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Abstract

The production of human-produced wastes is increasing with the growth of
the world’s inhabitants. As a result, the sustainable management of huge
amounts of waste is becoming an increasingly challenging task. One of these
challenges is the solid waste produced by the increasing number of water
treatment plants (WTPs). This paper is reviewing and proposing a recycling
system which may have a technical and economical feasibility for Oman and
GCC. The Proposed Recycling system for dry waste from Water Treatment
Plant (WTP) in this paper is expected to be able to operate in Omani opera-
tion conditions and GCC. It has been patented as a utility model. The as-
sumed feed for the purpose of presenting economically viable case is assumed
to be around 100 tons/day. This assumption could go higher depends on the
demand.
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1. Introduction

The quantity of worldwide wastewater has been increasing rapidly in the last
decades due to the rapid population growth and, thus, increased water use for
various purposes. Wastewater, if not properly treated, can cause different harms

and deteriorate the ecological situation. In particular:
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e Sewage water has an unpleasant odor, which affects the city image and com-
fort of people living close to the sewage treatment plants.

e Tanks with sewage water from residential areas and manufacturing facilities
quickly become overloaded, and more sewage treatment plants are needed. It
increases public spending.

e Sewage treatment plants produce by-products of sewage treatment, which
need to be utilized at landfills. It means more area and money are needed.

o Wastewater coming from industrial estates typically contains heavy metals:
arsenic, lead, mercury, cadmium, chromium, copper, nickel, silver and zinc.
The discharge of high amounts of heavy metals into water bodies leads to
several environmental and health impacts. If wastewater is not treated prop-
erly, it may leach to ground waters. The consequence of it is the reduction in
quality and quantity of food, reduced plants’ growth and uptake of nutrients,
physiological and metabolic processes.

e Wastewater contains antibiotics and drugs. Current wastewater treatment
plants are not designed to remove micro-pollutants such as antibiotics and
antibiotic-resistant bacteria and genes. Thus, these biological components
might end up in the wastewater treatment plant effluent, as they are not fully
removed by current treatment technologies. As a result, they may reach sur-
face water, groundwater and potentially, drinking water. And this poses a se-
rious threat to human health.

e Wastewater contains harmful bacteria, parasites, pathogens viruses and dif-
ferent organic components. As in the previous case, not all of them are elim-
inated at treatment plants, so there is a high risk they may get into drinking
water and even food chains and affect the health of humans, animals, and
plants.

In order to assess the available methods for sludge utilization and choose the

most suitable one, it is necessary to consider current trends in Oman.

2. Project Motives

2.1. Demand and Growth Review

According to the published data by National Centre for Statistics and Information
(NCSI) (Oman, 2019) and GCC Statistical Centre (GCC-STAT, 2019), Population
in Oman (Omanis + expatriate) has been growing since 2008 and reached 4.8 x
10° in 2018, thus, increasing by 6%. This trend is likely to continue, and by 2022
Oman’s population is projected to reach 6.1 x 10° thus, increasing by 26% since
2018 (see Figure 1).

Population growth will trigger the following complications: first of all, in-
creased demand for water, which proves the Water statistics report. According
to it, water consumption in Oman is gradually increasing and expected to rise by
52% in 2022 as compared to 2018, i.e. from 370 x 10° m® to 562 x 10° m® (see
Figure 2). As a result more water will need to be treated which mean solid waste
from the WTP will be produced.
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Moreover, from the graphics it can be noted that water consumption is grow-
ing due to the growth of the population. However, the growth for water demand
is almost 2 times higher than that of the population, i.e. 6% and 11% in
2008-2018, and 26% and 52% in 2018-2022 (see Figure 3). The increased de-
mand for water means the increased use of freshwater for various purposes, ac-
cordingly treating waste water from different resources.

Also the published data by GCC-STAT, Countries of the Gulf region have
managed to provide a steady growth of the available fresh water in recent years.
The amount of freshwater was rising from 2008 till 2015, increasing by 8%.
However, in 2016% there was a 2% decline. The problem may become more se-
vere due to the constant growth of the population. And in case this negative
trend continues, the total amount of the available freshwater will drop by 14%
(see Figure 3). In order to stop it, the government may either try to curb the
growth of the population or use more efficient technologies of sludge utilization

to provide a needed amount of freshwater. In any case, it will take time to reach
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Figure 1. Oman population growth.
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Figure 2. Oman water consumption.
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Figure 3. Comparison between growth and decline scenarios.

DOI: 10.4236/ti.2021.121002

18 Technology and Investment


https://doi.org/10.4236/ti.2021.121002

M. S. Alsaidi et al.

the forecasted amounts of freshwater.

The published data by National Centre for Statistics and Information (NCSI),
GCC Statistical Centre (GCC-STAT) and International Energy Agency (IEA)
(IEA, 2019) all assumed that the growing consumption of water and the in-
creased need for freshwater affect electricity production in Oman, which has
been growing steadily from 2008 onwards and which is 3 times higher than in
the rest of the world. This tendency is likely to continue, so it is expected that
electricity production will reach a 54% increase in 2022, while world electricity
production may grow by just 16% (please refer to Figure 4 and Figure 5).

