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INTRODUCTION

The problem of domestic sewage treatment and wastes from the process is becoming
more complex and difficult to manage. Often easy solutions for disposal of both elements
have been implemented, but without provision of contingent plans. Technological
advances have resulted in the development of new methods and processes for treatment
and disposal of wastewater and sewage sludge as well as new alternative energy sources
to the fossil fuel from the bio solid wastes from the sewage treatment.

Successful experiences on treatment, disposal and beneficial uses of sewage and
sewage sludge from developed countries as Italy are being taken account for the
development of proposals of improve sewage treatment and sludge disposal in
developing countries as Peru. And, it is in this context where this research is involved:
Studying specific examples of sewage treatment, proposing an alternative treatment in a
Peruvian community and developing techniques to obtain energy from sewage treatment
wastes.

The geographic situation of Peru and particularly Chiclayo city permits the presence
of wastewater treatment plants (WWTP) for coastal cities with subsequent treated effluent
discharges into the sea. Many factors as lack of investment in this sector, the need of
qualified personnel, high operative costs and so on make that the best solution must be the
simplest and most economic. However the effluents not always have the level required by
law.

Suitable techniques for the upgrading must be very effective and economically
convenient. An attractive option can be the Up-flow Anaerobic Sludge Blanket (UASB)
reactor adapting to the stabilization ponds due to its advantages such as the production
and capture of the biogas from anaerobic digestion, established and sulfate-rich organic
sludge. This system is a simple process not requiring the use of other equipment such as
aerators, requires small capital outlay, low maintenance costs and limited land and energy
requirement.

Some UASB applications in Europe have been orientated towards treating industrial
sewage, while in Latin America and many developing countries around the world the
orientation is towards domestic sewage, both experiences can demonstrated its feasibility
and the effluents quality obtained represent an alternative for the reuse with related
environmental protection benefits. Moreover, residual sludge can be reduced and used as
an energy resource through thermo-chemical processes.

The purpose of this research is to contribute to the improving of the wastewater
treatment systems keeping the concepts of simplicity and low cost solutions producing
effluents according to local regulations and to highlight the recovering energy from
biogas, and bio solids for further applications. According to CEPIS'/OPS? and other
European and international agencies for the sustainable development, energy produced

L CEPIS is the Spanish acronym for “Pan-American research center for sanitary engineering”.
2 OPS is the Spanish acronym for “Pan-American health organization”.
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from biomass and residual biomass is the most acceptable option for both developing and
developed countries in order to meet electricity demands.

The present work illustrates the results of this three-year research activity involving
simulation and experimental activities carried out in Italy and abroad. Some information
about the current treatment plants in Italy and Peru has been asked from the
corresponding companies; experimental activity about drying sewage sludge was done at
the University of Nevada, Reno (UNR) in the United States of America, and Italian
experimental data were available for an semi-empirical study about energy valorization of
sewage sludge.

Regarding the project of a modernization of Chiclayo’s wastewater treatment plant, as
will discussed in chapter 3, the installation of UASB reactors in the San José stabilisation
ponds was proposed. In this regard, a study about wastewater characteristics and data
project for sizing was done. Then, a concisely description of the three lines of treatment
proposed is presented. The sizing development has been carried out through simulation
activities with HEC-RAS software, excel spreadsheets and AutoCAD designer. The
verification of current operational conditions, evaluation of the performance and final
efficiencies contrasting with current efficiencies were emphasized. Preliminary studies
about environmental impact assessment and economic viability were also considerate in
order to demonstrate the feasibility of the project.

Previously, in chapter 2, a study about the comparison between sewage treatment
plants in different communities with diverse contexts was done: Novi Ligure in Italy,
Chiclayo in Peru, and Bucaramanga in Colombia, individuating their importance in this
work. Sewage treatment plant of Bucaramanga represents the first successful real-scale
plant treating domestic sewage with UASB reactors. Novi Ligure represents an example
with sludge treatment and recovering. In fact, a cooperation effort with the wastewater
services company of Novi Ligure was set and their technical help and great experience on
this sector was very important for the development of our proposal.

In order to valorize the wastes from sewage treatment process, a study about
treatment and future applications of sewage sludge was done in two phases: in chapter 4
will discuss experimental and numerical simulation activities about thermal drying sludge
carried out in the department of Chemical and Materials Engineering of the UNR,
studying the moisture transfer and diffusion coefficient in a slab symmetry. Subsequently,
as will discuss in chapter 5, numerical simulations about dried sewage sludge gasification
were done in order to demonstrate the useful application of final product of sewage
treatment as energy solution alternative.



CHAPTER 1: WATER SITUATION IN THE WORLD AND PERU

1.1. The water problem

Worldwide, problems related water are increasingly recognized as one of the most
immediate and serious environmental threats to humanity. One in every six persons has
no access to safe drinking water [UN3, 2005]. One in every four people in the developing
world currently lacks access to an improved water supply, and two in every five people
have no access to improved sanitation. It is estimated that 25,000 people died every day
due to waterborne diseases [UN, 2005].

The portion of water available for human consumption is less than 1%, and it is
necessary by human survival. The availability of drinking water is different in each part
of the world, as shown in figure 1.1. Many countries in Africa and Asia have very low or
catastrophically low water availability. Almost the total countries in Latin American have
very high levels of water availability, and north America and Russia have high level of
water availability. European continent presents medium or low levels of water
availability, even so, the new report from the EEA#* highlights the water scarcity and
drought in the whole European continent, and confirms that in many parts of Europe
water use is unsustainable [EEA, 2009].

In fact, Europe needs to redouble efforts in using water more efficiently. Water
shortages have severe consequences for economies reliant on agriculture and industry
mainly. Some parts of the continent have even led to drinking water restrictions.
Increasingly, there is intense competition for water resources. In the European Union,
about a quarter of water diverted from the natural environment is destined for
agriculture uses, in southern Europe this percentage can be up to 80%. Public water
supply accounts for approximately a fifth of water use and over a quarter of this is used
just to flush the toilet. Hydropower installations change the natural structure and flow of
rivers and lakes with consequences for ecosystems [EEA, 2012].

Figure 1.1: World water availability in 2005. (Measure in the label in terms of 1000 m?
per capita/year). Source: [UN, 2005]

> UNis the acronym for “United Nations”.
*EEAis the acronym for “European Environment Agency”
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Peru is considered a privileged country because has 5% of the drinking water in
worldwide, each Peruvian has approximately 85,000 m3 of water yearly, when the world
annual average is 7,300 m3 [Garcia-Sayan 2006]. However, this resource is being
inadequately used, generating a shortage and lack of water supply in the isolated and
poor areas. The 92% of drinking water in Peru is consumed by agriculture, livestock and
human consumption as shown in figure 1.2.

12%
2%
6%

O Agriculture
M Industrial
O Mining

O Population

80%

Figure 1.2: Uses of drinking water in Peru. Source: [Vargas, 2009]

Irrigation systems are inefficient and there are no sewage systems, from 97% of crops
by floods, only 3% is with tech irrigations. In the Peruvian coast, the water resources are
only 2% of all water resources around the country, even so, rice and other crops with very
high water consumption are cultivated.

Drinking water surface potential in the country is more than two thousand billions of
cubic meters, but this potential decreases year by year as a result of pollution, worst
management and melting of Andes mountains. In some parts of the country, the water
from glaciers is vital for valleys in the dry seasons.

The water and sanitation sector has made important advances in the last decades.
From 27.5 million Peruvian people, 74% resided in urban areas and 26% live in rural areas.
In 2004, the coverage of drinking water service was 83% and 63% had access to sanitation.
Urban coverage was 89% for water and 74% for sanitation [WHO?/ UNICEF°-JMP?, 2010].
In rural areas coverage of drinking water was 65% and sanitation 32%. The ministry of
household, construction and sanitation - VIVIENDA?S, in its National plan of housing and
sanitation 2006 - 2015 shows that in urban area, the coverage of drinking water reached
81% in 2005, 84% in 2010 and will be 97% in 2015. Regarding the rural area, the increase of
drinking water service will be done with help of international financing.

> WHO is the acronym for “World Health Organization”.

® UNICEF is the acronym for “The United Nations Children’s Fund”.

7 JMP is the acronym for “Join Monitoring Program”.

8 VIVIENDA is the Spanish nominative for “Ministerio de vivienda construccién y saneamiento”.
7



Nevertheless, even there are barriers that limited the development: There are
deficiencies in water service for a high percentage of population mainly due to the
construction of water supply systems is expensive and there are no sufficient resources to
serve all population; in addition, several communities and poor human settlements are

located in places where to bring drinking water and sewer systems is very expensive
[Garcia-Sayan 2006].

Concerning wastewater treatment, 22% of sewage from urban areas was treated in
2005, 54% was predicted for 2010 and 100% for 2015 [VIVIENDA, 2006]. But nowadays, in
2012, more than three fourth of the wastewater generated no receive any type of
treatment prior to its final discharge. The great majority of sewage is discharged into the
ocean oOr rivers.

According to SUNASS®, Peru requires more complex treatment systems for the
industrial wastewater, and needs more investments. MINAM!? promotes new regulations
about beneficial applications for effluents produced by municipal wastewater treatment
plants that end up in water bodies. For example, effluents from stabilisation ponds in
Chiclayo (Lambayeque) are using for irrigate about 2,000 ha. of sugar cane and rice.

Worldwide, it is calculated that for 6,250 million of inhabitants of the earth, 20% more
of water is necessary. 1,100 million of human have no access to drinking water and others
2,400 million have no access to adequate sanitation. The morbidity and mortality
resulting from infections related water, such as diarrheal disease, are enormous,
particularly young children, [Global Development Alliance, 2008], mainly due to the
inadequate management of water resources, ineffective institutions related human
resources, shortfalls in financing and lack of sanitation demand [USAID!?, 2009].

In majority of regions, the problem is not the lack of drinking water, rather, the
inefficient management and distribution of water resources [Carrillo et al, 2009]. Many
parts of the world do not have the necessary infrastructure to use water, such as lack of
canalization of rivers, losses of rain water or losses by through faulty and damage pipes.
In other places the quality of water is not adequate for the human consumption because is
polluted due to poor management of domestic and industrial wastes [UN, 2007].

Developing countries always find new supplies water sources. But, in poorest places,
the problem is often a lack of infrastructure, wells, pipes, pollution controls and systems
for disinfection of water, moreover, rural local governments have little expertise or capital.
Climate change also plays an important role in the problems of water. The combination of
Climate change and poor management of resources are leading to shortage of water.

The solutions can be simples: investment in appropriately scale technology, better
governance, community involvement, proper water pricing, and training water users to
maintain their systems [Royte, 2010].

° SUNASS is the Spanish acronym for “Superintendencia Nacional de Servicios de Saneamiento”.
9 MINAM is the Spanish acronym for “Miniterio del Ambiente”.
" USAID is the acronym for “United States Agency for International Development”.

8



1.2. The energy problem

Lack of energy in the world is likes to lack of water on human. In the last century, 22%
of world developed countries population consumed the 73% of commercial energy used
worldwide. Currently, developed countries are stabilizing or increasing very little their
energy consumption with a more efficiency use, while, developing countries are
increasing their consumption because for their progress need more energy.

Europe, for example, reached the peak of energy consumption in 2006; in 2010 energy
consumption was nearly 4% lower. Part of this decrease is due to the economic crisis, and
a slight decoupling of economic activity from energy consumption [EEA, 2012].

About 77% of the energy needs of the average European are met by oil, gas and coal.
Nuclear power provides 14%, and 9% coming from renewable energy sources. But,
renewable energy is increasing rapidly; in 2010, solar photovoltaic was the biggest source
of new installed capacity, followed by natural gas and wind. Nuclear power had much
more capacity decommissioned than installed. The average European uses 27 MW-h
annually, including all domestic, industrial and transport sources. It can be varies widely
between countries, as well as the CO2 emissions which depend strongly on the penetration
of renewable and nuclear energy [EEA, 2012]. According to Europe 2020 growing strategy,
energy constitutes one of the five targets for the European Community in 2020, with the
goals of 20% of Europe’s energy consumption to come from renewable energy and a 20%
increase in energy efficiency [EEA, 2013].

Regarding United States of America, in the publication “AEO™? 2013 Early Release
Overview”, about 83.7% of the energy consumption from American derivate from liquid
fuel, oil, natural gas and coal, Nuclear power provides 8% and 7.6% is from renewable

sources. It is predicted the increase of natural gas, nuclear and renewable sources
exploitation [EIA13, 2012].

In Latin America countries, about 75% of the energy production coming from oil, coal
and natural gas, while renewable sources are extensive exploited, energy from renewable
sources is about 23.7%, and nuclear represents only 1.3% [IEA4 2011].

In the context of Latin America, the Peruvian energy system is based mainly in natural
gas and oil [MEM?, 2010]. Natural gas is a resource exploited since 1994, and its reserves
are about 60.3% while the oil reserves are about 12.1%. It represents that exists a greater
energy production from limited reserves than the plentiful reserves. The use of other
feasible renewable sources as photovoltaic, eolic, hydraulic, biomass and geothermal
sources are increasing [FONAM!6, 2008].

2 AEO is the acronym for “Annual Energy Outlook”.

BEIAis the acronym for “U.S. Energy Information Administration”.

“IEAis the acronym for “International Energy Agency”.

> MEM is the Spanish acronym for “Ministerio de Energia y Minas”.

'® FONAM is the Spanish acronym for “Fondo Nacional del Medio Ambiente”.
9
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Figure 1.3: Peruvian structure of primary energy production in 2009.
Source: [MEM, 2010]

Commercial energy is coming from crude oil, hydro-energy, natural gas and charcoal
and represents the 82.7% of total primary energy production. Solar energy is using as a
solar thermal or photovoltaic, especially in rural communities for telecommunication,
electrification systems, education, and clinics or health center services.

Currently this system is not sustainable and unequal. Many Peruvian forest cities have
limited access to the electricity and about 45% of housing have no electricity access
[Arroyo et al, 2005]. In other big cities, the use of fossil fuels causes enormous greenhouses
emissions causing serious problems of air pollution.

Electricity demand has been an average annual growth of 8% due to the intensive
development of mining and manufacturing activities, and the investments in electricity
has been average annual rate of 27%. The necessity of accelerating the implementations of
new projects for ensures electricity supply, but promoting a sustainable use of energy
sources for the environment preservation is urgent [MEM, 2009]. MEM has planned start
projects of thermal power plants to natural gas for the medium term and hydraulic power
for the long term [MEM, 2009], as well as, eolic, biomass and solar.

There are 42 power stations over 20 MW that works by national grid and have a total
capacity of 5,585 MW. This group is composed of 21 hydroelectric stations with a total
capacity of 2,927 MW and 20 thermo-electrical stations with a total capacity of 2,658 MW.
In thermo-electrical stations, 6 projects with natural gas and have a total capacity of 1,719
MW. The energy participation of these resources has an average annual growth of 54%
[MEM, 2009].

10



1.3. Renewable energy sources

Worldwide, the demand of energy provision is increase very quickly. Electricity is
generating mainly from oil and coal, but in the last years, other fuels as Natural gas,
hydro, nuclear and renewable sources are increasing their production and transformation,
as shown in Figure 1.4.
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** Others included geothermal, solar, wind, heat, biofuel and waste.
Figure 1.4: World electricity generation in 1973 and 2010. Source: [IEA, 2012]

However, sources as nuclear power are not accessible to the vast majority of the
world, while, renewable energy sources are easily accessible to mankind around the
world. Renewable energy is not only available in a wide range, but, also abundant in
nature.

About 90% of energy from renewable resources is produced and consumed in
developing countries. More than 40% of biomass is located in South America, out of
which, 55% is used directly as fuel or split firewood, and 45% is used as industrial raw
material suitable for energy generation. Biomass and other renewable sources represent
14% of energy contribution, but in developed countries represents only 3%, while in
developing countries represent 35%, especially in rural areas where often the biomass is
the only accessible and affordable energy source.

Wind energy represents about 0.3% of the global installed capacity of electric, but it
supplies only about 0.1% of total global energy [Varun et al, 2009]. Installed wind capacity
is rapidly increasing in the last years, especially in the European Union countries. The
global annual installed wind capacity was 37,466 MW in 2009, up from 3,760 MW in 2000
[EWEA7, 2010].

The solar Photovoltaic market has been increasing over the last years and is forecasted
to confirm this turned in the coming years. By the end of 2011 the global cumulative
capacity was 69,684 MW. The European Union contributes about 74% of the global

Y EWEA is the acronym for European Wind Energy Association.
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cumulative capacity. The global annual installations by the end of 2011 were 29,665 MW
up from 277 MW in 2000. It is estimated that today over 4.5 million households in Europe
get electricity from solar photovoltaic [EPIA'8, 2012]. Hydro, geothermal, sea power and
biomass represent other renewable sources. Hydropower is the renewable resource most
ancient use. Biomass is the major source of energy in developing countries and is likely
remaining in the future [Rosillo-Calle, 1992 and Hall, 1991].
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Figure 1.5: The contribution of biomass to global energy-use. Source: [IEA, 2009]

The COz emissions from oil are decreasing in last 30 years, but the emissions from
coal/peat is increasing, while, the emissions from biomass and other renewable sources is
minimum.

Table 1.3: Emissions from various energy sources
Green-houses gas emission (g/kWh)

Energy sources

CO, SO, NOx

Coal (best practice) 955 11.8 4.3
Coal (NOx) and FDG* 987 1.5 29
QOil (best practice) 818 14.2 4.0
Natural gas (CCGT**) 430 - 0.5
Diesel 772 1.6 12.3
Small hydro 9 0.03 0.07
Large hydro 3.6-11.6 0.009-0.024  0.003 - 0.006
Wind 7-9 0.02 - 0.09 0.02 -0.06
Solar photovoltaic 98 - 167 02-0.34 0.18-0.30
Solar thermal electric 26 - 38 0.13-0.27 0.06 - 0.13
Energy crops - current practice 17-27 0.07-0.16 1.1-25

(likely to improve to) (15-18) (0.06 - 0.08) (0.35-0.51)
Geothermal 7-9 0.02 0.28

* FDG = Flue gas desulphurisation
** CCGT = Combined cycle gas turbines
Source: [Akella et al, 2008]

B EPIAis the acronym for European Photovoltaic Industry Association.
12



CHAPTER 2: CASE STUDIES: DIVERSE KIND OF WASTEWATER
TREATMENT PLANTS

2.1. Case Study 1: Italy
2.1.1. Novi Ligure (AL)

Novi Ligure is a town in the province of Alessandria, Piedmont region, of northwest
of Italy. Novi Ligure has an area of 750 square kilometers and a population of about 28,581
inhabitants at 2008 [Gestione Acqua, 2010].

The main economic activities are agriculture and industry. Other important activities
historically relevant are sericulture or silk farming (production of raw silk). In the part of
hill territory, the prevalent activities are silviculture (the practice of controlling the
establishment, growth, composition, health, and quality of forests) and viticulture or
viniculture (production of wine).

Novi Ligure is an industrial center where the head offices of many enterprises and
establishment are presented; such as food and confectionery industries, drugstores and
small and medium business. It is well disposed geographically into the industrial triangle
composed by Turin, Genoa and Milan.

TR R
%ﬁm :

N

Figure 2. 1 ‘Location of Novi Ligure (Al) in Italy and Europe Source: [Google maps].
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Wastewater treatment plant is located at northwest of Novi Ligure in a distance of 600
meters of border with Pozzolo Formigaro (AL), next to Cascinetta farm building, to the
north of “Rio Gazzo” waterway which is the receptor stream of treated effluent and to the
south of railway Turin - Genoa. The area presents level land with a middle height of 169.50
amsl (above mean sea level).

