffs of generated electricity
and interconnection with the national grid, and finally, the faced-challenges towards a
full-respect of water and sludge discharge/reuse limits as well as air quality.

Finally, for a sustainable environment preservation, the production of sludge should
be minimized as maximum as possible at its production source through the promotion
of the following major tasks [3]: (i) adopting new processes in the wastewater treatment
process, (ii) optimizing the dewatering processes for lower sludge water contents, and
(iii) reducing the fraction of volatile solids through various oxidation methods.

4. Conclusions

This technical-environmental-economic feasibility shows a substantial potential for
biogas and electricity recovery from the digestion of the sludge produced at the Al-Russayl
industrial estate WWTP in Oman. Findings were promising when sludge was applied
alone or in combination with agri-food wastes, respectively. The best results in terms of
biogas production and electricity recovery were obtained in the scenario 3 (sludge mixed
with 10 tonnes/day of AFW). In this scenario, significant methane amounts were recovered
(more than 18 Mm?) and converted into electricity (more than 82 GWh) for the whole
project lifetime. This generated electricity is able to cover the overall current needs of the
WWTP at this industrial estate. The in situ use of the produced electricity will enhance
its energy security and will permit its sustainable functioning. Moreover, the project
implementation will significantly reduce the GHG emissions (more than 70,000 tCO,)
mainly due to the used-generated electricity from biogas instead of the one supplied by
the national grid network. The cost-benefit analysis shows that the co-digestion of WWTP
sludge with agri-food wastes is particularly economically attractive with maximum NPV
and IRR values of $851,876 and 21.8%, respectively, and a payback period of six years. The
sensitivity analysis demonstrates that the NPV and IRR values reached $1,418,704 and
34.0% when the total expenses were reduced by 15%. However, when the total engaged
expenses were increased by 15%, the NPV and IRR values considerably decreased, but they
were still positive and slightly higher than 10%, respectively.

The in-depth physico-chemical characterization of the sludge and the agri-food wastes
produced in the Al-Russayl industrial estate is an essential task for the future updating
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and exploitation of this feasibility study. This characterization will mainly concern mainly
their total solid and volatile matter contents, their potential degradability rate, and their
calorific energy potential.

The application of such a process in other existing WWTPs and future planned ones
will permit Oman to achieve the sustainable goals for low GHG emissions, sanitation, and
water resources protection. A thorough assessment of the techno—environment—economic
feasibility of biogas production from the co-digestion of sludge and agri-food wastes
in the planned WWTP will enable the government to implement new sustainable and
environmental-friendly plants. These plants should integrate the biogas recovery and
conversion into electricity and the agronomic valorization of the generated digestate,
which are essential steps towards circular economy concept application and sustainability.
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