It may be related to water production and water treatment processes in the re-
gion where large amounts of electricity are consumed to withdraw, desalinate

and treat huge amounts of water.

2.2. Morals and Environmental Motives

Based on the information provided by Haya (Service, 2019), In north of Oman
every day sewage treatment plants produce more than 100 tons of dry sludge
which needs to be utilized. For a year it makes more than 36 thousand tons. It
can be assumed, this value correlates to the present population and water con-
sumption value. So if population and water consumption increases, then the
production of sludge will increase as well. And it can be projected that by 2022 it
will have increased by 52%, making up more than 54.7 thousand tons/year. This
proposed system will offer 100% utilization of the dry waste.

2.3. Research and Scientific Motivation

It can be said that this system presented in the paper can give after establishment
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Figure 4. Electricity production.
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Figure 5. Global electricity production.
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the following research and innovation potentials:

e It can give bio-technology specialists a real operating data from the Omani
operating conditions.

e It can give the bio-technology specialists and engineers working in this filed
the chance to innovate in building and test better and more efficient equip-
ment and develop Omani branded technologies and industrial techniques.

e It opens up the doors for researchers to experiment new developments in re-
ality.

3. Sludge Utilization Strategies Review

From the literature (Barber, 2012; Gnansounou, 2019; Gnansounou & Alves,
2019; Hublin et al., 2014; Ruan et al., 2019; Yusup et al., 2019; Wellinger et al.,
2013; Communities, 2002; Christodoulou & Stamatelatou, 2016; Baawain et al.,
2015; Baawain et al., 2014; Jaffar Abdul Khaliq et al., 2017; Calusinska et al.,
2018), there exist different ways to utilize waste and sludge. They include landfil-
ling; composting, processing at gasification and incineration plants, as well as
using at biogas plants and co-firing in cement kilns (Calusinska et al., 2018). The

last two technologies are considered to be feasible to pursue.

3.1. Landfilling

It is one of the strategies of waste and sludge disposal (Sludge, 1997). Historical-
ly, landfilling has been the most common method of organized waste disposal
and remains so in many places around the world. Landfilling is one of the most
cost-efficient ways to dispose of waste, especially in countries with large open
spaces. They have fewer fixed or ongoing costs, which is a strong competitive
advantage.

At the same time landfills are now widely recognized as being an unsustaina-
ble outlet (Kollikkathara et al., 2010; Hall, 1999; Rulkens, 2007) due to concerns
over the following:
¢ Rotting food and other decaying organic waste create methane and carbon

dioxide. Landfill gases can get into the surrounding air and soil. Apart from
contamination, they may contribute to the increased amount of greenhouse
gases in the atmosphere, leading to climate change, disruption of ecosystems,
and posing a risk to human health.

e Leachate of the waste and dry solid of sludge containing toxic and materials
may get to soils, groundwater and then, potentially, to drinking water. It may
lead to a negative impact on human health, reduction of microorganisms in
soils, a decrease in groundwater quality, degradation of ecosystems and a de-
crease in surface water quality.

e Other issues include wildlife disruption, dust, noise, and reduced local prop-
erty values.

In Oman landfills and landfilling are managed by Beah. Increased amounts of

sludge and, as a result, dry solid represent a potential problem for Beah, as it is
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running short of available landfilling sites. Oman government introduced limits
for metal concentration in sludge for its utilization and disposal (Al-Musharafi
et al., 2013) (see Table 1).

If the concentration of metals exceeds limits, the sludge has to be disposed of
in sanitary landfills or other facilities, but only with the prior approval of the
Ministry. Sludge which is not being delivered to contractors or users shall either
be utilized in an approved manner or be disposed of by the owners in an ap-
proved manner.

In order to dump the dry solid of sludge, it is necessary to pay a landfilling ta-
riff and a transportation fee to transfer sludge to the landfilling site. Every me-
gaton of waste is obliged by a tariff, which ranges more than OMR 10/ton. In
other countries, landfill tariff is comparable to that in Oman, the highest being
in the UK—ranging from OMR 17.7 to OMR 212.2. The figure below shows the
published tariffs in some of the European countries (Hogg, 2002) (see Figure 6).

In Northern Oman, more than 54,750 MT of sludge is generated every year. In
order to utilize it, the STP owners has to pay OMR $ for every ton to Beah,
which makes OMR § per year. Besides, it has to pay for transportation to landfil-
ling sites—about OMR expected to be more than 206,000. And for every ton, the
STP owner pays a landfill tax in case it has been introduced. Taking into account
the increase in sludge generation these numbers are more than likely to rise, as, in
order to provide enough space for landfilling, Beah may start to increase landfilling

tariff and cost for utilization. A possible solution is to reduce the amount of wet

Table 1. Limits for metal concentration in sludge for its utilization and disposal in Oman.