There are two towns connect to the purifier, Novi Ligure with a population of 25,581
inhabitants and Pozzolo Formigaro with a population of 4,896 inhabitants. The plant is
designed for a total capacity of 70,000 inhabitants approximately. The average value of
service coverage is 98% for civil population and 100% for industries. The 63.8% of total
wastewater is industrial sewage and 36.2% is domestic sewage.

The water depuration treatment is constituted by preliminary treatment (screening
and grit removal), primary sedimentation and biological treatment with activated sludge
process. Mixed sludge is treated by two-stage mesophilic phase anaerobic digestion,
preceded of thickening; the effluent of stabilization phase is subjected to mechanical
dehydration, and dehydrated sludge is finally disposed in composting plants. Moreover, a
treatment for wastewater reuse in industrial applications is also applied. A satellite view
of the Novi Ligure treatment plant is shown in figure 2.2.
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Figure 2.2: Satellite view of Novi Ligure’s wastewater treatment plant. Source: [Google earth].

The total capacity of the plant is 2,964.6 m3/h. A scheme of the treatment process is
shown in figure 2.3.
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Figure 2.3: Wastewater treatment system of Novi Ligure.

The influent to the treatment plant has follow characteristics: 260.2 mgCOD¥/1, 152.5
mgBODs20/1, 109.9 mgTSS?21/1, 15.92 mgNH; /1 and 1.03 mgPiot/1.

Wastewater treatment system is composed by a general by pass, one unit of automatic
coarse screens and two units of mechanical fine screens. Coarse screens have a bar
interspacing of 0.03 m. and bar size of 0.012 m, while, fine screens have a bar interspacing
of 0.016 m [Gestione Acqua, 2010]. Fine screens are a rotary drum type.

Grit, fat and grease are removed in one aerated basin of dimensions 4.00 m width and
30.00 m length and 2.45 m depth with longitudinal flow. The retention time is 14.9 min
with a longitudinal velocity of 0.03 m/s. Sand daily production is 0.24 m3/d [Gestione
Acqua, 2010].

Primary sedimentation is carry out in three parallel lines, each one constituted by a
circular basin with upward and radial flow. Each basin have follow dimensions: 24.0 m
diameter, 452.4 m? unit area, 3.40 m depth, 1,357.2 m? total area and 4,614.37 m3 total

¥ coD is the acronym for Chemical Oxygen Demand.
20 BOD:; is the acronym for Biological Oxygen Demand, and it is the amount of dissolved oxygen consumed in five days
by biological processes breaking down organic matter
LTSS is the acronym for Total Suspended Solids.
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volume, with a retention time of about 4 hours. Primary sedimentation has removal
efficiencies of 20% BODs, 35% COD and 50% SS. A blade at the bottom is useful for sludge
discharge and other blade at the surface useful for floating solids removal.

Activated sludge process is a biological treatment limited to the carbon removal and
partial nitrification of ammoniacal nitrogen and it is carry out in three parallel lines
equipped with an oxygenation system through injection of fine air bubbles. Basins are of
dimensions 10 m width, 30 m length and 4.0 m depth. Total volume is 3,600.0 m3. The
average treatment capacity of each basin is 690.77 m3/h.

The efficiency removal of this treatment is about 75.8% for COD, 88.9% for BODs,
81.1% for TSS, 60.6% for NH{ and 51.2% Pit. Those results show good removal efficiencies
and good degradation levels.

Final sedimentation and sludge recirculation include also three parallel lines and
circular basins with upward and radial flow. This section is equipped with a system for
quick removal of sludge and a superficial blade for foams and floating material removal.

Basins of final sedimentation have the following dimensions: 26 m diameter, 530.93 m?
superficial area, 2.75 m depth, and 4,380.2 m3 of total volume. The recycling of sludge from
secondary sedimentation to biologic treatment is carrying out through to two different
pumping stations. The first station is equipped with three feed screws, while, the second
station is equipped with two submersible centrifugal pumps. Both screws and centrifuge
pumps have a unit flow of 350.00 m3/h.

Effluent disinfection is carried out by chlorination using Sodium hypochlorite -
NaOCl. Disinfection is connecting to the basin of sedimentation effluents through fiber-
cement pipes of 0.5 m diameter. The disinfection basin is a rectangular basin with paths of
dimensions 2.40 m internal useful width of contact canal, 85.0 m internal useful length of
contact canal and 2.0 m depth, 408.0 m3 total volume.

Effluents are discharged in the “Rio Gazzo” waterway.

Sludge treatment
Sludge treatment is composed by:

A section of lifting of the excess biologic matter is equipped with two submersible
centrifugal pumps, each pump has a flow of 35.0 m3/h. Hydraulic circuits permit throw
again the sludge to the primary sedimentation or directly to the pre-thickening zone.
Similarly, the section of lifting mixed sludge is composed by two electrical pumps
installed near to the second basin of primary sedimentation.

The section of pre-thickening and lifting sludge to anaerobic digestion is constituted
by one circular basin equipped by a scraper mechanized with central control. Thickened
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sludge has sent to the anaerobic digestion through two progressive rotary pumps. Basin is
of dimensions 12.0 m diameter, 113.1 m? surface area and 3.75 m depth.

Anaerobic digestion of the sludge is a two-stage mesophilic process (33 - 35°C). 1st
stage reactor is heating through by heat exchanger system, and 2nd stage reactor is not
heating but the process is completed here. Thermal power station (for sludge heating) is
equipped with a boiler fed with gas from digestion process or eventually with gasoil.
Digesters have follow dimensions: 1st stage reactor is 16.3 m diameter, 208.7 m? surface
area, 8.6 m depth; while 2nd stage reactor is 10.2 m diameter, 84.7 m? surface area and 6.1
m depth.

Biogas from sludge digestion is accumulated in a wet gasometer and the excess are

combusted in an automatic pilot flame torch. Gasometer has 7.6 m diameter and 4.0 m
depth.

Mechanical dehydration of sludge includes two belt-press units; one of them is
currently substituting by a high efficiency centrifuge (it can reach about 25% of
dehydration efficiency and less volume for disposal). Discharge of sludge is carried out
through a screw of 0.24 m diameter and 6.0 - 8.0 m3/h flow rate, while screw of sludge
transportation has 30° slope.

Dehydrated sludge is stored in cylindrical containers in a canopy but it presents
problems related odours.

Effluent treatment for industrial reuse.

Finally, the plant also treats the effluents for final industrial applications. The section
of plant is composed by follow stages:

Pumping and lifting effluents from chlorination section to clarifloculation sector is
carry out through centrifugal pumps. There are 3 submerged centrifugal pumps with 240.0
m3/h of flow capacity. Pumps operation is correlate to water demand for industrial uses.
The effluent is send to clarifloculation through one PE-pipe (Polyethylene pipe) of 0.35
mm diameter and with non-return valves making easier the operating and maintenance.

Clariflocculation section with sludge bed and recycling system is carried out adding
with Ferric Chloride (FeCls), Sodium hydroxide (NaOH) and auxiliary polymers mainly
anionic polyelectrolyte (PONILIT GT-2). The process includes 4 phases: mixing of effluent
with Ferric Chloride and sludge recirculation; flocculation; separating liquid and solid
phases by sedimentation process; and thickening of sludge. For the storage of FeCl; and
NaOH, there are two cylindrical and vertical tanks. The capacity of each tank is 10.0 m3.
Reactives are introduced in the effluent in proportions of 0.04 m3/h of Ferric Chloride and
0.02 m3/h of Sodium hydroxide, regulated by two proportioning pumps. The basin used
for mixing the effluent with reactive has 38.1 m3 volume. Additionally, two basins for
recycled sludge with capacity 6.0 - 30.0 m3/h.
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Removal of residual suspended solids is made by filtration including two rotary disks
with fabric filter support and automatic cleaning system. The effluent in the output of this
section has a suspended solid final concentration lower of 10.0 mg/l, the efficiency is
compatible with demand of water by industrial reuse and, also, ensure correct functioning
of next section: disinfection by UV. The efficiency is 95%.

Disinfection is carrying out using ultraviolet radiation. The disinfection treatment
presents maximum radiation of 50 - 80 mWs/cm?. The system is computerized. Treatment
capacity is 360.0 m3 with dimensions: 6.0 m width, 15.0 m length and 4.0 m depth.

Demineralization process is carrying out using ion exchange resins (two-stages:
cationic and anionic) in order to reduce the level of sulfates (200.0 mgSO-4/1) and chlorines
(100.0 mgCl-/1), effluent storage and recovery stations for internal and external uses. This
section, also, is composed by activated carbon treatment filtration systems, the goal is
reducing organic load in order to increase the ion exchange capacity. Chemical products
used in this section are hydrochloric acid-HCI (cationic-strong) and sodium hydroxide-
NaOH (anionic-weak). Then, the water is stored and sent to the principal discharge system
of the plant. The effluent have optimal characteristic by industrial use.

Finally, chemical sludge is transported in the basin for a mechanical thickening and
mechanical dehydration. Basin has dimensions 5.0 m diameter, 19.6 m? total area, 3.0 m
depth and 58.9 m3 of volume. Final sludge is discharge through internal pipes.

2.2. Case study 2: South America
2.2.1. Bucaramanga, Colombia

Bucaramanga is the capital city of the Santander’s department. Bucaramanga is located
on a plateau in the Eastern Colombian Andes. The official metropolitan area includes the
municipalities of: Girén, Piedecuesta and Floridablanca. It is located about 600 a.m.s.l.
Even so, its climate is warm with an annual average of 22°C ranged between 16°C in
winter and 30°C in summer. Total annual precipitation is about 1,280 mm.

The population is about 523,040 inhabitants. It is the fifth largest city economy and
sixth on population in Colombia. The city is the base of the Colombian Petroleum Institute
(ICP), the research branch of the state oil company Ecopetrol and the Colombian Natural
Gas Company (Ecogas).

There is a hydric pollution in the rivers of Bucaramanga because most of them are
receptor bodies of effluents from wastewater treatment plants. During the last year, the
government installed 61 monitoring points in the area of these rivers.

Bucaramanga has the first UASB pilot plant built in the world and the first UASB full
scale plant, La Rosita and Rio Frio WWTP respectively. Many points of La Rosita have
been studied for design and construction of Rio Frio WWTP. Technical and economic
feasibility in tropical weather has been demonstrated with Rio Frio WWTP operation.
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Figure 2.4: Location of Bucaramanga in South America. Source: .iGoogle maps].

Rio Frio WWTP

The start-up process of Rio Frio WWTP was started at November 1990 with one
reactor. The process was so slow, during the first six months the process was equivalent at
primary sedimentation used as sludge storage. After that, the reactor was functioning
satisfactorily, under hydraulic conditions planned in design. The second reactor began its
function in January 1991. From May 1991, the company developed a scheme for operation
alternate of reactors and to increase loads gradually. A third reactor began its operating in
1994 and a fourth reactor in 2005. Each reactor had a 3,360 m3 of volume. There are two
facultative ponds of 27,000 m2. total area as post-treatment. Table 2.1 shows the design
parameters for this plant:

Table 2.1: Design parameters for UASB reactors of Rio Frio WWTP

Year # Inhabitants (1;5;;&;:) ?;g ug;gcol;g)d Ife’;lliiz
1991 153,000 1,339.2 4,590 2
1993 180,000 1,451.8 5,400 3
1998 220,000 2,009.3 6,600 3
2003 280,000 2,451.6 8,400 4
2008 340,000 2,973.6 10,200 5

Source: [Montalvo, 2003]
The first measured efficiencies were about 60 - 65% for COD, 72-76% for BODs, and, 67

- 70% for TSS; with 5h of HRT (Hydraulic Retention time). While, final effluent had a
BOD:s about 20 g/m?3. The initial investment for UASB reactors was US$ 1'235,980.
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Problems in the system were: biogas leaks on the tri-phase separator system (gas-
solid-liquid), and biogas leaks in the union of prefabricated elements. These problems
caused damage in the water quality and generated unpleasant odours. Problems are
solved gradually with the same sludge and solids that there are into the reactor. Currently,
4 reactors are operating and two facultative ponds. Nowadays, one of the ponds is being
replace with an aerated tank, as was anticipate in a Modernization Plan, where secondary
treatment includes aerobic-anoxic treatment [Uribe, 2009]. The total capacity of the plant is
2,520 m3/h. The WWTP is under management of EMPAS??> S.A. ESP?3 and CDMB?* who is
the proprietary of operation license. A satellite view of the plant is shown in figure 2.5.

Figure 2.5: Satellite view of Rio Frio WWTP in 2010. Source: [Google earth].

The current process is composed by preliminary treatment, primary treatment and
secondary treatment.

Preliminary treatment is constituted by a by-pass in the entrance with a structure used
as excess dump, with a Venturi pipe for measuring the flow. One automatic coarse screen
and one mechanical fine-screen made by galvanized stainless steel. Then, three basins of
grit removal with dimensions of 26.6 m length, 2.5 m width, and 1.05 m useful depth were
implemented. UASB reactors constitute the primary treatment. Each reactor has 18 modules
[Alcaldia de Bucaramanga, 2009]. Characteristics of reactors are shown in the table 2.2:

2 EMPAS is the Spanish acronym for Empresa publica de Alcantarillado de Santander.

> S.A. ESP is the Spanish acronym for Sociedad Andnima and Empresa de servicios publicos

** CDMB is the Spanish acronym for Corporacion Auténoma Regional para la Defensa de la Meseta de Bucaramanga.
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Table 2.2: UASB reactors characteristics of Rio Frio WWTP

Parameter Value
Useful depth 40m
Average HRT 5h
Inclination angle of tri-phase separator 52°26
Sludge bed depth 1.4m
Modules by reactor 18 modules
Dimensions of each unit module 48mx24m
Total reactor width 19.20 m
Total reactor length 4320 m
Total reactor depth 4.6m
Useful reactor volume 3,335 m3

Source: [Montalvo, 2003].

Secondary treatment consists to lead the effluent from UASB reactors to facultative
ponds. The dimensions of ponds are 200 m length, 100 m width and 1.5 m depth. The
permeability of bottom and slopes (sides) are made with compacted clay [Gobierno de
Colombia, 2009]. Effluents are discharged in the Rio Frio stream.
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Figure 2.6: Rio Frio’s wastewater treatment system.

Solids and wastes from screening are stored temporarily in closed containers and get a
tinal disposal in the El Carrasco's landfill. Sands retained in grit removal process are
collected by trucks and transported to southwest extreme of the WWTP, where are used as
till material for embankment in the neighboring areas to the receptor stream. Sludge from
UASB reactors is removed weekly and discharge in 48 sludge drying beds which take up
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7,500 m? of area [Alcaldia de Bucaramanga, 2009]. When sludge is removed from drying
beds they are undergone composting process for final applications as organic fertilizer in
CDMB reforestation programs [Alcaldia de Bucaramanga, 2009]. Finally, 6 gas holders
have been installed for biogas combustion.

Modernization plan

A modernization plan is designed since many years ago. This project would be permit
the valuation and control of biogas emissions, and improve the effluent quality, applying
the regulations of CDM?. The treatment capacity would be increasing from 2,520 m3/h to
7,200 m3/h. Due to the high methane content in the biogas, electricity generation is
planning. Moreover, replacing facultative ponds by aerobic-anoxic treatment with four
aeration tanks and four settlers is also planning.

Reduction of greenhouses emissions (CHs4 and N20) and CERs (Certified emission
reductions) are the main goal. The project began its construction in 2007. It is planned to
tinish first phase for final 2013. A scheme of modernization plant was shown in figure 2.7.
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Figure 2.7: Modernization plan proposed for Rio Frio WWTP.

> CDM is the acronym for Clean Development Mechanism.
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2.2.2. Chiclayo, Peru

Province of Chiclayo is the capital of Lambayeque region. It is located at northwest of
Peru’s coast area, in South America central western region. It is located to 24 a.m.s.l, 770
km. to the north of Lima, the capital of Peru; 578 km. to the south of Ecuador’s border, and
12 km. to the Pacific Ocean.

e .L'_
Figure 2.8: Location of Chiclayo in South America.
Source: [Google Maps].

The population is about 574,400 inhabitants in the Chiclayo’s city area according to
Census 2007 of INEI?, the climate is temperate - warm during autumn, winter and spring
and hot during summer. The annual average temperature is 18,2°C; maximum
temperature is 31°C in summer and minimum 15,4°C in winter, with shortage of rain
during all the year. the ENSO (El Nifio-Southern Oscillation) phenomenon called also “El
Nifio” can vary temperatures between 20°C in winter and 34°C in summer. The principal
sources of water are Chancay -~-Lambayeque basin and Chotano sub-basin.

The EPSEL?” S.A. manages storage, distribution and treatment of the water. For the
treatment of wastewater in Chiclayo’s city, two treatment plants have been implemented:
Pampa de Perros and San José stabilisation ponds. Pampa de Perros treats the water of
north pipes and San José treats water of north, south and north-south pipes [Agenda Local
21, 2006] (See figure 2.9).

%% INEI is the Spanish acronym for Instituto Nacional de Estadistica e Informatica.
7 EPSEL is the Spanish acronym for Empresa Prestadora de Servicios de Saneamiento de Lambayeque.
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Figure 2.9: Satellite view of Chiclayo’s wastewater treatment plants: San José and Pampa de Perros.
Source: [Google earth].

The service of wastewater treatment (including domestic, industrial and commercial
sewage) have three stages: conduction, treatment and final disposal. For the conduction
and collection the sewage, EPSEL S.A. has installed about 915.07 km. of sewage pipes, but
a great part is in poor condition due to their age-old and/or lack of maintenance and
renewal works.

Conduction and treatment of wastewater have serious problems: collectors have more
than 40 years old; effluents are mixed in the same collector; industrial sewage has no a pre-
treatment before municipal pipes; there is no a drainage system for rain water and for
example, during El Nifio, pipes are saturated and collapse within hours; the system only
supply urban areas; Chiclayo’s population have no an environmental educations and is
insensitive to use sanitation services; finally, the current wastewater treatment generates a
big quantity of greenhouses and odours affecting the environment and the health of
human settlements near to the plant.

Treatment capacity of San José wastewater plant is about 2,853 m3/h. The plant has 5
anaerobic ponds and 5 aerobic ponds; and, treatment capacity of Pampa de Perros is about
708 m3/h. This plant has 4 anaerobic ponds and 4 facultative ponds. Both are located in
San José district distanced 1.00 km between them. The San José treatment process is shown
in figure 2.10. and has been studied in the present work.
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Figure 2.10: Wastewater treatment system of San Jos¢é WWTP. Source: [EPSEL, 2008]

In the San José plant, wastewater of Chiclayo is collected and transported by gravity to
the principal Entrance Canal, it has a rectangular section and adequate slope for a maximum
flow rate circulation of 5,760 m3/h. Preliminary treatment is composed by two parallel
units of Coarse screens with two automatic electromagnetic units. Then, a Parshall flume
measures the flow rate. After that, distribution system leads the flow to the anaerobic ponds.
The organic matter is stabilized in the anaerobic ponds and settleable sludge is accumulating
at the bottom. The process generates CHs, CO2 and HS mainly, an unpleasant odour is
characteristic in this stage. Facultative ponds complete the treatment through oxygenation
due to the presence of algae. Water is green and without characteristic odour. An Exit
Canal with a by-pass permits the control of the effluents through two metal gates that
permit water distribution for final discharge in the sea (San José and Santa Rosa beaches)
and farmer’s irrigations canal.

Effluents are adequate by high-stalk crops irrigations, because the system has
efficiencies about 71.4% for BODs and 90.5% for Faecal Coliform [Epsel 2010]. Initial
concentrations are about 227 mgBOD5/1 and 4.11E+07 MPN/100 ml of Faecal Coliform.
Final effluent has about 65 mg BODs/1 and 3.9E+06 MPN /100 ml concentrations.

However, the scarcity of water for irrigation in the area, lack of sanitation culture and
ineffective control by authorities are favourable to illegal irrigations of short-stalk crops.

On the other hand, the pollution in the beaches is increasing due to the discharges.

Researchers in Peru have demonstrated that effluents from stabilisation ponds are
adequate for non-potable uses and landscape reclamation. But, wastewater management

25



must be involves the environmental education, establishing clear policies of sewage
treatment and investments on research.

2.3. Comparisons of cases study.

Differences between industrialized countries and developing countries are notable. At
the same time, differences among developing countries can also remarkable.

While in industrialized countries is possible applied high-cost technologies with
qualified human resources, sanitary education and payment capacity of costs; in
developing countries, wastewater are discharged in water bodies, many cities have a
simple and basic treatment system, and other simply do not have any kind of treatment.

Chiclayo - Bucaramanga

The goal of wastewater treatments in developing countries is reducing BODs,
suspended solids, and pathogenic removal. But for use and reuse of wastewater requires
the elimination of other toxic material and many applications required advanced
treatments.

The environment of Chiclayo’s city has undergone a gradual process of deterioration
generating negative impacts and affecting the natural state of urban environment, the life
quality of the population and the economic situation. Many communities are being
affected by disposal of raw wastewater or wastewater treated, greenhouses emissions and
destruction of aquatic environment.

As consequence of inefficient and/or nonexistent sewage service there is a high level
of diarrheal diseases, especially in children under five years and population of poor urban
areas. The risks are higher due to the illegal irrigation of short-stalk crops with
wastewaters.

The differences are basically the technology. Regarding Chiclayo’s treatment plant,
natural processes play an important role in decomposition of organic components, but it
does not pay attention on the impacts on the environment and human health. On the other
hand, anaerobic digestion of organic components has more advantages, mainly, allowing
the use of products as energetic resources.

Stabilisation ponds are a popular treatment system due to low-cost of investment
(except by the land), operation and minimal maintenance; also, they have a high potential
for assimilate organic and hydraulic fluctuating loads. Their properties of to be aerobic at
the surface and anaerobic at the bottom permit the treatment and stabilization of soluble
organic wastes being adequate for treat domestic and industrial wastewater. The main
advantage of the system is its effectiveness for reduced pathogens.

26



UASB represents a simple, compact and low-cost process constituting an interesting
alternative for wastewater treatment particularly in developing countries. It is achieved
BODs removal more than 65%, but due to short HRT, pathogens are only partially
removed, then, a post-treatment is necessary, stabilization ponds are an optimal post-
treatment for effluents from UASB reactors in developing countries, especially where
stabilisation ponds are already operating as done in Rio Frio treatment plant. Also, this
system permits reduce the area affected by odours. Both, biogas and sludge represent
great energy sources.

Table 2.3 illustrates main differences between Chiclayo and Bucaramanga treatment
systems:

Table 2.3: Technological differences between Chiclayo and Bucaramanga wastewater
treatment plants.

Type of treatment Chiclayo, Peru Bucaramanga, Colombia
Coarse screens Coarse screens
Preliminary treatment Parshall flume Fine screens
Distribution system Grit removal
Primary treatment Anaerobic ponds UASB reactors
Secondary treatment Facultative ponds Facultative ponds
Reuse of wastewater Agriculture Agriculture and landscape
Final disposal Discharge on the sea Discharge on Rio Frio
stream
T'reatn‘lent of solids and No treatment of solids Sludge bed drying
biosolids
Final fi1sp(?sal of solids Disposed in landfill or open Landfill, Organic fertililzer
and biosolids areas
Treatment of gases No treatment of gases Biofilter, storage and

combustion

Chiclayo - Novi Ligure

In developed countries, the goal of wastewater treatment is organic matter and
nutrients removal [Van Haandel et al, 1994]. In Novi Ligure and other developed country
cases, the technology is applied also for treating residues of the process and getting
benefits for the population and the environment where the sewage is discharge.

Table 2.4 illustrates the main differences between Chiclayo and Novi Ligure treatment
plants.
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Table 2.4: Technological differences between Chiclayo and Novi Ligure wastewater

treatment plants.

Type of treatment

Chiclayo, Peru

Novi Ligure, Italia

Preliminary treatment

Primary treatment
Secondary treatment

Tertiary treatment

Coarse screens
Parshall flume
Distribution system
Anaerobic ponds

Facultative ponds

No tertiary treatment

Coarse screens

Fine screens

Grit Removal

Primary sedimentation
Activated sludge
Secondary sedimentation
Disinfection by chlorination

Treatment for industrial reuse
Industrial applications
Discharge to “Rio Gazzo”

Reuse of wastewater Agriculture

Final disposal of Discharge on the sea

wastewater .
river.
T'reatn‘lent of solids and No treatment of solids Anaerobic fhgestlon
biosolids Sludge drying
. . . . . . Agriculture and other
Final disposal of solids Disposed in landfill or - e
. . applications (gasification
and biosolids open areas
researches)
Treatment of gases No treatment of gases B10f11ter,.storage and
combustion

2.4. Discussion.

Economic and cultural environments of many developing countries is a barrier for
achieve basic goals of wastewater treatment. The lack of support and investment of local
and regional governments are important details in the Peruvian context. Often,
wastewater treatment plants do not have adequate instruments and equipments for an
efficient work; for example, about the analysis of wastewater characteristics and pollutants
removal. Moreover, there are political and management problems for the access to the
information.

An important factor to keep in consideration is the main purpose of the technologies
applied. While ponds are designed for a reduction of Faecal Coliforms levels and the
effluents are adequate for high-stalk crops irrigation; conventional processes as activated
sludge, biofilters and anaerobic reactors are designed for reduction of BODs and COD
concentration levels, in this way, the effluents are adequate for non-potable applications or
discharge in the environment without negative impacts. The application of processes with
technological alternatives is slow in developing countries mainly due to:

- There are not regulations for controlling and prevention of water pollution.

- There is quite diffusion of advantages using anaerobic processes.

- Low interesting by using technological alternatives due to the international
influence about conventional processes applications.
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The implementation of sustainable technologies has the objective of promoting the
protection of public health, the environment and reuse of wastes.

Successful experiences from other countries must be taken in consideration for
application in developing regions. The know-how of Novi Ligure is useful and means the
bases for the adaptation of Chiclayo treatment plant which will be discussed in the
following chapter. Rio Frio treatment plant is an example of treatment and management of
sewage with anaerobic technology and adequate stabilisation ponds. Both examples
studied will be beneficial for the follow research because include components which will
be taken into account due to the necessity of a strong modification of the Chiclayo’s
process flow sheet.

Other diverse kind of treatment technologies from characteristics of the domestic
sewage to tertiary kind of treatment are described in annex 1.
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CHAPTER 3: WASTEWATER TREATMENT: LARGE-SCALE PLANT
PLANNING

Considering previous description of current wastewater treatment plant, and on the
basis of the Italian and Colombian experiences, a development of a proposal for the
adaptation of the Chiclayo city (Peru) wastewater treatment plant was done with the goal
of verification and adaptation of the existing structures, equipment and sections,
considering the current potential of the water flow sheet and the perspectives of
valorization of wastes.

Current process consists of preliminary treatment for the removal of coarse materials,
followed by stabilisation (anaerobic and facultative) ponds and discharges into the sea or
agricultural lands, solids are disposed in controlled landfills. Nevertheless, the current
structure of the plant requires a general and overall inspection considering the nominal
flow rate and pollutants, providing the medium - long term and agreement with the
regional regulations.

In this chapter it will be discuss the providing the measures of implementation for:

- Adaptation of preliminary treatment including fine screens.

- Implementation of grit removal section.

- Verifying of Parshall flume section.

- Implementation of anaerobic digestion section with UASB reactors instead of
anaerobic ponds

- Veritying dimensions and operation characteristics of facultative ponds.

- Implementation of sludge and biogas recuperation systems.

- Preliminary studies about environmental impact assessment and economic

feasibility.

3.1. Project data

As the first step, it is important determining the project data in order to verify the
wastewater characteristics and current operating conditions.

3.1.1. Population

EPSEL S.A. is the company who operates and manages the drinking water and sewage
for Lambayeque Region; politically divided in three provinces - Lambayeque, Chiclayo
and Ferrefiafe. Chiclayo province has 20 districts and an estimate of 729,433 inhabitants.
According to the last Census of Population and Housing, there are about 574,408
inhabitants in the Chiclayo’s city area, which is limited by 6 municipalities [RENIEC?,
2010].

) RENIEC is the Spanish acronym for “Registro Nacional de identificacion y estado civil”.
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As mentioned in the previous chapter, two wastewater treatment plants treat sewage
from 3 municipalities (La Victoria, Chiclayo and José Leonardo Ortiz), they are Pampa de
Perros and San José, located far 6 km of Chiclayo district. This work is emphasizes in the
San José wastewater treatment plant (WWTP), San Jos¢ WWTP serves, according to EPSEL
S.A., a population about 332,000 inhabitants from La Victoria and Chiclayo district. There
are other plants which treat the sewage from the other 3 municipalities.

3.1.2. Flow rate: domestic and improper water: rain water

The information about wastewater flow rate is since 2007 to 2011 years, even it is not
complete for every month. San José treats about 2,853.03 m3/h, while Pampa de Perros
treats about 720.00 m3/h. The values of average monthly, particularly the average of
maximum flow rates registered in the peak hours are considered.

The drinking water of Chiclayo city is treated by two plants: N.1 and N.2, the flow rate
pumping to the city area in peak hours is 4,500 m3/h approximately. Afterwards,
wastewater is collected through the sewage system. Three principal sewage pipes collect
the water from the 3 districts before mentioned: South pipe collects wastewater from La
Victoria district; North pipe, from Chiclayo district; and North-north pipe, from José
Leonardo Ortiz district.

Table 3.1 shows the daily average flow rate measured between 2007 and 2010. The
media of minimum daily flow rate is 1,516.60 m3/h, and the media of maximum daily

flow rate is 3,026.22 m3/h. Then, 2,853.03 m3/h as design flow rate was considered.

Table 3.1: Flow rates since 2007 to 2010.

Month _ Daily flow rate (m3/h) .
Minimum Average Maximum
January 1,584.72 2,198.16 2,811.60
February 1,584.72 2,382.48 3,180.24
March 947.88 1,835.28 2,722.32
April 1,658.52 2,190.60 2,722.32
May 1,733.40 2,228.04 2,722.32
June 1,733.40 2,457.00 3,180.24
July 1,658.52 2,145.24 2,631.60
August 1,658.52 2,146.32 2,633.76
September 1,302.12 2,079.72 2,856.96
October 1,483.92 2,065.32 2,711.52

November 1,268.28 2,107.80 2,948.04

December 1,584.72 2,382.48 3,180.24
Source: [EPSEL S.A. 2007]

On the other hand, Chiclayo has a warm and dry weather and sun shining during all
the year. There are very low precipitations between months December and April, they do
not exceed 250 mm per year. The ENSO phenomenon occurs each 3 or 11 years, with 240
mm of precipitation in 1983 and 402 mm in 1998 during the last 50 years. Thus,
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precipitations do not supposed significant flow rate increases and it is not seriously
affected. Table 3.2 compares the flow rates and total precipitation; while table 3.3 shows
the precipitations for the last 30 years.

Table 3.2: Average flow rates and total precipitation.

Average flow Maximum Total
Month rate flow rate precipitation
m3/h md/h Mm

January 2,198.16 2,811.60 4.07
February 2,382.48 3,180.24 97.30
March 1,835.28 2,722.32 3.81
April 2,190.60 2,722.32 1.78
May 2,228.04 2,722.32 2.03
June 2,457.00 3,180.24 0.00
July 2,145.24 2,631.60 0.00
August 2,146.32 2,633.76 0.00
September 2,079.72 2,856.96 0.00
October 2,065.32 2,711.52 12.70
November 2,107.80 2,948.04 0.00
December 2,382.48 3,180.24 1.02

Source: [EPSEL S.A. 2010 and Online, 2011]

Table 3.3: Total precipitation levels in the last 30 years.

Monthly precipitation by year (mm)

Month
1979 1983 1987 1993 1998 2003 2010
January 2.04 118.11 0.00 1.02 71.88 0.00 0.00
February 119.89 2.04 4.06 0.76 200.66 10.67  30.98
March 2.03 86.30 0.00 22.10 147.04 0.00 1.02
April 0.00 88.91 0.50 4.07 30.23 0.00 0.76
May 4.06 14.99 0.00 0.00 1.02 0.00 1.02
June 0.00 8.38 0.00 0.00 0.00 0.00 0.00
July 0.00 0.00 0.00 0.00 0.00 0.00 0.00
August 0.00 0.00 0.00 0.00 0.00 0.00 0.00
September 0.00 0.00 1.02 0.00 1.02 0.00 0.00
October 7.87 0.00 0.00 0.00 1.02 0.00 60.96
November 0.00 2.03 0.00 0.00 0.00 5.08 4.07
December 0.00 0.00 0.00 0.00 5.08 4.06 0.00

Source [Tu tiempo network, 2011]

3.1.3. Organic load concentration: BOD:s

Biological oxygen demand (BODs) and Total suspended solids (TSS) are analyzing by
EPSEL S.A. laboratories; the values are expressed in mg/1 for BODs and ml/1/h for SST.
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Table 3.4 shows summarized BODs values measured since 2007 to 2010. Values of 2011
have not been registered, yet.

Table 3.4: BODs Historical dates since 2007 to 2010

Month BOD; (mg/)
2007 2008 2009 2010
January 141.56 242.55 235.20 172.80
February 143.55 170.78 179.30 228.13
March 188.10 178.63 201.60 227.30
April 200.67 250.60 213.60 252.45
May 198.00 250.60 225.60 22473
June 198.28 253.23 185.00 212.17
July 156.75 225.29 170.00 259.70
August 168.30 225.29 207.82 200.49
September 221.45 221.50 165.00 202.65
October 240.10 228.00 223.20 230.43
November 215.35 222.40 264.50 234.08
December 240.07 250.60 172.80 221.16

Source: [Epsel 2010]

It is important to note that sampling of wastewater from ponds is done twice or three
times by month. Data were considered only those exceeding 200 mg/1. In this sense, the
average BOD:s of raw wastewater is about 227.01 mg/1.

3.1.4. Organic load concentration: COD

Chemical oxygen demand (COD) value is an unknown parameter. According to the
literature, it is possible to find a ratio between BODs and COD. In Ahwaz (India)
wastewater treatment plant, there is a full scale Up-flow anaerobic sludge bed (UASB)
reactor, where the influent has a ratio varying between 1.7 and 2.0. Rio Frio (Colombia)
has a ratio about 1.5 and 1.6. Theoretically, a ratio between 0.5 - 2.0 should be acceptable.
For Chiclayo’s case, 1.5 was assumed, thus, COD concentration is about 340.52 mg/1.

3.1.5. TSS and Faecal Coliform concentration

An Imhoff cone is used to measure TSS concentration in a time of 60 min. The measure
is expressed in ml/1, which means the volume of solid settled in one hour, and it is useful
to know the amount of solids will be get. It is a parameter valid for stabilisations ponds
design. According to table 3.5 an average of total suspended solids is about 2.67 ml/1, and
a typical concentration is about 140 - 250 mg/l, while Faecal Coliform average
concentration is about 4.11E+07 MPN/100ml.

33



Table 3.5: TSS present in wastewater of Chiclayo city.

TSS (ml/l)

Month 2007 2008 2009 2010
January 2.63 250 4.00 1.00
February 240 1.35 1.95 4.05
March 1.77 1.67 3.25 3.00
April 1.75 3.53 2.68 1.75
May 140 353 247 280
June 1.97 2.75 4.25 3.20
July 203 310 075 405
August 210 8.02 3.05 4.39
September 215 3.25 3.05 282
October 1.35 3.10 3.50 2.65
November 2.35 6.00 2.25 3.53
December 4.45 3.53 1.00 2.73

Source: [EPSEL S.A. 2010]

3.1.6. pH

The pH value and its stability in an anaerobic reactor is very important because
methanogenesis phase only proceeds when the pH is maintained in the neutral range.
Moreover the microorganisms are different in every phase of digestion. It is necessary
keeping the equilibrium between acid production and methane production; thus, the
diverse types of microorganisms can coexist into the reactor and created the conditions for
their development. Optimal pH values have to be in the range 6.3 - 7.8. And, an adequate
and stable pH can be maintained low nutrients and chemicals requirements. According to
table 3.6, the pH values tested show that sewage is maintaining neutral and ideal to be

treated in UASB reactors.

Table 3.6: Average pH values of wastewater from Chiclayo

city in last 4 years.

Average Ph value

Months

2007 2008 2009 2010
January 7.18 7.92 7.69 7.63
February 7.62 7.45 7.72 7.54
March 7.51 7.68 7.65 7.93
April 7.32 7.05 7.50 7.83
May 7.32 7.50 7.73 7.84
June 7.43 7.52 7.83 7.49
July 7.60 7.52 7.53 7.49
August 7.47 7.54 7.84 7.50
September 7.58 7.87 7.93 7.62
October 7.77 7.62 7.63 7.67
November 741 7.28 7.69 7.46
December 7.55 7.98 7.63 7.72

Source: [EPSEL S.A., 2010]
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3.1.7. Temperature and Hydraulic retention time (HRT)

Anaerobic digestion like other biological processes strongly depends on temperature.
Two digestion phases depending on temperatures occur in a UASB reactor: mesophiles
and thermophiles phases. The first one, mesophilic bacteria can lives optimally between
ranges 35 and 40°C. While Thermophilic bacteria can survives in range of 55 to 60°C. For
domestic wastewater treatment, mesophilic digestion at controlled temperature is relevant
and recommended [Van Haandel et al, 1994].

Applications of digestion process in a UASB reactor is more attractive for tropical
(wastewater temperature above 20°C) and subtropical (temperature above 15°C) climate
conditions [Van Haandel et al, 1994]. Chiclayo climate is classified as subtropical and arid
climate. Several pilot and full-scale plants are operating in tropical and sub-tropical
countries. Studies on those plants show that higher temperatures cause an increasing of
the BODs and COD removal efficiency. In Ahwaz WWTP (Iran), it was demonstrate for the
same HRT, increasing sewage temperature from 21 to 24°C, BODs and COD removal
efficiency also increased from 53% to 75% and from 46% to 65% respectively [Azimi et al,
2004]. In Cali (Colombia) - the first UASB pilot scale plant - the climate is savanna tropical,
keeping almost temperature during the year about 24°C, the reactor is operating to HRT’s
of 4 - 6 h and its giving satisfactory results. BODs and COD removal efficiencies are in the
ranges between 75 - 93% and 75 - 82% respectively.

The Rio Frio full-scale WWTP is, at present, operating with 5 reactor (3,400m3 of
capacity for each one). The range of operating temperature is between 24 and 35°C, while
the HRT is about 5 hours. They can achieve 64 - 78% of BODs removal efficiency and 45 -
60% of COD removal efficiency.