All units are grams per ton of dry matter

Parameter Limits (not greater than)
Cadmium 30
Chromium 1000
Cobalt 100
Copper 1000
Lead 1000
Molybdenum 20
Nickel 200
Zinc 1000

[ min
Il max

France
Germany
UK 212.2

Oman

Figure 6. Published landfilled tariffs in some of the European countries.
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content of sludge. This will be effective only if we speak about large amounts of
sludge. The diagram visualizes the total annual cost (OMR) of landfilling against
the moisture content of the sludge/cake (%) for 4 T/d (see Figure 7).

The landfill tariff increase is a steady tendency in the EU. In 2010 the majority
of countries had a tax level for municipal waste landfilling exceeding OMR 13
per tons of waste. And since then many countries have been increasing the tax
rate, so now it is around OMR 26, i.e. a 2-time increase from 2010. It is a meas-
ure that governments have to take in order to move up the utilization hierarchy,

where landfilling is at the bottom.

3.2. Burning (Incineration)

Incineration (see Figure 8) is the process of oxidizing organic sediment to non-
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Figure 7. Total annual cost (OMR) of landfilling against the moisture content of the
sludge.
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Figure 8. An incineration process of sludge (Wellinger et al., 2013).
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toxic gases, i.e. carbon dioxide, water vapor and nitrogen, and ash. Before the

start of the process, sediments should be either mechanically dehydrated or

thermally dried (Samolada & Zabaniotou, 2014).

Sewage sludge is delivered to the incineration plant. There, it is dewatered and
dried. Then the sludge undergoes distilling of volatile substances. After that, it
goes to the incineration chamber where the organic part of the sludge is burnt,
and carbon residues are claimed. The sediment is ignited when the temperature
in the chamber reaches 200°C - 500°C. Calcination of the ash part of the sludge
is completed by its cooling. The temperature in the furnace during this process is
in the range of 700°C - 1000°C. Currently, there are different technologies
available: mono-combustion in multiple hearths and fluidized bed furnaces,
co-incineration with coal in power plants with other fuels with municipal solid
waste and so on.

Sludge incineration (Samolada & Zabaniotou, 2014) allows reducing a large
volume of sludge to a small stabilized ash, which accounts for 10% of the volume
of mechanically dewatered sludge, and thermal destruction of toxic organic con-
stituents. Furthermore, sludge has a high calorific value, which corresponds to
that of brown coal, and through incineration, this energy content may be recov-
ered. This technology allows us to control the spread of diseases, recover the
precious metals and ensures low fluctuations of temperature and flow rates. Be-
sides, it is relatively easy to implement and operate, as there is a rich experience
in the field. However, sludge incineration raises the following concerns
(Rulkens, 2007):

e After incineration, up to 50% of the input dry mass of sewage sludge remains
as ash and most of the toxic heavy metals in sludge are retained which com-
plicates ash disposal, because it becomes expensive to dispose and requires
special and costly filling sites.

e The nitrogen, chlorine, sulfur, dioxins, furans, etc. presented in sludge are
highly toxic even in minute concentration. They can cause skin disease and
affect the nerve system. They are released as gaseous pollutants in various
forms during combustion, and this necessitates extensive flue gas cleaning to
meet strict emission limits normally imposed on waste incineration.

e The net heating value of mechanically dewatered sludge may not be sufficient
for auto-thermal combustion, so supplementary fuel may be necessary. And
this has a direct impact on the cost of sludge incineration.

e Sewage sludge contains 1 - 4 mg of mercury per kg of dry matter which exists
in various compounds. Due to their low boiling temperature, in the combus-
tion furnace, the mercury compounds are readily vaporized and exist in gas
form after combustion. However, due to the instability of the mercury com-
pounds in the gaseous form at higher temperatures, more often at above
700°C the compounds decompose to form elementary mercury. The elemen-
tary mercury is not readily soluble and thus, unlike other heavy metals, is not
removed with the ash during post-combustion flue gas treatments. So it may

leach and affect the environment.
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All in all, the construction of the incineration plants or upgrade of treatment
facilities for co-incineration requires significant capital expenditure. Further-

more, sewage incineration plants tend to have a bad public image.

3.3. Gasification

Gasification (see Figure 9) of sewage waste is an old but promising technology
for biomass utilization. It is the process of converting a solid fuel into a gas with
a significant heat value by treating the solid fuel in a generator with oxygen, air,
and steam or by other gasification methods. The main components of the gas are
CO, CO,, H, and N, (comes from air) (Samolada & Zabaniotou, 2014; Rulkens,
2007).

The most important reactions that take place in the reduction zone of a gasifi-
er between various gaseous and solid reactants are given below. A minus sign
indicates that heat is generated in the reaction, a positive sign—that the reaction
requires heat (Wellinger et al., 2013).