According to G. Lettinga, hydraulic retention time and temperatures have an strength
relation [Lettinga et al, 1991]. Experiences with low temperatures (13 - 17°C) have been
studied in Netherlands and other European countries since 1976. The obtained results
reported operations with long HRT (14 - 17 h) with low BODs or COD reductions (55 -
70%) [Van Haandel et al, 1991]. In cases when temperatures are lower than 10°C, HRTs
were about 20 hours and BODs removal efficiency were about 40 - 59% while COD
removal efficiency were about 31 - 45%. Those researches demonstrated that optimal BODs
and COD removals can be achieve with HRT 6 to 8 hours and when reactors are applied
for tropical climate conditions. The region where Chiclayo city is located presents hot
summers (28 - 32°C) and moderate winters (15 - 20°C).

Table 3.7 shows the summary of data project.
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Table 3.7: Project data for sizing of the San José wastewater treatment plant.

Parameter Measure unit Year 2007 - 2010
Total population No. inhabitants 574,000.00
Population served No. inhabitants 332,000.00
Maximum flow rate m3/h 3,026.22
Design flow rate m3/h 2,853.03
Minimum flow rate m3/h 1,516.56
Average monthly precipitations mm/Month 55.00
Precipitations in extraordinary period mm/Month 250 - 402
Rainy season Months December - April
Total Organic load (BOD:s) kg/h 647.67
Average BODs concentration mg/1 227.01
Total COD load kg/h 971.50
Average COD concentration mg/1 340.52
Average TSS concentration mg/1 250.00*
Faecal Coliform concentration MPN/100ml 4.11E+07
pH - 7.60
Temperature oC cold period: 14.5 - 20°C

warm period: 28.0 - 32°C

* It was assumed the maximum value permit by Peruvian laws.
Source: [EPSEL S.A, 2010; RENIEC, 2010, and Tu tiempo Network, 2011]

3.2. Description of the new treatment cycle proposal

The current water depuration cycle could be modified to include a biological
treatment section, where UASB reactors instead of anaerobic ponds are considered to
provide the ideal configuration.

3.2.1. Sewage treatment

a) Main entrance channel: It is an open channel with a rectangular section and an
adequate slope (0.002 m/m) which permit the pass of flow approximately 0.79 m3/s.
Normally, water is dark-grey color; but when the flow rate is smaller than the nominal
flow rate the water would become pinkish color, while, when the flow rate is greater,
the water would become also pinkish color with white patches. The first one is due
that the anaerobic conditions are not developing; the second one is due that a high
BODs concentrations is present.

b) Coarse screen: There are two units of coarse screen placed in parallel at the main
entrance channel. Those serve to remove large quantities of solids, bigger than 2.54 cm
diameter (plastics bags, pieces of wood, sticks, straws, poultry feather, animal bodies
and so on). The distance between bars is 6.35 cm and the size of the bars is 2.54 cm.
Coarse screens units are automatically activated. Furthermore, two electromagnetic
units have been installed for metal residues; four gates are located before and after of
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each screen channel in order to controlled the flow rate for eventual cleaning and
maintenance works.

Fine screens: Preliminary treatment will be complemented by two fine screen units,
they are essential for guaranteed a considerably reduction of quantity of solids and
thus clogging must be avoid. They would be placed after the coarse screens units in
the main entrance channel. The distance between bars is 12 mm and the size of the
bars is 6 mm.

Grit and oil removal: The last step of preliminary treatment is a grit removal basin. It
will has a rectangular section and with a simple design, easy construction, low cost
and small head losses, avoiding the pumping of sewage or air injections and thus
minimum energy consumption is required. Solids and grits removed from preliminary
treatment are disposed in a landfill in the vicinity of the plant.

Parshall flume: A Parshall flume is already installed to measure the flow rate. The

water level depth is measured and then it is correlated with the flow rate according to
the follow table which has been developed for San Jos¢ WWTP.

Table 3.8: Flow rates table used by EPSEL S.A.

Depth (m) Flow rate (m3/h)
0.300 1,302.16
0.325 1,476.43
0.350 1,658.45
0.375 1,848.06
0.400 2,045.02
0.425 2,249.10
0.450 2,460.10
0.475 2,677.90
0.500 2,902.32
0.525 3,133,22
0.550 3,366.90
0.575 3,613.97
0.600 3,863.52

Source: [Epsel S.A. 2008]

Influent distribution system: The influent is introduced into the reactors through an
adequate distribution system with several points placed at the bottom. It is essential to
keep a good contact between the water and the sludge blanket (biomass and substrate)
[De Lemos, 2007] and to avoid formation of dead zones, especially when the water is
of low-concentration, otherwise, if the mixing between sludge and water is poor, the
volumetric gas evolution is lower and the treatment is less efficient.

UASB reactors: 5 reactors with 18 modules each will be designed. Two columns of
nine modules each will be placed. Water leaves the reactor at the top through an
effluent collection system and is channeled into the ponds. Reactors will be
constructed instead of primary anaerobic ponds. A Gas - Solid and Liquid separator
(GLS separator), at the top of the reactor, permits the capture and storage of biogas
produced during the anaerobic digestion.
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h) Stabilization ponds: A post-treatment is required because UASB reactors have a low

effect on the concentration of macronutrients (nitrogen and phosphorus) and the
pathogenic organisms are only partially removed. This implies an additional BODs
and Faecal Coliform removal. Aerobic ponds represent the best alternative for this
case. Aerobic ponds can reduce BODs until 70% and, Faecal Coliform until 90%.
Design and operating conditions will be verified for this section.

Final discharge: Wastewater produced by the treatment is used for agricultural
irrigation, with excess being discharged into the sea. A gate placed at the end of the
exit channel regulates the flow. There is an open channel reinforced with concrete
cover constructed by farmers and financed by FONCODES? for agricultural
irrigations. The channel is 1.00 m depth, 2.00 m height and 1,000 m length. The
channel which led the water to the sea is 3,500 m length. Farmers, downstream, are
taking illegally the water for their fields.

3.2.2. Biogas treatment

Biogas from UASB reactor is collected at the top by the GLS separator. The biogas

generated normally has a high methane (50 - 75%) and carbon dioxide (25 - 40%) content,
some hydrogen (1.0 - 3.0%), nitrogen (0.25 - 2.5%), oxygen (0.1 - 1.0%), hydrogen sulphide
(0.1 - 0.5%), ammonia (0.1 - 0.2%), carbon monoxide (0.1 - 0.2%) and water vapor (0.1 -
0.2%) (Osorio et al, 2009). Some experimental research studies have indicated that a
successful LHV (Low Heating Value) which is approximately 18 - 27 MJ/m3 (Nijaguna,
2002). Biogas has to be treated before its use in combustion engines in order to avoid
corrosion troubles due to hydrogen sulphide. Energy generated can be used for powering
the plant itself and excesses can fed to the national energy grid.

Steps of biogas treatment are the following:

Storage: When GLS separator exceeds its biogas storage capacity, a gas holder is
necessary. The proposal plan intends to calculate the amount of gas generated and the
storage capacity.

Desulphurization process: Presence of HoS causes bad odors and irreparable damages
in metallic pipes, tanks, and makes unusable the combustion engine. Then, the
removal of hydrogen sulphide is necessary. The methods for hydrogen sulphide
elimination can also eliminate big quantities of carbon dioxide. One of those methods
is using iron filings on purified columns.

Combustion engine: Electricity and heat generation is one of the aims of this work.
The combustion of biogas would be carry out in an internal combustion engine. Then,
the electricity would be used for cover energy needs and the heat would be used for
keeping the temperature inside the reactors.

> FONCODES is the Spanish acronym for Fondo de Cooperacién para el desarrollo social.
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d) Auxiliary equipment: By-pass and gas holders are absolutely necessary for

combustion of eventual biogas excesses.

3.2.3. Sludge treatment

As well as in the case of biogas, sludge from UASB reactor represents a resource for

future applications. Sludge has a high content of organic matter and nutrients. It can be
applied as a bio-fertilizer to increase the land quality. However, a more beneficial use of
sludge is energy recovery and application. Some studies on domestic sewage sludge have
shown that sludge represents a residue with a modest/high energy content. [Ginoris et al,
2010].

Steps of sludge treatment are the following:

Sludge sampling and discharge system: The design of the reactor comprises a group of
valves and piping that allows both sampling and discharge of the bio-solids presents
in the reactor. The sampling system is a series of valves installed along the height of
the sludge blanket compartment, to enable the monitoring of the growth and quality
of the biomass in the reactor, it is one of the most important operational routines. The
discharge system allows the periodical removal of the excess sludge produced in the
reactor, also permits the removal of inert material that may accumulate at the bottom
of reactor [De Lemos 2007].

Sludge drying bed: Sludge would be dried through natural dehydration and
evaporation. This process can achieve high levels of dryness with zero energy
consumption; but, it is important the control of bad odors because it would be a source
of insects proliferation especially with populations close to the plant and the road
Chiclayo-San José because has a high index of vehicle traffic at any times of the day.

Sludge utilization: Dry sludge has some applications. Developing countries are
researching on land applications, mainly in the agriculture. Economically, dry sludge
permits to save money, because reduce the employment of conventional fertilizers and
does not affect the quality and amount of production. Other way is fuel from
conversion of dried sludge through, e.g., gasification processes. Gasification represents
many advantages, as the complete sterilization of sludge and a significant reduction in
volume for its disposal.

Figure 3.1 represents the proposed configuration for a large-scale UASB plant.
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Figure 3.1: Proposal of wastewater treatment for sewage from Chiclayo city.

3.3. Sizing plant

The aim of this chapter is the development of the proposal for an adaptation of the
current sewage system, analyzing and evaluating the operational conditions in the San
José plant. Each step for this proposal will be identified, verified, analyzed and designed.
A theoretical calculation of performance and final efficiency will do it based on
conservative parameters in order to obtain final effluent operating values for comparison
with current values. Ion other word, the feasibility of this proposal will be analyzed.

3.3.1. Sewage treatment

3.3.1.1. Preliminary treatment
Coarse and fine screens

At the present time, the quantity of solids present in the raw sewage is unknown,
therefore the screen performance calculation is based on very theoretical values. Current
plant has only two units of coarse screens placed in a main entrance channel. This channel
is an open channel and has the following dimensions: the initial sector of the main channel
has a rectangular cross-section, 2.00 m width and 1.30 m depth; performance
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measurement takes place upstream over a 10.00 meter length, after the channel is divided
in two secondary channels, each of 14.00 m length, 1.53 m width and 1.30 m depth, so the
tflow rate is also divided into half. The two channels are unified again to create a single
downstream channel, with a length of 6.00 m assumed for performance measurements.
Two screen units are introduced in parallel into the two secondary channels. The current
coarse bars have a distance between bars of 0.0635 m and size of the bars of 0.0254 m. The
new fine screens would have a distance between bars of 0.006 m and the size of bars
would be also 0.006 m. Figure 3.2 illustrates this schema.
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Figure 3.2: Screen channel schema

Hydraulic conditions and the structure of screen channel have been verified using the
HEC-RAS? software, resolving the following equation with an iterative procedure (1 and
d subscripts stand for upstream and downstream respectively):

ay Ve
29

2
Zy + hy + =274+ hy + “"2‘;‘1 +AH (3.1)

Where, AH relates to abrupt narrowing (n) or abrupt widening (w):

VZ
AH(n/W) = kn/wz (32)

Where: V is the channel velocity; g is the acceleration due to gravity, and k is head loss
coefficient determined dependent on the sections. The k value for abrupt narrowing is:

k(n) = 05(1 - ((Ud/(l)u)z)z (33)
And, k value for the abrupt widening is:

k(w) = (1 - (wu/wd)z)z (34)

O HEC-RAS is the acronym for “Hydrologic Engineering Centers - River Analysis System”.
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Where w, and wy are the width of upstream and downstream channel respectively.
wy 18 2.00 m and wg, is 3.06 m. And, head losses for the bar screen are:

1/3
SR (3.5)

AH=K-( -

K depends on the bar shape (for a circular bar K =1.79).

The HEC-RAS software allows the performed one-dimensional steady flow, unsteady
flow calculations; sediments transport mobile bed computations and water temperature
modeling. HEC-RAS is helpful for the performance of hydraulic calculations in natural
and constructed channels [US Army Corps of Engineers, 2010]. Thanks to its basic
computational procedure, one-dimensional water surface profile and velocities can be
shown. The software takes into account the land slope and its geographical position; the
plant is located 4 a.m.s.l., 9 km from the Pacific Ocean and 6 km from Chiclayo city.

According to the results of HEC-RAS model, under normal operating conditions, the
water surface level can reach a maximum depth of 0.65 m and a minimum depth of 0.47 m
due to head losses and the bottom slope. Head losses due to the abrupt widening and
abrupt narrowing are approximately 0.11 m and 0.02 m, respectively. In the screen
channel, head losses due to the coarse screens and fine screens are approximately 0.01 m
and 0.02 m, respectively. Figure 3.3 shows the water and critical depth profile.
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Figure 3.3: 2-D profile plot of results from HEC-RAS

Head losses due to abrupt widening and abrupt narrowing cause large variations in
velocity, while head losses due to the fine and coarse screens cause low variations in
velocity. The velocity values obtained by means of the simulation agree with the standard
values established in literature and by Peruvian regulation [VIVIENDA, 2009] for this kind
of channel in wastewater treatment plants

It is very important to have a free board because in this way it can support excess flow
when there is an overload of flow due to maintenance or repair works. The software
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permits to verify the particular velocities and water surfaces for each single section of the
channel (one section cover about 2.00 m length).

Parameters used in the software are showed in the table 3.9.

Table 3.9: Main parameters for check and control screen process.

Parameter Value Unit
Main influent channel
Design flow rate 0.792 m3/h
Bottom channel slope 0.002 m/m
Channel width 2.00 m
Channel depth 1.30 m
Upstream channel length 10.00 m
Downstream channel length 6.00 m
Total channel (pretreatment) 34.00 m
Manning's value 0.015 mt/3/s
Headlosses upstream 0.02 m
Headlosses downstream 0.10 m
Coarse screens
Lines of treatment 2.00 #
Bottom channel slope 0.002 m/m
Channel width 1.53 m
Total channel lenght 14.00 m
Manning's value 0.015 m'/3/s
Bar spacing 0.0635 m
Bar size 0.0254 m
Inclination angle (vertical reference) 30.00 °C
Number of bars 17.00 #
Headlosses 0.008 m
Fine screens
Lines of treatment 2.00 #
Bottom channel slope 0.002 m/m
Channel width 1.53 m
Total channel lenght 14.00 m
Manning's value 0.015 m'/3/s
Bar spacing 0.006 m
Bar size 0.006 m
Inclination angle (vertical reference) 30.00 °C
Number of bars 127.00 #
Headlosses 0.024 m

Source: adapted by [EPSEL S.A. 2010 and Metcalf & Eddy, 2003]
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The table 3.10 shows the results by HEC -RAS model: water surface level and
velocities for each section. Figure 3.4 shows the results of HEC-RAS model. It was divided
in 4 main sections. The division was based according to the momentum of hydraulic
jumps. “Channel 1” includes 10 first meters from downstream to upstream of entrance
channel, from 9.0 to 10.0 sections. “Channel 2/3” has 14 meters long, it includes the abrupt
narrowing of the main channel, screens sections and abrupt widening of the secondary
channels, it receives the name of “Channel 2/3” because represents the two screens
channel (two units of coarse screens and two units of coarse screens placed in parallel). It
included the section from 3.0 to 8.0. Finally “channel 4” refers at the end of the channel,
afterwards, water is lead to the grit removal basin. This final section has 6 meters long,
and includes the section 1.0 and 2.0. The whole channel has 34.00 m total length, the sizes
of channel have been provided by EPSEL.

At present, the channel has 1.80 m depth. 0.5 m of them is below ground level and 1.3
m is up ground level. According to the results of HEC-RAS model, in normal operative
conditions the water surface level can get 0.65 m high as maximum in “Channel 1”7, and
0.47 m as minimum due to head losses and bottom slope. Head losses, due to the abrupt
widening and the abrupt narrowing, are about 11.00 cm and 2.00 cm of water columns
respectively. In the screen channel, head losses due to coarse screens and fine screens are
about 1.00 cm and 2.00 cm respectively. The velocities in the different sections are variable
(non-uniform motion). They are decreasing from the end of the channel to the screen
channel (from downstream to upstream). They are constants between fine and coarse
screens. And, they are increasing from channel screens to the beginning of the channel.

Figure 3.5 shows the water surface profile considering the head losses in the sections
of abrupt widening, abrupt narrowing, fine and coarse screens. Fine and coarse screens are
not visible in the plot of the channel profile, but head losses have been introduced and
taken account in the software.
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Figure 3.4: 3D prospective plot. (Screens head losses have been taken account).
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Table 3.10: Profile output table by HEC-RAS.

HEC-RAS Plan: Plan 01 Profile: PF 01

Channel Lenght Q Total ~ W.S. Elev*  Crit W.S. E.G.Elev  E.G.Slope Vel Chnl  Flow Area

Reach Secti Profile
ection (m) (m/s) (m) (m) (m) (m/m) (m/s) (m2)
Channel 1 10.0 340 PF1 0.79 0.65 0.32 0.68 0.000386 0.68 1.17
Channel 1 9.8 320 PF1 0.79 0.65 0.31 0.68 0.000380 0.67 1.18
Channel 1 9.6 30.0 PF1 0.79 0.65 0.31 0.68 0.000374 0.67 1.19
Channel 1 9.4 280 PF1 0.79 0.65 0.31 0.68 0.000368 0.66 1.19
Channel 1 9.2 260 PF1 0.79 0.65 0.30 0.67 0.000362 0.66 1.20
Channel 1 9.0 240 PF1 0.79 0.65 0.30 0.67 0.000356 0.66 1.21
Channel 2/3 8.0 240 PF1 0.4 0.54 0.24 0.56 0.000305 0.52 0.76
Channel 2/3 7.0 220 PF1 0.4 0.54 0.23 0.56 0.000299 0.52 0.76
Channel 2/3 6.6 202 PF1 0.4 0.54 0.23 0.56 0.000295 0.52 0.77
Channel 2/3 6.3 188 PF1 0.4 0.54 0.23 0.56 0.000291 0.51 0.77
Channel 2/3 6.0 174 PF1 0.4 0.54 0.22 0.55 0.000286 0.51 0.77
Channel 2/3 5.6 158 PF1 0.4 0.53 0.22 0.55 0.000295 0.52 0.77
Channel 2/3 53 142 PF1 0.4 0.53 0.22 0.55 0.000290 0.51 0.77
Channel 2/3 5.0 128 PF1 0.4 0.53 0.21 0.55 0.000285 0.51 0.78
Channel 2/3 4.6 11.0 PF1 0.4 0.50 0.21 0.52 0.000332 0.54 0.74
Channel 2/3 43 96 PF1 0.4 0.50 0.21 0.52 0.000327 0.54 0.74
Channel 2/3 4.0 80 PF1 0.4 0.50 0.21 0.52 0.000322 0.53 0.74
Channel 2/3 3.0 6.0 PF1 0.4 0.50 0.20 0.52 0.000316 0.53 0.75
Channel 4 2.0 6.0 PF1 0.79 0.48 0.26 0.52 0.000745 0.85 0.93
Channel 4 1.6 40 PF1 0.79 0.48 0.26 0.51 0.000733 0.84 0.94
Channel 4 1.3 20 PF1 0.79 0.48 0.25 0.51 0.000721 0.84 0.94
Channel 4 1.0 0.0 PF1 0.79 0.47 0.25 0.51 0.000709 0.83 0.95

* Calculated water surface from energy equation

* Manning’s value: 0,015 m1/3/s.