CO + CO, > 2CO, + 164.9 k] /kmol
C + H,>CO + H, + 122.6 kJ/kmol
C + 2H, > CH4 + 0 kJ/kmol

CO + 3H, > CH, + H,0-205.9 kJ/kmol

The product of the process can be burned in a CHP/turbine unit or upgraded
(purified) and used for methanol, ethanol or alkenes synthesis. The obligatory
condition of the gasification process is the drying of the sludge. The higher the
degree of the dry solid, the more efficient is the gasifier’s input and the higher is
gas heat value (Ongen et al., 2016). If moisture is over 40% the merits of gasifica-
tion become questionable (Heidenreich et al., 2016) (see Table 2 and Figure 10).

Gasification of sewage sludge has certain advantages (Vigil, A. & Tchobanogl-
ous, 1983; Ongen et al., 2016; Samolada & Zabaniotou, 2014; Yusup et al., 2019;

biomass T

! Tar reforming!
o _le -

o ®o'o
o

- o °
. = «Biomass pyrolgls,is(_>
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N St Q.2

Air and H,O

Figure 9. A Gasification process of sewage waste (Wellinger et al., 2013).

DOI: 10.4236/ti.2021.121002

24 Technology and Investment


https://doi.org/10.4236/ti.2021.121002

M. S. Alsaidi et al.

Table 2. Comparison between degree of the dry solid and gasification process output.

Fuel moisture (waste) 20% 30% 40%

Gasifier’s max. output 100 89 77

Gas heat value MJ/m3n hot
(incl. sensible heat)

Gas heat value
hot MJ/m3n
(=) NS N o

20 40
Fuel moisture

Figure 10. Moisture in fuel highly affects gasification process (Heidenreich et al., 2016).

Heidenreich et al., 2016):

Reduction of CO, emissions;

Cost efficient production of power and heat;

Alternative to coal-palm leaves, rice hulls or manure;

Calorific value equal to coal due to the production of syngas (CO + H,);
Smaller and less expensive gas-cleaning facilities;

Positive impact on the environment and region economy;

Gasification takes place in an environment with low levels of oxidizers and
large quantities of sulfur and nitrogen oxides, which prevents the formation
of dioxins;

The process allows to produce bio-char, which is rich in P content, that can

be used as a fertilizer, given there are no heavy metals in the content;

At the same time, gasification of sewage sludge has some issues that need to be

taken into consideration before choosing this method of utilization (Vigil &
Tchobanoglous, 1983; Ongen et al., 2016; Samolada & Zabaniotou, 2014; Yusup
et al., 2019; Heidenreich et al., 2016):

The gas produced during gasification is flammable;

There is a risk that dust in contact with the gas can explode;

There is a risk of gas poisoning (CO and so on) in case of an accident;

Heat recovery is mostly used for drying;

Installation and running of the gasification plants requires high capital ex-
penditure;

The by-product of the gasification process is bio-char, a fertilizer which at

the present does not have a large market.

3.4. Composting

Composting (Rehl & Miiller, 2011; Sludge, 1997; Verstraete et al., 2007; Venki-

teshwaran et al., 2016; Goswami et al., 2016; Baawain et al., 2015) of wastewater

residual is a bio-thermal aerobic process that decomposes the organic portion of
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the residuals. The composting process reduces the organic material in the resi-
dual by approximately 25 percent. During composting the heat generated by the
decomposition of the organic portion of the residuals reduces the moisture con-
tent of the residual, stabilizes it and renders the residual harmless by transform-
ing it into a usable bi-solid (Rulkens, 2007).

Based on its content of nitrogen, phosphorus, calcium, magnesium, sulfur, etc.
sludge shows good fertilizer properties. But sewage sludge should be completely
and properly processed before being used in agriculture. When properly treated
and processed, sewage sludge becomes bio-solids. Table 3 shows typical proper-
ties of untreated and digested sewage sludge (Bonten et al., 2014).

So it can be seen that sewage sludge treatment allows getting the product rich
in nutrients (3.0 compared to 2.5), phosphorus (2.5 compared to 1.6).

Sewage sludge may be further “upgraded” to get organic-mineral fertilizers
(OMF) (Kominko et al., 2018). They are rich in nutrients and microelements.
OMFs are produced by adding to dry sewage sludge mineral fertilizers in order
to increase nutrient con. Sludge recycling as a fertilizer has several advantages,
which include the return of the organic materials into the bio-cycle. Sludge also
replaces the application of artificial fertilizers whose production also requires a
lot of energy.

Selling sludge as a fertilizer is becoming popular in developed countries
(Eggerth et al., 2007; Christodoulou & Stamatelatou, 2016). In the UK, France,
Germany and other developed countries they have sludge composting fertilizer
available for sale. Eastern treatment plant in Melbourne of Australia treats 1.2 x
10* m’ dry sludge per year as soil amendments to sell to nurseries. In China,
Shenzhen has mixed sludge composting and animal manure for sale.

So Oman may consider this option as well. Sludge can be fully composted and
then sold as bulk compost or upgraded with organic-mineral fertilizer. However,
it is difficult to determine the profitability of the approach. Besides, sludge de-
watering and then transportation further complicates the process and increases
the costs. So it is questionable if straight composting of sludge has any economic
success.

It is necessary to point out that selling bio-char as a fertilizer is risky, as it is a
new type of business. Also, additional research is needed to assess the profitabil-

ity of this market, the content of heavy metals in the sewage sludge in Oman.

Table 3. Properties of untreated and digested sewage sludge.

Item (% dry weight) Untreated primary sludge Digested primary sludge
Total dry solids 5 10
Volatile solids 65 40
N 2.5 3.0
P,0; 1.6 2.5
K,0 0.4 1
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The existing studies (Jaffar Abdul Khaliq et al., 2017; Baawain et al., 2015; Baa-
wain et al., 2014) show that because of the difficulties associated with the appli-
cation of compost in comparison with competing products, the actual size of the
market is still relatively small. The same situation may exist in Oman as well.

Furthermore, in the recent past, the application of sludge on agricultural land
has met a lot of setbacks due to the presence of heavy metals in the sludge (Hall,
1999; Communities, 2002). To regulate the use of sewage sludge on agriculture,
many countries have introduced limit concentrations for heavy metals and the
frequency of application (Bonten et al., 2014; Kominko et al., 2018).

From Table 4, it can be seen that the limits for heavy metal content range de-
pending on the application. For agricultural exploitation limits for heavy metals,
concentrations are very low, as they may get into the food chain and affect the
health and well-being of humans and animals. It is possible to say that due to the
increasing volumes of sludge and a still more pressing problem of sludge utiliza-
tion, these limits may become even more stringent. So it is possible to presume,
that concern over risks from heavy metals and organic contaminants in the sludge,
and caution over the addition of nitrogen- and phosphorus-rich manure to land,

will continue to be a major factor in limiting the use of sludge as fertilizer.

3.5. Sludge Co-Processing in Cement Kilns

Co-firing of sludge in cement kilns may be regarded as a profitable way of sludge
utilization. The technology may sound new to Oman, but it is used actively in
China (Li et al., 2013). There, in 2008 was built a system for ejecting wet SS to
cement kiln with clinker capacity about 2500 t/d. It is possible to utilize 100 ton
SS per day using this system.

Sludge from WWTP is transported to a reservoir of the cement plant and then
fed directly to the inlet of the kiln through high-pressure pumps (see Figure 11).

Heavy metals in the contents of sludge are incorporated in the clinker, while

the volatile and semi-volatile materials accumulate in cement kiln dust. It is

Table 4. Limits for heavy metal content range.

Soil fertilization, land reclamation Agro-technical

Non-agricultural composting. Drainage

Metal Agricultural exploitation exploitation and reclamation
mg/kg d.m.

Lead (Pb) 500 1000 1500
Cadmium (Cd) 10 25 50

Chromium 500 1000 2500

Copper (Cu) 800 1200 2000
Nickel (Ni) 100 200 500
Mercury (Hg) 5 10 25

Zinc (Zn) 2500 3500 5000
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100 tons of 80% = Sludge reception — Send to 2500 t/day cement kiln (it
sludge per day station will be only 4% additive)
Transport to cement plant
Sludge has a heating @Qﬂ
If there are any value, so it will replace @
Reduction heavy metals in the methane, providing o !
of NO, 4w | sludge, they will be — economy of OMR e o0 vt 0. 130
emission safely incorporated in 579,000 per year (we 100°C)
the cement matrix assume sludge will be ® The last stat is the most cfficient:
sold at 25% discount) e f:;j;’j;““'_f’;“

* Higeefficiency bag filter

Figure 11. The overview of the co-firing process in the cement plant.

proved by the research conducted by the University of Tuzla (Cipurkovic et al.,
2014). They analyzed contents of cement produced at the Cement Factory of
Lukavac and found out that non-volatile metals generally tend to be incorpo-
rated into the clinker, while the lower part, especially volatile and semi-volatile
metals (cadmium, mercury), accumulates in the cement dust. Volatile and
semi-volatile metals, as well as fine particles of cement dust, possibly, depending
on the efficiency of the existing filters in the factory, can broadcast the gaseous
products. These properties can have a significant impact on the distribution of
metals at high temperatures in the sintering process. The distribution of ele-
ments in different streams in the process of sintering indicates that most of the
trace elements get incorporated in the mineral phases of clinker. Due to the in-
corporation of heavy, toxic metals in the clinker minerals, they are entered in the
cement and concrete later in which to linger for many years, thus, preventing or
reducing their negative impact on the environment.

Another research has shown that presently used secondary input materials in
some cases result in a slight increase in trace element concentrations of cement
(Achternbosch et al., 2005; Achternbosch et al., 2003). However, a general as-
sessment of the use of wastes in cement production and of its impact on trace
element input cannot be made. Furthermore, future developments can hardly be
estimated. The study has also shown that the mobilization of trace elements
from concrete components during service life is negligibly small. After demoli-
tion, an increased trace element mobilization is conceivable under certain as-
sumptions.

However, studies at the Huaxin cement plant (Li et al., 2013) showed that
sludge could be disposed of in the cement kilns with no negative effect on clink-
er quality and environment. There were made comparisons of clinker quality on
a normal production line (Kiln 1) and on a sludge disposing line (Kiln 2).