* Coarse screens: reach 2/3 - Channel section: 6.0 (s=0.0635m; b= 0.0254m; # bars = 17; AH = 0,008m)
* Fine screens: reach 2/3 - Channel section: 5.0 (s=0.006m; b= 0.006m; # bars = 127; AH = 0,024m)
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Figure 3.5: 2D Profile plot.
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Grit chamber and Parshall flume

It is particularly important to avoid accumulation of inorganic solids and obstruction
pipes in the reactor [Heffernan et al, 2012 and Bonomo, 2008]. In this way a grit chamber
must be installed. An easy and attractive design is a grit channel and Parshall flume
combination [Van Haandel et al, 1994]. It has advantages of easy and low cost of
construction and small head losses and permits the control of velocity in the channel, the
avoiding pumping of sewage is an important aspect.

For the grit chamber design, the following parameters and operating margins were
taken into account [Lubello, 2006]:

* Surface hydraulic load, SHL (m3/m?h): < 45 m3/m?h
* Hydraulic retention time, HRT (min): 2.00 - 5.00 min. Typically 4 min.
* Typical length, L (m): 15.00 m. (7.50 - 20.00 m).

Adequate dimensions, good hydraulic retention times and good velocities are
necessaries to ensure that organics are not removed together with sand and grit and are
carried out the channel and led to the reactor [Metcalf & Eddy, 2003 and Lubello, 2006].
Following mathematical relations were used for sizing and determining the characteristics
of the grit chamber [Lubello, 2006]:

V =0Q-HRT (3.6)

Where volume, V (m3); Q is the average total flow rate (m3/h); HRT (min) is 0.067 h;
channel total depth, H (m) is 3 m.

The surface area As (m?) is calculated by:
As="/y (3.7)
Then, the verification of SHLmax (m3/m?h) is determined by:

SHLmax = %/ (3.8)

Dimensions can be calculated by:

A
B="5/, (3.9)
Where, B is the width of channel.

Others verifying recommended relations are:

B/H =1:1-5:1 (3.10)
L/B=3:1-5:1 (3.11)
Ar=B-H (3.12)
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Where, A: (m?) is the cross sectional area of the grit channel. Now, the velocity Vi
(m/h) is expressed as:

_0

Ve="/a, (3.13)

The conditions of grit storage are determined using the following equation:

Ve=0Cy, Dy Q (3.14)

Where, V, is the accumulation of grit during the operational time (m3); C, is the
operational time practically measured in days equivalent to 168 hours; Dgis the deposition
of grit assumed as 0.075 m3 of grit per 1.000 m3 of sewage [Van Haandel et al, 1994].

The depth of grit layer Hg (m) is measured by:

|4

Hy = C/As (3.15)

An acceptable value is 1.00 m [16]. Then, the useful depth H: could be expressed as:

H.=H—H, (3.16)

Table 3.11 shows dimensional characteristics and operating conditions.

Table 3.11: Grit channel characteristics

Grit removal: horizontal grit channel Value Unit
Number of treatment lines N. 1.00 #
Design flow rate Q 2,853.03 m3/h
Grit channel width B 4.50 m
Grit channel length L 15.00 m
Total depth H 3.00 m
Useful depth H, 2.40 m
Cross-sectional area A 12.70 m?
Total surface area A 63.50 m?
Total volume |4 190.18 m?3
Hydraulic retention time for design flow rate HRT 4.00 min
Surface hydraulic load for design flow rate SHLpax 45.00 m3/mzh
Surface hydraulic load to medium flow rate SHL peq 34.47 m3/mzh
Cross-sectional velocity Vi 1.8-24 m/h
Volume of grit V. 36.00 m?3
Depth of grit layer H, 0.60 m
Cleaning period Cyp 7.00 days
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Check pass of Parshall flume.

The sewage is forced through a narrow throat in the Parshall flume. The throat width
and other critical dimensions are standardized [Van Haandel et al, 1994]. The water level
is measured at a point places at two-thirds of the channel approaching the throat. The
following equation represents the flow rate measured at the level reference according to
Van Haandel and Lettinga:

Q=239+ (Hy"®) (3.17)

Where: Q; = sewage flow rate (m3/h), y = throat width (m), H; = head upstream at
measuring point (m). The sewage flow rate can also be measured by this empirical
relationship adopted principally in the Central and South American projects:

Qe = a- (Hi") (3.18)

Where «a is equal to 2.387 and f is equal to 1.569, factors dependent on the throat
width [Pedroza, 2001], the values of which are defined empirically from large-scale plants.
The equations have been tested using the data provided by Epsel relating to the Parshall
flume structure, flow rates and water levels measured up to December 2011, and the
results obtained were identical for both equations, those results are shown in the table
3.12.

Table 3.12: Flow rates from EPSEL S.A. and tested.
Depth (Ha) Throat width using Flow rate from Flow rate using

eq. 3.17 Epsel eq. 3.18
m m m3/s m3/s
0.250 0.942 0.271 0.270
0.275 0.951 0.316 0.314
0.300 0.957 0.362 0.359
0.325 0.962 0.410 0.408
0.350 0.967 0.461 0.458
0.375 0.971 0.513 0.510
0.400 0.976 0.568 0.565
0.425 0.980 0.625 0.621
0.450 0.984 0.683 0.679
0.475 0.987 0.744 0.739
0.500 0.991 0.806 0.801
0.525 0.995 0.870 0.865
0.550 0.998 0.936 0.931

AutoCAD 2011 was used to develop the combination of Parshall flume with grit
channel shown in Figure 3.6.
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Figure 3.6: Grit removal with Parshall flume: plant view and longitudinal section.

3.3.1.2. Biological treatment: UASB reactors

Design of UASB reactor

The treatment of wastewater in pilot and experimental-scale UASB reactors has been
subject to intense research over the last decades. Some applications in Europe have been
orientated towards treating industrial sewage, while in Latin America and many
developing countries around the world; the orientation is towards domestic sewage.
These reactors work satisfactorily, achieving BODs removal efficiencies of up to 85% with
a HRT of 5 hours [Van Haandel et al, 1994]; for pilot or large-scale reactors BODs removal
efficiencies of between 60 - 75% can be obtained with a HRT of 4 - 6 hours. UASB reactors
combined with stabilisation ponds can be seen, therefore, to be technically and
economically feasible, representing an important alternative for the reuse of treated
sewage and with related environmental protection benefits.

Sizing is based on the Italian know-how and on the best real-scale project experience

in Latin America: the Rio Frio WWTP. For this case, a modular design was assumed
calculating the need for 5 reactors each of 18 modules (See table 3.13).
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Table 3.13: Projection parameters from UASB reactor design of Wastewater treatment
Plant in Bucaramanga, Colombia.

Year # population Fl(;u;/r:lz)te Oggnécollo)a/cciil)ng # UASB Reactors
1991 153,000 32,141 4,590 2
1993 180,000 37,843 5,400 3
1998 220,000 48,224 6,600 3
2003 280,000 58,838 8,400 4
2008 340.000 71,366 10,200 5
Current Rio Frio WWTP characteristics:
2011 - 2012 500,000 55,296 10,500 4
Characteristics for San José WWTP:
- 332,000 68,464 11,904 5

Source: [Montalvo et al, 2003 and Chavez, 2009].

Reactor volume and dimensions

Volume and dimensions are determined by HRT and up-flow velocity mainly. A first
approximation for hydraulic retention time and flow rate by each module must be
considered. Then, volume of a module and total module liquid volume are determined
thought the following equations:

V, = Q' HRT (3.19)
V, =V,/E (3.20)

Where: V,, is the module volume or effective volume, while V; is the total module
liquid volume, the sludge bed volume is included in the Vi, it is calculated applying an
effective factor E equivalent to 0.85 [Metcalf & Eddy, 2003]. Q,, is the total flow rate by
module equivalent to 31.7 m3/h. HRT is strongly dependent on temperature, when the
temperature is in the range 22 - 26°C, about 6 hours are acceptable [Azimi et al, 2004].

Total module liquid volume and effective module volume are 186.50 m® and
158.50 m? respectively.

Cross sectional area and dimensions for each single module could be calculated
considering and assuming the up-flow velocity of water inside the reactor.

Apm = Qm/Vyp (3.21)

Where 4,, is the area and Q,, is the flow rate for a single module. The area is 47.5 m?2.
The maximum up-flow velocity v, should be 0.7 m/h, it has an important impact on the
efficiency of organic matter removal and avoids the wash up of biomass. In a conventional
UASB system and treating domestic sewage, the average daily value of up-flow velocity
must not exceed 1 m/h. The module has a rectangular section where width is about the
half of the length, the dimensions of the module are 5.0 m and 9.5 m for width and length
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respectively. Total extensive area can be calculated applying principles of plant planning
and surfaces calculations, the total area for reactors is 9,747.0 m?2.

The liquid height of the reactor is determined by:
Where, H; is the liquid height, it is 4.1 m.

Reactor depths treating domestic sewage of 3.0 - 5.0 m are recommended [Azimi et al,
2004]. The total height of the reactor is the sum of the liquid height and the gas collector.
The height of gas collector is about 1.0 - 1.5 m for reactor taller about 4.0 - 6.0 m and it is
economically feasible to get total height on this range [Lettinga, 1991]. Many full scale
experiences demonstrate this performance, moreover, reactors tallest 7.0 m must not be
recommended [Azimi et al, 2004]. Thus the following relationship is applying:

HT = HL + HG (323)

Where, Hrp is the total height of the reactor which is 5.5 m, and H;; is the height of the
gas collector.

The liquid up-flow velocity in the reactor is directly correlated with the reactor height.
High liquid velocities can increase the turbulence in the system at the inlet zone and hence
the contact between the sludge and the incoming wastewater [Seghezzo et al, 1998]. The
relationship between the up-flow velocity and the dimensions of the UASB reactor is
given by:

Vup = Qm/Am = Vi/(HRT - Ay) = H, /HRT (3.24)

Volumetric organic load

COD loading is a function of the wastewater strength and temperature. The
volumetric organic load is defined as the mass of organic matter applied to the reactor, per
volume unit. Treating domestic sewage (low and very low strength wastewater, lower
than 1,000 mgCOD/1) the volumetric organic load to be applied must be in the range 1.5 -
4.0 kgCoD-m3/d. Higher values cause excessive hydraulic loads and consequently
excessive up-flow velocities. Applying expression 3.25 it is obtained:

Where L,, 4 is the volumetric organic load (results 1.63 kgCOD.m3/d); @, is the flow rate
for a single module in m3/d; S¢¢p is the organic concentration in kgCOD/m?3.
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Influent distributions system

The number of distribution tubes or inlet points (Ng) is determined according to the
reactor cross-sectional area and the area covered by each distributor A, [De Lemos, 2007].
Considering the Rio Frio experience, about 2.6 m? influence area is acceptable, then 18
inlet points would be installed. The number of tubes is calculated using the expression:

A
N, = m/ 4, =18 (3.26)
Latin American experiences have shown that distribution tubes with a diameter of 0.1
m are sufficient to maintain a sewage velocity under 0.2 m/s, in order to avoid air bubbles

and prevent tube obstruction from solids still present in the influent.

According to Haandel and Lettinga, the influence area should be ranging from 1.0 to
4.0 in full-scale UASB, as presented in table 3.14.

Table 3.14: Parameters of influent distribution in UASB reactors experiences treating
domestic sewage.

System Volume (m3)  Liquid height (m)  Influence area (m?)
Pedregal (Paraiba, Brazil) 160.00 4.0 20-4.0
Sao Paulo (Brazil) 120.00 4.8 2.0
Bucaramanga (Colombia) 3,300.00 4.0 29
Cali (Colombia) 64.00 4.0 1.0-4.0
Kanpur (India) 1,200.00 - 3.7

Source: Adapted by [Van Haandel et al, 1994] and [Montalvo et al, 2003].

Three phase separator

The GLS separator is installed in the upper part of the reactor. It collects the biogas
escaping from the liquid phase separator and allows the suspended solids in the upper
part of the reactor to settle. At the same time, it helps maintain the effluent TSS
concentration low, and creates the space above the separator for the sludge bed to
accommodate expansion resulting from temporarily high hydraulic loads [De Lemos,
2007].

For the correct performance of GLS separator device, the biogas produced in the
digestion zone should not reaches the settling zone; if this condition is not met, the
resulting turbulence in the settler will lead to a decrease in the settling efficiency and loss
of the produce biogas as well as the sludge [Van Haandel et al, 1994]. Once the gas is
effectively removed, the sludge can be separated from the liquid in the settling
compartment, and then returned to the digestion compartment. Due to these reasons the
GLS separator could be composed of a set of gas collector elements at the top of the
reactor and a layer of gas deflectors beneath the apertures between these gas collection
elements. In principle the design of the GLS separator is fairly simple, and it doesn’t
constitute a very expensive part of the reactor.
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Its design depends on the characteristics of the wastewater, type of sludge present in
the reactor, the surface loading rate, the expected biogas production and the dimensions of
the reactor. According to De Lemos, Surface loading rates and hydraulic retention times in
the sedimentation compartment are giving by the table 3.15.

Table 3.15: Surface loading rates and hydraulic retention time in the sedimentation
compartment.

Surface loading  Hydraulic retention Velocity in the aperture

entee iy ey et
Average flow 0.6-0.8 1.5-2.0 <2.0-23
Maximum flow <1.2 >1.0 <4.0-4.2
Temporary peak flows <1.6 >0.6 <5.5-6.0

Source: [De Lemos, 2007]

Design is based on the Surface hydraulic load C;, (m/h), which is expressed as:

="/ (3.27)

The Surface hydraulic load is 0.68 m/h. Then, the velocity in the sedimentation
compartment, vy (m/h), can be determined applying the following expression:

The velocity is 2.7 m/h. And, the opening area A4,, (m?) of the compartment is 11.5 m
given by:

Aoy =my, (3.29)

Two collectors would be installed by each module, then, each collector has 5.75 m?
opening area. The area for each collector can be determined subtracting the opening area
from the surface area of the module and divided by two. Thus, each single collector has
18.0 m? surface area. Dimensions of the collector are determined applying the following
equations:

A
Wors =4/, (3.30)

W,p = W — 2 WGLS)/4 (3.31)

Where, W s is the collector width (2.0 m), As;s is the collector area, L,, is the length of
module, W, is the width of the opening area (0.25 m), and W, is the width of the module.
The dimensions of the collector are 9.0 m length and 2.0 m width considering 0.25 m width
of opening area.

Then, the opening of walls can be determined by:
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W,
Wy ="/, — Wy —0,5(h) (3.32)

Where: W, is the opening of walls (results 0.75 m), and h, is the height of gas collector
assumed as 0.50 m. While, the height of sedimentation compartment hg (m) is given by:

hs =W, - tana (3.33)

And it results 1.30 m. Where a is the angle of wall, equivalent to 60°.
The total height of GLS separator device Hgp s (m) is:

Hgrs = hs + he (3.34)

Deflectors must be installed and located immediately, about 0.20 m below the
apertures of the sedimentation compartment, to enable the separation of the biogas, and
allow only liquid and solids enter to the sedimentation compartment. The overlap would
be assumed as 0.15 m, according to De Lemos, the overlap of the gas deflectors in relation
to the opening for the settler compartment must be about about 0.10 - 0.15 m. Hence, the
dimensions of deflector are given by:

Ip = Wy, +0.15 (3.35)
And
hD = lD * tanﬁ (336)

Where, [, is the length of the deflectors (0.40 m), hj, is the height of the deflectors (0.40
m), [ is the angle applied to deflectors. It is equivalent to 45°. Regarding the Hydraulic
retention time is given under the concept:

The volume of sedimentation compartment (Vs) is about 58.24 m3, then, the hydraulic
retention time in the sedimentation compartment (HRTs) is 1.84 hours. Ranging from 1 to 2
hours HRT is recommended.

Keeping acceptable values of liquid velocities in the GLS separator is important, even
they can vary according to the reactor dimensions [Van Haandel et al, 1994]. The main
velocities are given by:

A
Vg = Im ey = Vo m/ Aoy (3.38)
And

A
Vai = Qm/Adi = Vup - m/Adi (3.39)
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Where: v,,,, v4;= up-flow velocities of the liquid at the base of the GLS separator and

at the effluent discharge level respectively (m/h); A

ap’

Ag;= areas for liquid at these levels

(m?). 2.76 m/h is the up-flow velocity at the base of the GLS separator and 0.86 m/h is the

velocity at the effluent discharge level.

Table 3.16 summarizes the design parameters of UASB reactor.

Table 3.16: Summary of UASB design

Parameter Value Unit
Reactor and module
Number of reactors - 5 #
Modules by each reactor - 18 #
Type of design - rectangular -
Flow rate of single module Qm 31.70 m3/h
Effective volume ' 158.50 m3
Total module liquid volume \3 186.50 m?
Hydraulic retention time HRT 6 h
Module area A 47.50 m2
Total reactor area - 855.00 m?2
Total extensive area - 9,747.00 m?
Dimensions of each module Wy, XL, xH, 5.0x95x4.1 mxmxm
Total height of the reactor Hr 5.5 m
Up-flow velocity Vup 0.7 m/s
Influent distribution system
Influence area Ap 2.6 m?2
Number of inlet points Nq 18 #
Diameter of tubes - 0.1 m
Three phase separator
Number of GLS devices for each module - 2.00 #
Velocity in the sedimentation compartment Vr 2.7 m/h
Total opening area Aop 11,89 m?
Height of sedimentation compartment hg 1.30 m
Total height of GLS separator Hgps 1.80 m
Angle applied for walls a 60.0 ©
Angle applied for deflectors B 45.0 ©
Volume of sedimentation compartment Vs 58.24 m?
HRT of sedimentation compartment HRTs 1.8 h
Velocity at the base of GLS separator Vap 2.76 m/h
Velocity at the effluent discharge level Vgi 0,86 m/h

Figure 3.7 shows the schema of each section of the reactor, designed using AutoCAD,

as described in the previous calculations.
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Figure 3.7: UASB reactor, biogas collection and influent distribution system

Effluent collection

The effluent would be collect at the top of the reactor as uniformly as possible. A low
cost design alternative is submerged perforated tubes which consist of a number of PVC
tubes that draw off the water treated from beneath the water surface [De Lemos, 2007].
They are submerged at approximately 0.20 m under the water level. It is helpful to
maintain a uniform flow in the holes, and decrease or eliminates the risk of turbulence as
well as release of gases and bad odors.
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When wastewater is discharge at their leveling, a scum baffler submerged should be
included along the launder in order to retain the floating solids. Part of the material in the
floating sludge layer consists of viable anaerobic active sludge, which rises in the
wastewater due to occlusions of biogas bubbles, once the bubbles are released, the sludge
will returned to the digestion zone of the reactor [De Lemos, 2007]. The discharge through
tubes is visible and any obstruction can be detected easily, as cleaning is not always
possible, it is recommended that the tubes are laid with a minimum slope of 1% so they
that may be self-cleaned.

Sludge sampling and discharge

The sludge sampling system consists of a series of valves installed along the height of
the digestion compartment. It allows the growth and quality of the biomass in the reactor
to be monitored, that is, to determine the solid profile, micro-organisms present in the
system and the specific methanogen activity. In addition, determinate the quantity,
frequency and determination of ideal sludge discharge point. The installation of valves is
recommended from the base of the reactor with the following characteristics: spacing
between them: 0.50 m; diameter of valves: 2 inches (or 100 mm as minimum); type of
valves: ball valves.