Figure 12 shows that there are minor differences in the clinker composition,
which proves that sludge does not affect clinker quality.

Furthermore, the alkaline atmosphere of the cement kiln system and the high
turbulence makes the acidic gas, such as SO,, HCI, be neutralized and reduces

the emission. The system also makes most of the HM gas emission far below the
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Figure 12. Co-Processing Sewage Sludge in Cement Kiln in China (Li et al., 2013).

limitation, with the exception of mercury and thallium.

When fired in cement kilns, sludge can be used as an alternative fuel, replac-
ing natural gas (Al Seadi et al., 2013; Kratzeisen et al., 2010). Components of
sludge have a heating value and allow to save at least more than half million
Omani Rials per year, which is equivalent to 11,463,600 m’ per year.

The implementation of this technology in Oman is advantageous, as sewage
treatment plants in Oman produce sludge with a greater percentage of the dry
solid than in China as shown from the data provided by Haya.

Sludge co-firing requires relatively inexpensive equipment upgrade—around
half a million Omani Rials + 20% (this by surveying the internet for the off-shelf
equipment suitable to the system in Oman Cement Company). These resources
are needed to obtain and install bag filters to capture harmful dust and a
wet-scrubber to produce cleaned and dust-free gas.

An independent operator can service both WTP owners and cement plants for
cost-effective sludge utilization. Taking into account the transportation costs of
sludge from WTP to a cement plant, salaries and overhead costs. The total reve-
nue of the operator is made up of the annual revenue from STP owner, selling
sludge as a fuel for a cement plant as a replacement for natural gas with a
25%-discount.

From the performed analysis it is possible to say that cement plants can be
used for both sewage sludge disposal or co-processing for the environment and
natural fossil fuel saving. Oman has suitable conditions for effective sludge dis-
posal, as dry solid of sludge is higher than in other countries. Sludge serves as an
alternative fuel to natural gas and allows decreasing expenses on natural gas.

3.6. Biogas Production

The rule of biogas production is attractive idea in the view of sustainable devel-
opment (Calusinska et al., 2018; Hublin et al., 2014; Valenti et al., 2018; Su et al.,
2015; Scarponi et al., 2015; Han et al., 2016; Heyer et al., 2016; Baeyens et al.,
2016; Tornwall et al., 2017; Goswami et al., 2016; Klocke et al., 2007; Sil-
las-Moreno et al., 2019; Campanaro et al., 2018; Patterson et al., 2011; Rehl &
Miiller, 2011; Treichel & Fongaro, 2019; Kovacs et al., 2013; Guo et al., 2019;
Heezen et al., 2013; Kougias et al., 2017; Poeschl et al., 2012b; Poeschl et al.,
2012a; Yanuka-Golub et al., 2019; Fontana et al., 2016; Sgroi et al., 2015; Luo et
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al., 2016; Angelidaki et al., 2019; Nguyen et al., 2019; Yusup et al., 2019; Rach-
bauer et al., 2016; Schniirer, 2016; Mathew et al., 2015; Regattieri et al., 2018;
Wellinger et al., 2013; Scarponi et al., 2016; Kratzeisen et al., 2010; Casson Mo-
reno et al., 2016; Al Seadi et al., 2013). It has been estimated that in the last 10
years biogas production triplicated, resulting in accumulative growth on the
number of related facilities (Casson Moreno et al., 2016). This clearly indicates
the amount of work already established in this filed.

Anaerobic digestion (AD) is a microbe-driven process of biomass decomposi-
tion to CH, (60% - 70%) (Yanuka-Golub et al., 2019; Goswami et al., 2016; Kim et
al., 2019; Prabhu & Mutnuri, 2016) and CO, with good cost-effective energy pro-
duction through Microbial resource management (MRM) (Calusinska et al., 2018;
Verstraete et al., 2007; Read et al., 2011; Wang et al., 2019). Anaerobic digestion
already providing the world by an estimated figure of around 10,000 MW of power
(Verstraete, 2015). All these facts are improving the confidence level of AD tech-
nologies with higher trust for energy production establishment here in Oman.

A number of studies explored the microbial community ecology of AD with
great insights of the structure, dynamics and functionality of microbial com-
munities (Kirkegaard et al., 2017; De Vrieze et al., 2015; Abendroth et al., 2015;
Werner et al., 2011; Fontana et al., 2016; Luo et al., 2016; Campanaro et al,,
2018) covering the factors affecting microbial community in AD (Mathew et al.,
2015; Kim et al., 2019; Jimenez et al., 2013; Astals et al., 2014); Figure 13 and
Figure 14 are examples.

From literature it can be concluded that commonly the largest incensement in
production which can be considered economically viable from the operational

point of view is the first 72 hours of AD. Figure 15 and Figure 16 show and

FW HF TP
C (%, dry w/w) 49.2 (1.3) 49.5 (0.5) 41.7 (0.2)
H (%, dry w/w) 7.1(0.2) 6.9 (0.1) 6.3 (0.1)
O (%, dry w/w) 44.4 (0.3) 38.1(0.5) 51.3 (0.1)
N (%, dry w/w) 3.7 (0.6) 5.4 (0.2) 0(0)
S (%, dry w/w) 0(0) 0(0) 0 (0)
C:N ratio 13.3 9.2 n.a.
CHONS 104.4 99.9 99.3
Co (mg/L) 0.004 (0) 0.006 (0.001) 0.002 (0)
Cr (mg/L) 0.028 (0) 0.046 (0) 0.016 (0)
Cu (mg/L) 0.424 (0.001) 1.984 (0.003) 0.032 (0.002)
Fe (mg/L) 3.860 (0.003) 14.120 (0.03) 0.652 (0.009)
Mn(mg/L) 0.730 (0.001) 5.660 (0.009) 0.038 (0.004)
Ni (mg/L) 0.090 (0.001) 0.256 (0.002) 0.066 (0.002)
Zn (mg/L) 2.100 (0.003) 16.460 (0.031) 0.410 (0.008)
Mo (mg/L) 0.036 (0.002) 0.126 (0.001) 0.024 (0.001)
W (mg/L) - - -
Total solids (g/L) 111.8 (0.9) 61.7 (1.1) 17.0 (0.2)
Volatile solids (g/L) 103.2 (0.9) 55.3 (1.0) 16.2 (0.3)
Total COD (g/L) 144.3 (5.0) 92.6 (4.7) n.a.
Soluble COD (g/L) 89.8 (2.1) 26.7 (0.1) n.a.

Figure 13. An example factors affecting microbial community in AD which studied (Kim
et al., 2019).
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Test Name Units Result

Inerganic Parameters

pH PH units 6.9
Metals

Cadmium (Cd) mglkg 1.1
Chromium (Cr) malkg B9.4
Copper (Cu) malkg 268
Lead (Pb) mgikg 325
Molybdenum (Mo) ' maikg 93
Nickel (Ni) ma/kg 235
Selenium (Se) maikg 344
Zinc (Zn) mgikg 539
Mercury (Hg) mglkg 265

Figure 14. Example test collected from local STP.
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Figure 15. Anaerobic digestion over time for Methane yield (Kim et al., 2019).
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Figure 16. Anaerobic digestion over time cumulative biogas (Prabhu & Mutnuri, 2016).
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examples for methane production evaluations:

Filed investigation on different operation conditions of producing biogas from
thickened slug from sewage treatment plant was studied in Luxembourg and
Belgium with good results to encourage such a project (Calusinska et al., 2018).
In Europe only more than 13800 biogas plants were running at the end of 2012
(Casson Moreno et al., 2016). It may considered as an operation risk meditation
of establishing such an entity in Oman that optimal operating microbial condi-
tions has been suggested (De Vrieze & Verstraete, 2016; Wang et al., 2019).
Never the less; the Omani operating conditions need to be optimized in term of
engineering work. Further good news that methods are introduced and tested to
improve the quality of the biogas produced by AD process (Yanuka-Golub et al.,
2019) with enhanced process stability and performance (Rajagopal et al., 2013;
Kougias et al., 2017; Rachbauer et al., 2016).

In relation to operation safety of the biogas production need to be addressed.
Literatures have been showing the type of safety analysis obtained for this indus-
trial sector (Heezen et al., 2013; Riviére & Marlair, 2010) and see-through
emerging risk issues and the control measures (Casson Moreno et al., 2016; Mo-
reno & Cozzani, 2015; Scarponi et al., 2015; Scarponi et al., 2016). According to
the literature the lessons learnt for past accident analysis in biogas production
and upgrading could be summarized as following:
¢ Linked to maintenance errors and errors in design.

e Linked to occupational health and safety practice.

¢ In terms of environmental impact of such a project, there are published stu-
dies which provide basic data required for identification and mitigation of
emission in biogas production and utilization, including the evaluation of
environmental and public health impacts of biogas technology options
(Poeschl et al., 2012a; Poeschl et al., 2012b). Such a project in Oman should
be in compliance with ISO 14000 standards. In the proposed project the en-
vironmental impact assessment seems promising from the literature as the
project is proposing to utilize the produced bio-gas in CHP generators to
generate electricity.

e Biogas plants represent another way of sludge disposal. It is quite expensive
to build and operate, however it has the potential to generate good cash flow
if biogas is needed to produce electricity at peak time.

e 100 tons of 80% dry solid is transported from sewage treatment plants to a
biogas plant. Sludge is put in the biogas reactor where anaerobic digestion
takes place. It results in the production of 37,500 m® of biogas per day, where
the content of methane is 59%. Then biogas is stored in gasholders. When
peak electricity is required, biogas is burnt in the CHP cogeneration machine.
It allows producing = 85,600 kW h of electricity per day (see Figure 17).

e The cost of the construction of a biogas plant depends on the input amount
of sludge per day. The more it is, the higher the capital expenses will be (see
Figure 18).
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Hold biogas in gasholders and burn it only
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|
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Burn in CHP
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Produce 85,600 kW h of electricity p.d.