Performance of UASB reactors: removal efficiencies

The performance of the proposed reactor was determined in terms of COD, BODs and
Faecal Coliform removal efficiencies. TSS removal efficiency was difficult to determinate
due to the lack of specific information on TSS. Removal efficiencies were estimated using
empirical relationships obtained from experimental results of the task group of the
International Water Association’s (IWA) in relation to anaerobic digestion processes. They
noted that COD and BODs removal efficiencies are affected considerably by the hydraulic
retention time of the system. Ranges from 40 to 75% for COD removal and from 35 to 80%
for BODs removal can be achieved [De Lemos, 2007 and Arena, et al, 2005] using:

Ecop = 100 - (1 — 0.68 - HRT ~°3%) (3.40)
Egop = 100 - (1 — 0.70 - HRT~%59) (3.41)

Meanwhile, Faecal Coliform (FC) efficiency depends on the die-off kinetic constant

Epe > In [%] = o HRT (3.42)
where:
o = 6(20°C) - (1.19(7-29)) (3.43)

Where Ecop, Egop and Eg¢ are COD, BODs and Faecal Coliform removal efficiency
expressed in %. HRT in hours.
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The o (d) is influenced by the water temperature of the reactor (T is equal to 35°C),
and ¢(20°C) is equal to 2.60 d-1. Removal efficiencies calculated for the UASB reactor are:
63.7%, 71.4% and 89.7% for COD, BODs and Faecal Coliforms, respectively, with an HRT
equal to 6 h. The UASB effluent concentrations can then be estimated using the following
expressions:

Scon/sop-vase = Scop/pop-uass(o) — | (Econ/sop * Scop/pop-uass(0))/100] (3.44)
Nrc-vass = Nrc-vasp)/ (1 + 0 - HRT) (3.45)

Where S is expressed in mg/1 and N is expressed in MPN/100ml. Then, 64.87 mg/1,
123.68 mg/1 and 6.25E+06 MPN/100ml were found for BODs, COD and Faecal Coliform
concentrations in the UASB effluent.

Table 3.17 reassumes the parameters and results for the reactor performance.

Table 3.17: Design parameters and performance of San José municipal UASB treatment plant.

Parameter Value Units
BODs concentration in the UASB influent SBOD-UASB(0) 227,01 mg/1
COD concentration in the UASB influent Scop-uAsB(o) 340.52 mg/1
FC concentration in the UASB influent NEc-uasB(o) 411E+07 MPN/100ml
BODs concentration in the UASB effluent SBOD—UASB 64.9 mg/1
COD concentration in the UASB effluent Scop-vass 123.7 mg/1
FC concentration in the UASB effluent Nrc-uasB 6.25E+06 MPN/100ml
BOD:s removal efficiency Ezop 71.4 %
COD removal efficiency Ecop 63.7 %
FC removal efficiency Erc 89.7 %

3.3.1.3. Post-treatment

Pathogenic organisms are only partially removed in a UASB [Von Sperling, 2007].
Then, a post treatment must be required for remove residual BODs and TSS, and to reduce
the concentration of pathogens. Several post-treatment processes can be applied to the
UASB effluent. According to the Latin American experiences, stabilization ponds are a
better option for post-treatment [Donaires, 2005]. They can contribute substantially to
producing high pathogen removal efficiency, odour control and low sludge accumulation.

Verifying and proposal for a post-treatment

It is necessary to verify the current dimensions (245 m length, 242 m width and 1.80 m
depth) in order to plan the operational conditions for the new configuration. The current
ponds were designed as a serial process with anaerobic ponds; while in the proposal the
UASB reactor would be followed by aerobic ponds in a serial process too. At least 10 days
of retention time could be necessary for an efficient BODs residual removal and pathogens
removal and in order to keep aerobic conditions in facultative ponds a 1.8 m depth is
essential.
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In Peru, the regulation “S5.090 - Wastewater Treatment Plants" from the National
Building Regulation is applying. Processes and design criteria are indicated in this
regulation.

A design based on organic load and surface loading rate is more flexible [Von

Sperling, 2007 and CEPIS/OPS, 2005). The organic load L, (kg BODs/d) can be calculated
by the following empirical expression:

Lo = Sgop-vass - Qp (3-46)

If Sgop-uasg is in kg/m3 and Q,,, flow rate for a single pond, is in m3/d. The Lg is
888.30 kg/d.

The surface loading rate varies with local temperatures, in regions with moderate
sunshine during the winter is in the range 120x10-4 - 240x104 kg BODs/m?.d according to
CEPIS/OPS, 2005 and Cavalcanti, 2003, if T, is in °C:

Ly = 350 - (1.107 — 0.002 - T,)Te25 (3.47)
Where T, is the air temperature for coldest month. Then, Lg is 166.7x10-4 BODs/m?2.d.

Table 3.18: Ranges of surface loading rates for different kind of climates.

Kind of climate Lg
Regions with warm winter and high sunshine 240 - 350 kg BODs/ha.d
Regions with moderate winter and sunshine 120 - 240 kg BODs/ha.d
Regions with cold winter and low sunshine 100 - 180 kg BODs/ha.d

Source: [Von Sperling, 2007]
Then, the area required (m?) for each pond is:
AT‘ = LO/LS (348)

So each pond needs 53,300 m?2. The volume can then be found using the following
equation:

Vo =2/g-[(L-W)+ (L—2iZ)(W —2iZ) + 4~ (L — iZ)(W — iZ)] (3.49)

Where Z, L and W are pond dimensions: depth, length and width (m); i is the ratio
between horizontal and vertical internal slope. The volume is 102,000 m3 for each pond.

Hydraulic retention time in the ponds (6, days) would be determined by the following
expression, if Q, is inm3/d:

6 = Fhe - 22 (3.50)
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Where Fhc, the hydraulic correction factor, is 1.2 for secondary stabilisation ponds. It
produces the result that 10 days are necessary to achieve optimal levels of pathogen
removal, using the five stabilisation ponds already operating.

Performance of stabilizations ponds
The final effluent characteristics in the stabilisation ponds can be determined in terms
of the final concentrations of BODs (Ssop-r, kg/m3) and Faecal Coliform (Nrcrp,

MPN/100ml):

SBOD—UASB'4'V'6((1_Y)/(26))
(1+y)?

Spop-p = Fsc- + Spop-vasp " Fia  (3.51)

_ Npc-yasp'4y-e((1=1/29)
NFC—P - (1+y)2 (352)

If SBOD—UASB is in kg/m3
Fsc, sedimentation characteristic factor, as 0.9 and Fia, Intrinsic algae factor, as 0.3 can
be assumed according to CEPIS/OPS, 2005 and P Cavalcanti, 2003. y and 6 are pond

dispersion factors given by:

_ 1-158'[9'(W+2Z)0'489]-W1-151

6= (T +42.5)0-734.(L-Z)1489 (3:53)
and,
y=y(@1+4:9-6-6) (3.54)

Where 9 = 9(20°C) - (1.19(T_20)), which is the water temperature in the coldest month,
according to table 3.19. 9 is 2.99 d-1.

Table 3.19: Relation between Died-off constant and temperature.

T (°C) 9 (d1) T (°C) 9 (d1)
11 0.54 21 3.09
13 0.77 23 438
15 1.09 25 6.20
17 1.54 27 8.79
19 218 29 12.44

Source: [Donaires, 2005].

Thus, the stabilisation ponds can reach final BODs and Faecal Coliform concentrations
of approximately 20.14 mg/1 and 4.9E+04 MPN/100ml (69% and 99% removal efficiencies,
respectively). During the whole process, very high removal efficiencies can be achieved,
91% for BODs and 99.9% for Faecal Coliform compared with 71.4% for BODs and 90.5%
for Faecal Coliform in current removals. At present, the effluent presents a BODs
concentration of 65 mg/1 and a Faecal Coliform concentration of 3.9E+06 MNP /100 ml. It
is important to note that the proposed solution complies with Peruvian laws, which
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permit maximum concentration levels of approximately 100 mg BODs/1 and 1E+05
MPN/100ml of Faecal Coliform.

The following table reassumes the main characteristics of post-treatment with
stabilization ponds and final effluent.

Table 3.20: Design parameters for Post-treatment and final effluent characteristics.

Parameter Value Unit
Flow rate for a single pond Qp 13,692.22 m3/d
Organic load in the influent Lo 888.30 kgBODs/d
Surface loading rate Lg 166.7x10+4 kgBODs/m2.d
Area required by a single pond A, 53,300 m?
Pond dimensions LxWxZ  245x242x1.8 m
Hydraulic retention time 0 10 d
Air temperature for coldest month T¢ 15 °C
Water temperature for coldest month T 20 °C
BOD:s concentration in the final effluent Ssop-p 20.14 mg/1
FC concentration in the final effluent Nrc.p 4.96E+04 MPN/100ml
BOD:s final removal efficiency - 91 %
FC final removal efficiency - 99.9 %

3.3.2. Sludge treatment

Sludge is accumulated at the bottom of the reactor and represents a potential source
for energy generation. The sludge produced in systems operating at temperatures above
20°C is normally sufficiently stable to allow direct liquid-solid separation without prior
treatment. It would be used as fertilizer in agriculture or disposed of in some other way.

3.3.2.1. Sludge production and discharge frequency.

Table 3.21: Up-flow rate, average concentration and sludge age in different UASB reactors as a
function of retention time.

Average Average
HRT Upﬂqw sludgé:z sludgi Sludgg Sludge age
System velocity . . composition 3
(hours) (m/h) concentration  concentration (gVSS/GTSS) (d1)
(VSS*/) (]TSS/))
Pedregal 2.1 1.43 17.0 25.75 0.66 7.8
2.6 1.15 15.6 22.28 0.70 10.1
3.0 1.00 17.8 26.18 0.68 14.8
5.6 0.71 19.6 35.63 0.55 37.5
7.2 0.56 20.2 36.07 0.56 46.1
17 0.24 18.1 29.67 0.61 118.2
Cali 4.0-8.0 05-1 25.0 - 30.0 71.45 - 66.66 0.35-0.45 30.0 - 150.0
Kanpur 6.0 0.83 25.0 - 35.0 83.33 - 87.50 0.30 - 0.40 50.0 - 70.0

Sao Paulo 4.0-140 04-15 2.0-8.0 - - -
* VSS: Volatile suspended solids
Source: [Van Haandel et al, 1994]
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The sludge mass retained in the UASB reactor can be estimated using sludge
concentration profiles determined by real experiences in Colombia, Brazil and India. The
average sludge concentrations depend on the sewage composition and operational
conditions summarizes in table 3.21. The typical average concentration of sludge is about
70 kgTSS/m3 [Cavalcanti, 2003]. Obviously, the sludge concentration at the bottom of the
reactor is high, but decrease steeply with height to very low values.

Production quantities are influenced by retention time. Sludge production was
determined under steady state conditions for a single module. The total mass Ps (kgTSS)
was calculated using the method described by Van Haandel & Lettinga:

P=A4,Y_Hs-C (3.55)

Where, Hg is sludge layer depth (m). C is the sludge concentration (kg/m3), i represents
the number of sludge layer. For specific results, in this case, considering one sludge layer,
the equation can be rewritten as:

Prss = Ay - Hg * Crss (3-56)

The volume of the sludge blanket was assumed to be 1/3 of the digestion zone
volume [Metcalf & Eddy, 2003]. If the total volume from each module is 158.5 m3, then the
volume of the sludge bed is 52.8 m3, and the mass sludge is 3,697.9 kgTSS. The production
rate of solids (Pxrss) can be estimated, when the specific sludge production (Xrss) and
daily organic influent load (L,¢) are known, from:

PX,TSS = Xrss - Lorg (3'57)

Where: Xrss can be assumed to be 0.15 kgTSS/kgCOD [Cavalcanti, 2003] and Lg,g is
259.07 kgCOD/d for each module, then 38.86 kgTSS/d is obtained.

Since the storage capacity is limited, the sludge must eventually be discharged. It is
known that 60% of the total sludge mass can be discharged while 40% is the minimum
percentage that must be retained inside the reactor to maintain good performance (COD
removal efficiency and operational stability). Also, the sludge could be discharged in the
effluent when the effluent is full of sludge, about 2/3 of the sludge production is
accumulated inside the reactor and 1/3 is discharged together with the effluent. Then, the
real production rate is 25.90 kgTSS/d. Considering these dates, the Solids retention time
(SRT) or sludge age can be determined as the ratio between the sludge mass in the reactor
and the sludge production rate:

— 06 " PTSS/

A discharge frequency of 70 days was obtained. For minimal operation cost it is
preferable get large dischargings with low frequencies. But, at the same time the
dischargings cannot be excessive in order to avoid deterioration of the reactor. Figure 3.8
expresses graphically the period of discharging. The reactor efficiency and operational
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stability should be affected only very little during the first few days immediately after the
discharge [Cavalcanti, 2003].

Daily COD mass removed (Py cop) can be calculated too as:

E 100
Px.cop = (Econ/ )/Lorg (3.59)

Table 3.22 reassumes the parameters for the sludge production.

Table 3.22: Average operational conditions of the reactor and average performance
parameters for sludge profile.

Parameter Value Unit
Sludge layer depth Hg 1.11 m
Typical sludge blanket concentration Crss 70.00 KgTSS/m?
Total sludge mass Prgs 3,697.91 kgTSS
Total solid production rate Py rss 25.90 kgTSS/d
Specific sludge production Xrss 0.15 kgTSS/kgCOD
Organic load Lorg 259.03 kgCOD/d
Sludge age SRT 70.00 d
Daily COD mass removed Py cop 165.78 kgCOD/d
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Figure 3.8.: Schematic representation of the sludge mass production and discharge.
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3.3.2.2. Sludge drying beds

Until now, drying beds are the most widely used method of municipal wastewater
sludge dewatering. They have been used for more than 100 years due to their several large
facilities in sunny regions, specially low capital cost and energy consumption, no
chemicals requirements, less sensitivity to sludge variability and high cake solid content.
On the other hand, they require extensive areas; the need of prior sludge stabilizations,
potential odor and insect problems and the sludge removal is an intensive labor.

Conventional sand drying beds are the oldest and most commonly used type of
drying bed. Physically, they are not differing much from traditional sand filters. In an area
confined by trick or concrete bottom and sidewalls, like as a rectangular tank, there is a
drainage system composed of perforated pipes at the bottom and it is covered with
bottom layers of gravel and top layers of sand. The thickness of sand layer is usually 0.2
m, while gravel layers is about 0.3 m. Total depth of the layer do not be less of 0.5 m
[Turovskiy et al, 2006]. This layer allows the percolation of the liquid present in the
sludge. Then, a supporting layer would be built with hard burn brink able to withstand
the dry-sludge removal operation, elements are arranged with 0.02 - 0.03 m joints, as it is
shown in figure 3.9. The supporting layer permits a better distribution of sludge avoiding
clogging and dewatered sludge removing. The floor of the drying bed must be even and
impermeable, with minimum 1% slope towards the main draining collector.

20— 30 e
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|

Figure 3.9: Detail of the brick arrangement in the supporting layer.

Usually the number of beds is considerable so that several batches of sludge can be
dried simultaneously. Sludge drying beds may be open to the atmosphere or can be
constructed with a roof to protect them from rain. By covering the bed it is also possible to
use solar energy to heat up the sludge during the drying period and thus to eliminated
pathogens. The “solar pasteurization” is particularly important if the sludge is to be used
in agriculture [U.S Environmental Protection Agency, 1979].

The evaporation rate depends on several factors such as climate (temperature,
humidity, wind, and so on.), the nature of the sludge and the applied solid load on the
bed. The sludge of the UASB is generally stable and can be dried in a short period of time,
about 15 days.
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The solid loading rate (SLR) is a fundamental parameter for the design of a drying
bed, it means the radio between the applied solid mass and the drying bed surface area
[Cleverson, 2007]. Brazilian standards recommend a SRL < 15 kgTSS/m?. Daily 33.3 m3/d
would be produced of sludge from UASB reactors. Considering 20 days of operational
cycle time of drying beds (the time can be varied according to some factors specially the
weather), then the total volume of sludge is 666.1 m3. In order to dry all of this volume is
necessary a drying bed or drying cells with a total extension area of 3,108.4 m2. And, the
layer of sludge can get in the bed about 0.25 m.

3.3.2.3. Sludge utilization

Sludge from biological treatment is constituted by excess biomass with bacterial
colonies and suspended, inert and volatile material. At present, extracted solids from San
Jos¢ WWTP are disposed in landfill. Their handling and dumping is relatively easy
because they are discharge every five years. The new proposal envisages a post-treatment
a subsequence use of sludge. Many alternatives can be the disposal on agriculture or
compost. The common applications of wastewater sludge are:

Beneficial uses: Sludge may be distributed and marketed for residential or
commercial uses as a solid amendment and conditioner. It can be used as a substitute for
topsoil and peat on lawns, golf courses, parks, ornamental and vegetable gardens. Usually
for this kind of purposes, sludge has been composted. In Chiclayo, there are several
NGO’s (No governmental organizations) which develop composting activities of wet
solids wastes, for example, CENTRO ECO (Chiclayo city) and EMAUS (Lambayeque city).
CENTRO ECO develops its activities on the rural zones of Lambayeque district through
using organic wastes which are become on organic fertilizer employing on farms or mini
farms of poorest families. EMAUS develops its activities working together with the
Municipality of Lambayeque and the universities collecting solid and organic wastes and
making compost in their pilot plant. One of the proposals of this work is keep the contact
with these organizations in order to implement sludge composting programs.

Land applications: Emphasizing on agricultural, forest land and disturbed land as a
valuable resource improving the characteristics of the land. Sludge is a soil conditioner
faciliting nutrient transport, increasing water retention, improving soil structure, and
replacing expensive chemical fertilizers. But, at the same time, the agricultural use of
sludge needs a very special attention. Most bacteria, virus, protozoan cysts and intestinal
parasite eggs are not completely inactivated. Other more complex methods are absolutely
necessary for this goal. Even conventional stabilization processes, such as aerobic or
anaerobic digestions, needs a complementary stage to achieve a complete disinfection.
Still, sludge has a high content of organic matter and nutrients, and it can be applied as a
bio-fertilizer to increase the land quality. Peruvian law about sewage sludge applications
permits their agricultural use as long as they meet the legal requirements including those
that can be set in the future (low content of heavy metals and organic contaminants).

Other methods of final disposition: Solids and bio-solids removed from preliminary
and biological treatment processes can be concentrated and stabilized by biological or
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thermo-chemical processes in order to prepared and reduce volume for their final
disposition. It can also be transported long distances with close container so as to
minimize the risks of odours and dissemination of pathogens to the air. Methods of final
disposal include landfilling and lagooning. Sanitary landfill is the most suitable; the
wastes are deposited in a designated area, compacted and covered with a 0.3 m layer of
clean soil. Lagooning is a simple and economic method if the WWTP is in a remote
location, where the sludge is stabilized through anaerobic and aerobic decomposition.
Lagoons should be located away from highways and dwelling to minimize possible
nuisance conditions.

A more beneficial use of sludge is energy recovery and application. In fact, some
studies on domestic sewage sludge have shown that sludge represents a residue with a
high energy content even achieving values of about 24.5 MJ]/kg [Ginoris et al., 2010]. For
this yield, gasification is considered as one of the most efficient thermochemical processes
to convert biomass into energy. Fuel from conversion of sewage sludge dried through
gasification processes can be used in conventional thermal engines, such as combustion
motors or turbines. Gasification processes present many advantages such as, for example,
the complete sterilization of sludge, and a significant reduction in volume with ash
production. However, sludge needs a drying pre-treatment process due to its high
moisture content (85%) [Coronella et al, 2010].
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Figure 3.10: Methods of treatment and final disposal.

3.3.3. Biogas treatment

One of the advantages of the UASB is the potential of biogas recovery. It represents a
good resource for future applications. Some research studies and real applications
demonstrate that the biogas can be treated by power generators for electricity production.
Furthermore, heat can be transmitted to the reactors to maintain the internal temperature.
The electricity produced is useful for room lighting and operating electrical equipment,
such as screens. On the contrary, possible losses of methane have two negative effects:
energy is lost and CHa is a potent greenhouses gas if it is released to the atmosphere
[Grosso, 2010].
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3.3.3.1. Biogas production

The amount of methane produced depends on the concentration COD influent and the
methane production rate (Pcy,) at the internal temperature of the reactor (35°C)
considered to be equal to 0.4 m3/kgCOD [Metcalf & Eddy, 2003]:

QCH4 = PCH4 * CODpypy (3-60)

Where CODy,, is the amount of COD used by methanogenic bacteria, which is
dependent on the total flow rate of the plant, and was calculated in this case study to be
equal to 593.4 kgCOD/h.

Now, the plant can produce 212.3 m3/h of CHa.

However, in the UASB, some methane losses do occur, and not all the methane
produced is useful for energy recovery. Table 3.24 reports the methane losses in a UASB
according to Grosso, et al., 2010.

Now, the real CH4 available for energy recovery was calculated using the following
equation:

QtpL f
Qch,-cr = Qcn, (1 —pw—po) — % (3.61)
Where: fcy, is the conversion factor from methane to COD (4 kgCOD/kgCHa) and
f(T) is a correction factor calculated as a function of the operating temperature:

P-Wcop
R-(2734T)

f(T) = (3.62)

Table 3.23: Percentage of methane losses in a UASB reactor

Type of losses Unit Minimum Medium Maximum
value value value
Loss as residual gas (pw) % 25 5.0 7.5
Other losses (po) % 2.5 5.0 7.5
Effluent leaks (pv) kg/m? 0.015 0.02 0.025

Source: [Grosso et al, 2010]

3 atm.m3

With P = 1 atm; Wop = 32 kgCOD /molCH,; R = 0.082x10~ — and T = 35°C. In
this way, Qcp, -cr results as 190.8 m3/h, and the total biogas flow results as 293.6 m3/h.
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3.3.3.2. Desulphurization

The biogas composition can be very varied. Taking into account the typical
composition of biogas as proposed by Metcalf & Eddy, 2003, biogas has following
composition 65%, 25%, 3.8%, 2.2%, 2.5%, 0.5%, 0.5% and 0.5% for CHs, CO», H2S, N2, H20,
NH3, Hz, and Og, respectively. HsS, (even in small concentrations) is particularly harmful
when biogas is used in internal combustion engines. Its chemical reaction and those of its
combustion products, SO, quickly lead to severe corrosion and wear on engines. H>S can
be removed by the dry desulphurization using ferrous substances. Iron-containing soil is
suitable for use as the purifying agent in developing countries [Montalvo et al, 2003].

This method based on the absorption has large application due their high efficiency
and relative low cost. The most system used is with iron filling [Osorio et al, 2009].
Ferroginuos soils containing large concentrations of hydrates ferric oxides, goethite,
lepidocrocite and limonite. The iron content is usually around 40 - 50% by weight. Some
absorbents are to be activated before use and they are regenerated again before they can
really carry out the purification process.

The desulphurising apparatus and process.

It is a tall chamber, the size is important. If is too small, the gas will flow too quickly
through the absorbent and the contact time is too short. If the gas flow is too fast, channels
will open in the absorbent. The purification chamber contains several intermediate trays.
A layer of absorbent 0.2 - 0.5 m is placed on each tray. The intermediate trays are
permeable to biogas. They are made from perforated steel sheet or wooden slots.
Intermediate trays do not rest upon the absorbent in the tray below, but they are
supported by small spacers attached to the tray underneath. The absorbent should be
placed on the trays in such a way that it is not compressed or packed down.

The chamber cover should be designed to give access to the whole chamber cross
section. This allows the removal of the intermediate trays from the chamber. Control
valves are installed in the feed and exit pipes of the purification chamber. These are used
to disconnect the chamber when the absorbent is being exchanged. A scavenging vent has
to be installed too. It would be used for flushing air out of the chamber with biogas after
exchanging the absorbent and sealing the chamber. Moreover, a vent exit should be
installed high up and away from buildings. The H>S content in the gas can also be checked
via the scavenging vent even during the plant operation.

The chamber could have the following dimensions: 14.00 m depth, 0.76 m radious, so
1.81 m? cross sectional area. The flow rate of the H»S is about 11.2 m3/h with 15.0 kg/h
mass flow rate. The gas velocity through the chamber is must be less 0.05 m/s. Contact
time is very important, not less than 0.05 h (3.0 minutes), in fact, according to our
calculations, the contact time is about 0.087 h (5.2 minutes). The chamber has a total
volume of 25.7 m3. The distance between every tray is 0.5 m, while the width of single
tray is 0.36 m. Each operation cycle is considered every 60 days, which represent the
operating time desired between absorbent exchanged. During 60 days about 21,600 kg H2S
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can be generated and removed. The follow figure illustrates some aspects of the
desulphurising apparatus designed.

Figure 3.11: Cylindrical desulphurization chamber for biogas
(D = diameter; L = Length; T = distance between trays.
Source: [Nijagua, 2002]

This process can operate from ambient pressure to several hundred kPa, getting good
H>S removal efficiencies at ambient temperatures or higher. The moisture content of the
fillings should be between 30 and 60%. A pH operation ranging from 7.5 to 8.5 is the best.
The fillings can be regenerated until three times. Times, depending on the amount of
sulfur removed the appropriate temperature, pH and moisture content. The construction
of two chambers is recommended, one of them would be operating, while the other one is
for reserved. The chambers are also placed in series - two or more - and making pass the
biogas through mixing chambers in series one after the other. The first one can be useful as
coarse purification while the second one can be useful as fine purification [Nijagua, 2002].

Final concentration of H>S is usually 0.3% volume. In fact, after some calculations, the
tinal biogas flow rate was estimated to be about 282 m3/h in the following concentrations:
67.3%,25.9%,2.3%,2.6%,0.39% 0.5%, 0.5% and 0.5% for CH4, CO», N2, H>O, H2S, NHs, H»,
and Oz, respectively.

3.3.3.3. Energy production and utilization

In order to know the energy potential of biogas, Low Heating Value (LHV) is
important. Considering biogas as a mixture of gases, LHV was calculated and it was about
21 MJ/m3. According to some research, biogas from UASB reactor treating low strength
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sewage can be varied from 18 to 27 MJ/m3 [Metcalf & Eddy, 2003]. Then, the energy
production can be calculated through:

Ebiogas = (Qbiogas X Abiogas) (363)

Where, Ej;o44s is the energy produced measured in MW, Q4445 is the flow rate useful
to energy production, and Ap;54qs is the LHV of biogas. But assuming an engine
conversion efficiency of 25% [Elias, 2005], then the final useful energy production is
approximately 0.42 MW.

The energy produced will be useful for the self-efficiency of plant, some installations
need energy supply, for example entrance control, toolroom, repair shop, offices, toilets
and wardrobe, and so on. The rest can be selling to the National Electricity grit in order to
meet the external energy demands. Table 3.24 shows the results for biogas production and
energy generation.

Table 3.24: Biogas and energy production.

Parameters Units Value
Total flow rate of biogas Qbiogas m3/h 282.00
Total flow rate of methane QcH, m3/h 190.00
Methane content - % 67.30
Biogas Low heating value Abiogas M]/m3 21.00
Energy produced Epiogas MW 1.64
Performance engine - % 25.00

Biogas is an excellent fuel for a large number of applications. Biogas can be used in all
natural gas applications. Three basic ways of biogas utilization are heat production,
electricity generation and motors fuel. Worldwide, biogas is mainly applied on combine
heat and power applications (CHP). Although gas turbines could be used with low
emissions, the efficiencies can be comparable to spark-ignition engines and low
maintenance; in addition, the investments are on the high side. Mostly internal
combustion engines are used in CHP applications, either as spark-ignition or dual fuel
engines. Applications such as motors fuel are suitable because it can be useful as an
alternative to natural gas (NGVs). Today, several manufacturers offer a big range of
vehicles models (light and heavy) using biogas instead of natural gas due to CO:
emissions can be reduced significantly.

3.3.4. Final discharge of sewage

Thanks to the final effluent characteristics, sewage can be discharged into the water
bodies, in this case, the sea of San José’s little fishing harboard (Pacific Ocean), which is
the main employment source of local citizens and their seafood products are sell in local
and regional markets. Also, the agricultural land near to the plant would be irrigated.
Employing this proposal the sewage treated keep the standards irrigation of agricultural
lands with municipal WWTP effluents established by Peruvian and Pan-American laws
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established by Peruvian government, PAHO3! and CEPIS. At the moment, the authorities
are not taking corrective measures to control the discharge of effluents in the agriculture.

Sewage treated are reusing for non-potable applications. Agricultural and urban uses
have environmental and economic advantages. In fact, it represents one of the main
solutions for water scarcity, and it becomes a valuable water source in countries of arid
and semi-arid regions (Meneses M, at al. 2010). The common applications are:

Agricultural applications: The presence of nutrients in treated municipal wastewater
provides fertilizer value for irrigation of crop. Nutrients occurring in important quantities
include nitrogen and phosphorus and occasionally potassium, zinc, boron, and sulfur. But
it is important the control and monitoring because the excess can cause problems related
to excessive vegetative growth, delayed or uneven maturity, or reduction of the quality
due to imbalanced nutrients supply [Pedrero et al, 2010]. Treated wastewater in the
agriculture has gained importance in water-scare regions. It is an ancients practice in cities
as Berlin, London, Milan and Paris. In Mexico in Mexico about 260.000 ha are irrigated
with wastewater, mostly untreated [Pedrero et al, 2010]. From 70’s years, Israel applies
wastewater for cotton and crops irrigation. 80% of the wastewater treated are using for
agricultural irrigation. There are 200 reservoirs for wastewater storage and several new
projects are implementing. In developing countries the practice is applying recently. In
Pakistan 26% of national vegetable production is irrigated with wastewater [Pedrero et al,
2010]. Peru produced yearly 134.7 million m3 of domestic wastewater of which them 99.9
million m3 received treatment and, 18.6 million m3 was used for irrigated crop areas, it
means 0.15% of total irrigated area is irrigated with treated wastewater [FAOSTAT, 2004];
crops irrigated with wastewater are corn, cotton, alfalfa, plane tree, sugar cane and some
vegetables.

While in developed countries, their programs include policies about the management
of wastewater in order to safeguard the human health; in developing countries, farmers
irrigate with diluted or partly treated wastewater and they and their families are exposed
to health risks.

Urban applications: Urban application includes the irrigation of parks, playgrounds,
golf courses, freeway medians, landscape area around commercial, office and industrial
developments, and landscape areas around residences. The quantity and quality of
available wastewater may be more consistent compared to freshwater, with adequate
treatment, wastewater can meet specific needs and purposes, such as toilet flushing in
business or commercial premises, car washing, garden watering, park or other open space
planting, and firefighting. In urban areas, the potential of introducing wastewater reuse is
quite high and reuse options may play a significant role about controlling wastewater
utilization.

Industrial applications: Industrial applications include high rates of water
consumption in power plants, pulp and paper industries and so on. Many industries treat
their sewage providing adequate water quality through additional treatment processes. In

> PAHO is the acronym for Pan American Health Organization.
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some cases, closed-loop recycle systems have been developed that treat water from a
single process stream and recycle the water back to the same process with some make up
water. In other cases, municipal sewage treated are using directly for industrial purposes
such as in cooling towers. Other non-potable urban uses can be fire protection, air
conditioning and toilet flushing.

Discharges on the sea and fish farming: Discharges on the sea could be an advantage.
It means less polluted beaches, recreational and tourist attractive and increase of incomes
for the region. Moreover, the amount of nutrients, nitrogen and phosphorous is more than
adequate for the grown of algae and phytoplankton (obviously not in the neighboring of
the discharge pipes). In fact, the organic material provides basic nutrients alternatives to
the food chain which is independent of the photosynthesis in depth sea areas limited of
the sun light.

Regarding fish farming, there are several experiences around the world, which
demonstrated the increasing of fish production employing wastewater in ponds. Those
effluents were treated and diluted with river waters or partially clarified. The main
element is the organic matter and the natural food development in fishing pond is the base
for the fish production. Once the sewage is pass through the ponds and the organic matter
is used, the sewage can use for irrigation. The high salt concentrations can be a problem
for the agricultural irrigation, but there are some fish species that can be adapted to the
salt high levels. The dissolved oxygen levels in ponds is very high, then, fish feed on
plankton that grows in abundance in wastewater, given its eutrophic characteristics.

3.4. Discussion

Anaerobic digesters are being largely used for the treatment of solid wastes,
agricultural wastes, animal excrements, sludge from sewage treatment plants and urban
liquid wastes, as well as, for effluents from agricultural, food and beverage industries,
both in developed and developing countries [De Lemos, 2007].

Anaerobic sewage treatment systems, especially Up-flow anaerobic sludge blanket
(UASB) reactors, have grown in maturity especially in several tropical countries due to
mainly their favorable temperature conditions. In fact, UASB reactors are having a
substantial increment on the treatment of domestic sewage in warm-climate regions,
where the efficiency of the process depends much more on the temperature of sewage,
because the activity of anaerobic microorganisms at temperatures below 20°C is low and it
is not feasible heating the reactors. In this way, the anaerobic technology is more attractive
for tropical and subtropical climates countries which are mainly developing countries.

This chapter describes three lines of treatment (sewage, biogas and sludge treatment)
and compares current efficiencies with those calculated for the new scheme proposed.
Current removal efficiencies are of approximately 65% BODs and 90% Faecal Coliforms.
Applying 5 UASB reactors with 18 modules each; each reactor has a treatment capacity of
2,852 m3/h, a 3,360 m3 volume and 6 hour Hydraulic Retention Time. The reactor presents
removal efficiencies of approximately 71%; 64%; 90% for BODs, COD and Faecal Coliform,

74



respectively; while the entire system proposed (UASB and ponds) can achieve removal
efficiencies of about 91%, 64% and 99.9% for BODs, COD and Faecal Coliform,
respectively.

When an efficient anaerobic treatment previous to discharge the sewage into a ponds
was applied, organic matter and suspended solids are largely removed, subsequently,
only a complementary removal is necessary, but removal of pathogenic organisms will be
required, and for this reason, when stabilization ponds are intended for post-treatment of
effluents from anaerobic digestion, they are called “polishing ponds”. This system is
common in developing countries.

The UASB and polishing ponds configuration is a very interesting alternative from the
technical, economic and environmental points of view. Some advantages can be related to
the problems about the odours from anaerobic ponds can be avoided utilizing UASB
reactors since the reactor can be installed with odour control, moreover this alternative is
even more attractive when the effluent from the ponds can be used for agricultural
purposes, since the polishing ponds aim mainly at the removal of pathogenic organisms,
in fact, in some developing countries, especially in agricultural regions, treated effluents
are being using for irrigation of high-stalk plants, crops for example.

So, It was demonstrate that final effluents have the appropriate characteristics for
recycling, compliant with the requirements of Peruvian law for waste treatment and

disposal.

Due to its high methane content, biogas has a LHV equivalent to 21 MJ/m3. The
amount of energy generated is potentially 0.42 MW and this could satisfy the plant’s
energy demands.

This chapter can conclude that it is feasible to implement UASB reactors in San José
WWTP taking into account the structural, social, economic and environmental advantages
they provide, most importantly in terms of human health. An preliminary study about
environmental impact assessment and economic consideration are discussed in annex 2.

The present proposal is an optimum starting point for future applications regarding
biogas and sludge recovered as will be discuss in the following chapters. These elements
represent important resources for energy applications, especially yields from biomass
recovery can constitute a considerable energy source for developing countries in Latin
America.
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CHAPTER 4: PRE-TREATMENT OF SEWAGE SLUDGE: FOCUS ON
DIFFUSION MOISTURE COEFFICIENT CALCULATION.

As previously said, sludge is a bio-solid residual from the wastewater treatment
process. Considering the utilization of the wastes of the process, the energy valorization of
sewage sludge is an important point of attention in this research and needs an especial
consideration.

In Italy and the European Union (EU) there are diverse current regulations about the
treatment and disposal of the sewage sludge from diverse kinds of sewage treatment
plants. The Italian current regulation is include on the D.Lgs. 152/06 where there are
determined the methods of disposal and uses [ISPRA32]:

- Disposal on landfill,

- Uses on the agriculture under composted way,

- Alone incineration or co-incineration with wastes,

- Bricks, asphalt and concrete industries applications.

They are usually disposed on landfill, but due to the growth and increasing of the
treatment plants, laws forces to pay more attention to all the reuse possibilities and use of
new technologies for their treatment.

Currently in Peru, there are not regulations about treatment and final disposal for
sewage sludge, they are considered as residual from especial activities or installation and
almost 100% of sludge generated in treatment plants are disposed in landfills.
Unfortunately, data about sludge production and its utilization is not documented nor
update.

According to many researches, sewage sludge has a high content of organic matter
and nutrients, so, it can be helpful for agricultural applications and improving soil
structure. However, the toxic compounds and heavy metals present in the sludge limit
their reuse because represent a risk for human health and the environment.

Nevertheless, sewage sludge is also considered a renewable energy source for fuel
power applications with greenhouses gas emissions reduction. Sludge is being study
through some conversion processes (combustion, pyrolysis or gasification) in order to get
energy. But, sludge is a material with very high moisture content, then, for its effective
applications, moisture content needs to be less than 30%. In this sense, once sludge is
obtained from sewage treatments processes, an extensive drying as pretreatment is
required.

Thus, the present chapter is mainly focused on the study of the evaluation of thermal
drying of sewage sludge and diffusion moisture coefficient in slab geometry through
experimental and numerical simulation activities carried out at the laboratories of
Chemical and Materials Engineering Department from the University of Nevada, Reno,
where the author of this thesis was a research scholar for a period of six months.

%% |ISPRA is the Italian acronym for Istituto Superiore per la Protezione e la Ricerca Ambientale.
76



4.1. Experimental procedure

Samples were prepared with dewatered sludge obtained from Truckee Meadows
Water Reclamation Facility (TMWREF) in Sparks city on the Nevada State. TMWREF is a
biological nutrient removal plant that uses separate nitrification and denitrification
processes for nitrogen removal and biological and chemical processes for phosphorus
removal. Sewage sludge presents a moisture content about 85% on wet basis. The sludge
was kept in poly-ethylene bags and stored in a refrigerator at about 5°C until their use in
the experiments. Two VWR vacuum ovens were used. For the drying process, the samples
were introduced in the oven at constant temperature of 50°C; and for moisture testing, the
samples were dried for at least 24 hours at 105°C.

From the bulk sample, 24 samples were prepared, with approximately 6.5 g pipeted
into 1.5 ml centrifuge tubes (12 cm depth and 1.6 cm diameter) for each sample. The
sludge sample depth was about 6.0 cm.

4.1.1. Sterilization process.

In order to avoid methane formation and hence pull the sample, a sterilization process
has been necessary. For the sterilization process, 3 more samples were prepared. A 1L
Pyrex container was used, containing hot water at about 80°C with an agitator at the
bottom. The centrifuge tubes with sludge were submerged so that the sludge was 9 cm
under the level of the water. The sterilization process was about 65 minutes. Sterilization
processing was repeated many times even after drying experiment.