Figure 17. Overview of biogas production and utilization.
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Figure 18. The cost projection is sourced form (Sgroi et al., 2015; Valenti et al., 2018).

e From Figure 18, it can be seen that the input amount of 100 t of sludge per
day will require around OMR 1 x 10° plus the design cost, commissioning
and the start up in order to construct a biogas plant in Northern Oman.
However, these expenses do not cover costs for plant design.

e The digested slurry created during biogas production is known as Digestate.
It goes into a post-digester reactor and from there further into storage tanks.
Digested slurry from the biogas reactor may be also burnt at the cement

plant.

4. Explored Options and Technology
Investigation Result Summary

4.1. Summary Table

Table 5 presents advantages and disadvantages of the assessed technologies.
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Table 5. Summary of the study which presents the advantages and disadvantages of the examined technologies.

Technology

Landfilling

Co-firing in
cement kilns

Incineration

Biogas production

Gastification

Composting

Advantages e

Easy

No emissions of

Easy to implement and

Safe utilization

reduction of CO, e A rich

e Fewer costs heavy metals operate e Short payback emissions content of P
o Safe disposal e Reduction in the period e cost efficient andK
e High calorific volume of sludge e Electricity production of e A substitute
value e Control of spread of generation power and heat to artificial
e No influence on diseases e Energy o high calorific fertilizers
the environment e Recovery of precious independence value
or clinker quality ~ metals o Different e no dioxins
e No threat for a revenue flows e production of a
human fertilizer
e The least (biochar)
expensive and
cost-demanding
technology
Disadvantages e Soil contamination e Equipment o toxic metals are e Expensive to o flammable gas o profitability is
e Greenhouse gases upgrade at a retained after the build o arisk of hard to
emission cement plant is buring e Competent explosion if the determine
e Leachate of toxic needed o utilization of toxic operators are gas is in contact e High costs of
materials to soils, ® Competent metals is expensive needed to run with the dust sludge
groundwaters and ~ Operators are e dioxins, furans, the plant e arisk of CO gas transportatio
drinking water needed to control  chiorine are released as o Heavy metalsin  poisoning n
o Lack of sites for the process gaseous pollutants the content may o heat recoveryis  ® Heavy metals
landfilling o Heating value of the reduce revenues  yged for drying may be in the
e High sludge is not enough e High « high capital content,
transportation cost for auto-thermal transportation expenditure difficult to
combustion costs if there are e€xamine
e Mercury in sludge is heavy metals in * Declining
not removed with ash the sludge popularity

e Expensive to build

4.2. Proposed Utility Model

The Recycling system (see Figure 19) for dry waste from Sewage Treatment
Plant (STP) is expected to operate in Omani operation conditions and GCC in
future. The system will work in series as following:

1) The dray waste will be delivered from the STP to the bio-gas plant.

2) In the bio-gas plant the dray waste will be fed to biological reactors where
Methane gas (CH,) will be produced from the reactors. The reaction time is 72
hours/cycle (reaction cycle is from the time the reactor fed until the discharge).

3) From the reactor will expect two types of products:

a) Methane gas which will go to treatment unit for purification and upgrade.
and

b) Digested slurry which will go to mechanical shaping unit.

4) The methane (which is the first product from the reactor) will go after the
treatment unit to biogas storage unit then to CHP electricity generators to gen-

erate electricity which is sold to end user.
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Figure 19. Holistic view of how the recycling system works.

5) The digested slurry (the second product from the reactors) will be trans-

ported to a cement plant after coming out of the mechanical shaper.

6) The cement plant will have a feeding system to feed the digested slurry to
the clinker where the slurry will be cooked with the limestone in 1400°C. This
process will reduce the amount of gas needed to heat up the clinker which will in-

troduce energy saving to the cement plant. Also cooking the slurry with the limes-

tone will reduce the amount of NOX’s gases produced from normal cement pro-

duction. Also, in the cement plant the proposed system will integrate wet scrub-

bers into the cement production system to remove any dust from exhaust gases.

4.3. Process Flow Diagram

Figure 20. Process flow diagram of the recycling system.
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5. Conclusion

In conclusion, biogas production and co-firing in cement kilns are potentially
profitable to pursue (see Figure 20). If sewage input is 100 tons per day, it is
more profitable to burn sludge in cement kilns. This will offer 100% recycling of
the produced dry waste. Furthermore, this technology is the least expensive and
the least cost-demanding. Currently, selling upgraded biogas to the gas-grid at
the market price does not produce good revenues. However, the situation may
change in the future. Today, biogas production has a potential of application in
Oman if the produced gas is burnt in a CHP generator to produce electricity at
peak time.

Moreover, it has been found also that digested biogas slurry is potentially a
very good fertilizer for farming. However, much is unclear about heavy metals
content, market readiness and fertilizing value. It could be recommended that an
independent operator which can take care of sludge utilization either via cement
kiln co-firing, or by building and running the biogas plant. Future research work
is needed to answer the question “can the slurry could be utilized for other man-

ufacturing industries such as steel?”
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