The moisture and concentration presented little variation with respect to initial
moisture and concentrations.

4.1.2. Drying process.

After sterilization, the 24 samples were introduced into a constant temperature 50°C
oven, keeping a constant relative humidity using LiCl (11.8%). For those samples, 3 groups
were done, 8 tubes for each group, so that 3 tests for each condition were performed to get
more accurate results. The drying procedure was as follows: 1) One tube from each group
was taken every 12 hours; 2) the tubes were cut in 4 pieces, each one of 1.5 cm depth; 3) the
whole little sample for each piece was extracted and weighed. It was considered that each
little sample represented a layer to analyze. Once, the weight was measured, the samples
were dried for at least 24 hours at 105°C. The dry sludge was weighed again in order to
determine the moisture content. Moisture content was the average value for every layer.

The experiment was 8 days long. For the first 4 days, the tests were taken every 12

hours, then, another test was performed on the 6th day, and the last test was on the 8th
day.
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Figure 4.1: Scheme of layer analyzed: a) Number of layers
considered for the simulation and optimization process. b)
Number of layers considered for the experimental procedure.
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Figure 4.2: Picture describing the sterilization process.

Figure 4.3: Picture describing the drying process.
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4.2. Mathematical approach

4.2.1. Drying process of layer symmetry

A Fick’s law model was applied:

a’M oM
Deffﬁ = E (41)

Where M is moisture content (kg water/kg dry solid), and D.sf (m?/s) is the effective
diffusivity of concentration inside the solid. A non-constant diffusivity was assumed, then,
the equation 4.1 becomes as follow:

0 Deffa_l‘; oM

Numerical integration was done considering the elements and layers presented in
tigure 4.4 and has been done in accordance with the discretized expressions from Fick’s
law of diffusion for calculating M at time t + At from the data of M at time ¢ for each
interval of solids sample Ax, which may depend on the temperature and also on the local
moisture content [Font, et al. 2012].
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Figure 4.4: Layer considered in the plane symmetry.

The discretization process of mass balance was done as follow:
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For the intermediate element:

The mass fluxes were calculated from the effective diffusivity at the local compositions
taking account the moisture content and the density, thus 7;,1/; ; 1;-1/2 (kg/m?s) are
given by:

Mit1—M;
Ni+1/2 = —P " Degy #] (4.3)

M;—M;_
Ni-1/2 = —P * Degy [Tl] (4.4)

Where M; refers to the moisture content in the interval “i”, M;,; refers to the moisture
content in the successive interval and M;_; in the precedent interval. Then, the rate of mass
accumulation is given by:

anMi
Nit+1/2 — Ni-1/2 = P ot

Thus, it results:

~Depy [F5=] Dy [P = 5 (4.5)

The discretized expression on the time is:

t = pAt

p+1 _ . At p mP-mf P Mi—M]
M =M +Ax[ Deffi—1/2< Ax +Deffi+1/2 Ax (1.6)

Where Ml-p *1 refers to the moisture content in the interval “i” at time t + At, and Mf at
time t.

Boundary conditions:
For the inner element (i=0):

P

t
Mg = MY+ —2— (MP — M) (47)

Where M, is the initial moisture content (kg/m3)

For the outer element (i=n):

According to first simulation carried out on MathCAD Engineering Calculations
Software, the moisture content is immediately constant for the surface layer. Then, the
boundary condition at the outer element is the equilibrium moisture.

Fort = 0:

The moisture contents have been measured after sterilization process. Bacteria activity
gave some problems with the first trials of the experiments, then, the interruption of the
methanogenic activity was necessary for a good drying process performance. Just only for
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MathCAD simulation, the moisture at time zero was considered constant for each x
position analyzed, the successive simulation were done with experimental values after
sterilization process.

Diffusion coefficient:

Degr is the effective moisture diffusivity and two situations were analyzed in this work,
when diffusion coefficient is considered constant and when it is considered not constant.
A mathematical model proposed by Font, et al was applied for this work in the case of
diffusivity varies with moisture content:

M ,425
psDesrlkg/m s] = (0.140 - 0.0946 M—O) exp (- 2%) (4.8)

Where M is the local moisture content, M, (kg water/kg d.s.) is the initial moisture
content, p; is the density of dewatered sludge (kg/m3), 3,425 (K) is the activation energy
for the internal water transfer, T (K) is the temperature of the drying process; and 0.140
and 0.0946 are the correlation parameters for this equation proposed by the author.

For a more useful way, equation 4.8 is rewritten, where the correlations parameters
become unknown parameters, thus it is given by:

(a—,BMiIZ)/Z )exp( 3";25)

D‘fffi—l/z = s (4:9)
i+1/2 3,425
P _ ( B Mo )ex ( T )
effiv12 — s (4.10)
Where
Mi_1/2=(M; +M;—1)/2 (4.11)
Miv12=(M; +Miy1)/2 (4.12)

The density of the dewatered sludge samples is about 1,050 - 1,080 kg/m?3 [Von
Sperling 2007].

4.2.2. Procedure for optimization process

In order to find the best values for a and f, an optimization process has been
implemented applying the following mathematical expressions:

a) [ = M(x;t;) Represents the measured moisture values obtained experimentally.

b) M(x; t;, a, B) Represents the calculated moisture content through finite difference
expressions for the inner and intermediate layers.

c)  The optimization process was the minimizing the objective function defines by the
sum of the square of the difference between experimental and calculated moistures
contents, and can be written as:
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2
eij(a,B) = (I — MCxi, ti, 0, B)) (4.13)

d) Then, the total objective function is expressed as:
E(a, ﬁ) = ZIiV=1 eij(al ﬁ) (414)
Where N represent the total samples.

e) Many iterations were performed until the smallest value of the objective function
was obtained.

f)  The mean error between experimental and calculated data was calculated as:

1 MGty )Tl
Error = ;Z{V:ll"—uj (415)

An accurate modeling of the drying behavior of different products requires specific
regression and correlations statistical models in order to achieve a set of equations which
allow a proper description of the system [Celma A.R. et al, 2012]. In this work, many trials
and attempts were carried out in order to determinate a simplified model which better
describes the correlations data for these experimental data.

4.2.3. Equilibrium Moisture Content (EMC) models

Moisture content affects the drying conditions and energy requirements for biological
material processing, thus, the moisture interaction and equilibrium properties is of great
interest for drying processes [Coronella, 2009] and other many engineering applications.
Like EMC is a function of water activity, many models have been proposed in the
literature in order to describe the evolution of the equilibrium moisture content with water
activity.

The EMC of biosolids depends on the relative humidity, temperature of the
environment and physical characteristics of the material. EMC increased with increasing
relative humidity for any temperatures and decreases with increase in temperature at
constant relative humidity.

For this specific case of domestic sludge, a model developed by Vasquez and
Coronella (VCSM model) is helpful. This model describes equilibrium moisture in
heterogeneous biomass substrate. Other typical model used to fit the equilibrium moisture
data as function of temperature and relative humidity is a Modified Halsey model
presented by Bellur [Bellur, S et al, 2009 and Vaxelaire, 2001]:

1

__ (exp(a—b'T)\c
EMC = (—_m(m ) (4.16)

With a=-3.899; b=0.032; c=2.83, T is temperature in °C and Hr is relative humidity.
According to this model, the EMC with about 11.8% relative humidity is about 0.12 kg

water/kg d.s. Bellur presents some experimental data and compares with VCSM model
and Modified Halsey model according to the figure 4.5.
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Figure 4.5: Bellur’s experimental data, Modified Halsey model and VCSM
model predicted equilibrium moisture data for biosolids at 50°C reported
by Bellur, 2009.

4.3. Experimental results

Changes in the moisture for each interval of position with time during the drying
process of sewage sludge have been compared and media values have been taken and
showing in the figures 4.6 and 4.7. The values for initial time were taken from sterilization
experiment results; and values for the last position (when x=0.06 m) were taken as
equilibrium moisture, tested with simulation results.

The moisture is decreasing with time, but the evolution of moisture content is not
constant. The drying time is long due to the characteristics of the experiment. It is note that
the moisture content for the layers near to the bottom of the tube is not presenting
significant changes even with high periods of times. While, for layers near to the surface
(where the contact with the atmosphere is direct) presents significant changes on the
moisture. The changes are remarkable for the second to last layer (closer to the surface)
analyzed during the experimentation, a more constant moisture content decreasing was
observed for the layer analyzed at the surface. The curve represents the last position which
is constant due to the equilibrium moisture assumed for the surface particles.

The variation of the time was constant for the first part of the experiment of 12 hours,
while for the last two measurements the period of time was 48 hours.

It was observed the variation of solid moisture for the differences particles of the slab
geometry with same operation conditions, the results present that the moisture profiles at
high values of time is steeper as with short values of time. These curves have been tested
through simulation activities.

83



&0
e L PR ]
il § =0, D2 T 5T
3,000 '
w=EsU03ITEM
— k=i PR EIm

21000
s W ai} [SO0M

LK)

Moisture content (kg waterfkg d.s.)

[Tl 1 0]
1] = 1081 150 Fari

Time {h}
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Figure 4.7: Variation of Moisture content (kg water/kg d.s.) vs. slab thickness.

Some problems present the two last experimental values of moisture for each positions
x=0.0375 m and x=0.0530 m, due that, four experimental values, the last two values for
each x will considered as “out layers” for the successive analysis. The main reasons is: for
the first 96 hours the variation of testing time was constant of 12 hours, after that, the
variation of testing time was 48 hours, even the process was still running with the same
conditions. Additionally, while for the first 96 hours, 3 sample of each test were
considered; for the last testing, just one sample was considered. For the first positions
x=0.0075 m and x=0.0225 m the variation between those values regarding to the first
samples is not well remarkable, while for the successive positions the tendency of those
values is not very accurate.

These experimental results are similar to other which have been published on the
literature of the drying process of sewage sludge.
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4.4. Simulations results

Some analysis were done in order to get the best values for the parameters of the
model selected and to obtain acceptable correlations between simulated and experimental
data as well as to know the value for diffusion moisture coefficient for this case study.
First simulations were done assuming constant diffusion coefficient, while the successive
simulations were done considered non-constant diffusion coefficient. The analysis for the
simulations is presented in this section.

4.4.1. On the case of constant diffusion coefficient

Simulations assuming constant diffusion moisture coefficient were carried out using
MathCAD in order to compare the behavior of the curves with the experimental results.
Some values of diffusion coefficient has been studied for many researches in the cases of
sludge from wastewater or sludge from foods processing. Table 4.1 shows the results of
these researches at different temperatures.

Table 4.1: Values of diffusion coefficient in sludge drying for various operational conditions.

Author Moisture content ﬂA 1 Temperature Ranging of
OWSs values
R. Font et al. (2011) 2.78 kg water/kg solid 40°C 3x10 m?/s
0.006 kg water/kg solid ] 40°C 1x10¥ m?/s
. 20°C 2.224x1010°m2/s
A. Celma et al (2007) 312;:;5120 2175 -008kg 1.0m/s 40°C 4.544x1010 m?2/s
R 80°C 6.993x1010 m2/s
80°C 8.49x10-1° m2/s
R. Jiang et al (2009) 120°C 2.71x10-9 m2/s
150°C 4.39x10-9 m2/s
30°C 6.112x10-10 m2/s
09m/s 40°C 7.628x10-10 m2/s
. o N 50°C 1.287x10° m2/s
A. Celma et al (2011) Since 173 wt% to 7 wt% 30°C 1.028x109 m2/s
1.3m/s 40°C 1.427x10° m2/s
30°C 2.541x109 m2/s

In this work and for this first runs moisture content was assumed constant along all
thickness of the layer. MathCAD simulation shows the results ranging from 0.00m
(bottom) to 0.06m (surface of the layer). At position Om (the first particle in the bottom of
the layer), the measurement of moisture was difficult, as well as for position 0.06 m (the
last particle in the surface). The graphics 4.8 and 4.9 were plotted taking account
considerations of initial moisture of 5.604 kg water/kg d.s. taking from the results of the
sterilization process, and the assumption of equilibrium moisture in the surface with a
value of 0.130 kg water/kg d.s.

After several runs and the comparison with experimental results, the best value of
diffusion coefficient was found about 7.41x10-10 m2/s, with the follow errors: 3.27%, 3.13%,
7.17% and 35.5% for the positions x=0.0075 m, x=0.0225 m, x=0.0375 m and x=0.0530 m
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respectively, and with average error of 12.27%. Figures 4.10 and 4.11 show the correlation
results.
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time for each position assuming constant diffusion coefficient.
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Figure 4.11: Values for experimental and calculated moisture assuming constant diffusion
coefficient.
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These results show that for the position x=0.0375 m in the figure 4.8 the decreasing
moisture behavior presents a notable steep and it is more prominent for the position
x=0.0530 m, but making a comparison between simulated and experimental results, the
biggest errors were found for those positions. With figures 4.10 and 4.11 it is note that the
correlations of experimental and simulated data are not fitted well. Moreover, the
moisture is immediately decrease and constant for the position x=0.0600 m, thus it is
corresponding to the equilibrium moisture and checking as right the assumption of
moisture equilibrium for experimental results show in figure 4.6 and useful for the
subsequent analysis. The initial oscillations shown in figure 4.9 and the fact of not all
curves began with the same concentration were observed due to the inaccuracy solutions
and the assumptions of constant diffusivity, in fact, the process is start becomes stable
after 48 h presenting a steep for all of curves and finishing in the same moisture due to the
equilibrium at the surface. These graphics were very helpful in fitting the boundary
conditions for the following procedure.

Many other values for diffusion coefficient were evaluated with MathCAD and
compared with experimental values, especially for the position x=0.053 m because it is the
more critical curve. They are registered in the figure 4.12. As it is shown for any value of
constant Diffusion Coefficient, the correlation with experimental data is never fitted.

T T T

Diff = ax1(".9
! - Deff = 2.88x10"-10
Daff = §.5x10"-10
. +++ Exper data 1

Molsture content (kg waber kg d.s.]

Time (1]
Figure 4.12: Variation of concentration vs. time for different

values of the diffusion coefficient at the position x=0.053 m.

In view of these results, this analysis is uncertain and unstable, then the diffusion
coefficient must not be constant, and an optimization process is necessary.

A complete development of mathematical procedure in MathCAD for this case is
reported in annex 3.
4.4.2. On the case of non-constant diffusion coefficient: the optimization process.
Simulations for the case of non-constant diffusion coefficient were done in Excel

spreadsheets applying the discretized equations and the model for diffusion coefficient
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given by Font et al. The runs have been done using nonlinear regression techniques. Many
spreadsheets were developed making a matrix for many values of At and simulating many
layers of sludge (9 layers) with Ax of 0.0075 m., according to part “a” from figure 4.3.
Temperature was fixed on 50°C, and boundary conditions found through experimental
and simulated activities were considered.

First runs were done using the values of 0.140 and 0.0946 for the parameters of 0.140
and 0.0946 obtained by Font R, et al. The results were extreme. The objective function was
about 86.50 with error about 15.95%, 23.12%, 35.51%, 32.29% for the positions x=0.0075 m,
x=0.0225 m, x=0.0375 m and x=0.0530 m respectively, with the average error was about
26.72%. The following graphics were plotting for these parameters:
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Figure 4.13: Correlations between experimental (¢) and simulated (—) values of moisture using
a=0.140 $=0.0946 in the time for each position.
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Figure 4.14: Values for experimental and calculated moisture for the
selected model.

Here, also it is note that calculated and experimental values for moisture fitted too
badly. With 50°C effective diffusion coefficient varies from 3.02x10-° and 1.60x10-° m?/s.
Figure 4.15 shows the effective diffusivity of the calculated data as a function of moisture
content calculated as indicated in Equation 4.8. The value for the effective diffusivity was
observed to increase as the moisture content was reduced following a linear tendency.

3. 5E-08
e

I

1 SE08

Diffusion coefficient (m/s)

——Caleul.data
=] I 2 3 L ] [

Calculated molsture (kg water fkg d.a.}

Figure 4.15: Dependence of effective moisture diffusivity on
moisture content.

The results shows the necessity of an optimization process implementation, in this
way the following runs were done changing values of the parameters a and {3 in order to
reduce the objective function and average errors. Using Excel spreadsheet, the procedure

was follow.

1. Initially, the first attempts were applying values proposed by Font et al.
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2. SOLVER and What-if-analysis functions of Excel were used to obtain the best
parameters that minimized the sum of the square between the calculated and
experimental values of moisture content (Objective function).

3. After several trials and errors, certain parameters were fixed for all the runs.
Optimized values were compared with those proposed in literature.

4. The procedure was repeated many times for different values of At (3,600 sec; 2,700
sec; 1,800 sec and 60 sec). The variation between the results was minimal, about

0.008.

Afterwards, acceptable correlations between calculated and experimental values were
found, giving about a 95.98% reduction in the objective function. Diffusion coefficient
values found were varying from 1.34x10" m?/s for moisture content about 5.5 kg
water/kg d.s. to 8.58x10-10 m?/s for moisture content about 0.82 kg water/kg d.s. Also
here, the effective diffusivity increases during the drying process following a linear
tendency. The optimized values of the parameters were fixed of 0.0435 for a and 0.0341 for
B. The average errors for each position were 2.51%, 2.50%, 4.28% and 25.35% for x=0.0075
m, x=0.0225 m, x=0.0375 m and x=0.0530 m respectively, while the average total error was
8.66%. The following graphics were plotting for these simulations:
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Figure 4.16: Correlations between experimental (¢#) and simulated (—) values of moisture using
optimized parameters (a=0.0435 and [=0.0431) in the time for each position.
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Figure 4.17: Values for experimental and calculated moisture
for the selected model with optimized parameters.

For this case, the differences between calculated and measured concentrations show
small variations, especially for the initial and intermediate layers. Acceptable correlations
between measured and predicted values have been obtained. The observed deviations
could be explained by several reasons: 1) the model is only an approximation; 2) the bulk
sample of sludge put into the centrifuge tube was not perfectly uniform giving a non-
uniform drying process, 3) after sterilization process the mass of the sample has little
variation; 4) the model is based on concentration and the density and EMC were not
measured for this specific sludge, 5) non-significant changes occur during the first part of
the experiments, and 6) the irregular formation of cracks could be important reasons for
deviations between the simulated and experimental data.

The graphic 4.18 shows the behavior of the diffusion coefficient for the three cases
analyzed. As expected, the curve is a linearly line. The line is obviously constant for
MathCAD simulation, while for the excel simulations the diffusion is varying with drying
process. Diffusion moisture coefficient increases while concentration decrease, but it is
heavy depend on the parameters. In fact, the drying process is fast for the parameters
proposed by Font as shown in figure 4.13, but it is not appropriated for the experimental
results obtained in this work. On the contrary, with the optimized parameters the drying
process is low and is appropriated for this work as shown in figure 4.16. All results must
be note that these correlations are valid.
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Figure 4.18: Comparison of effective diffusivity vs. moisture content for different
models

4.5. Discussion

Sewage sludge is a heterogeneous material and so it can have different behaviors. The
mixture of chemical, biological, and other components make for different kinds of sludge,
but they are comparable in many ways. A characterization of components is important in
order to study better the specific behavior for each kind of sludge. Some parameters can
cause differences among the many kinds of sludge. Consequently, the diverse drying
processes could display different kinetic models and parameters.

The thermal drying of sludge was studied at 50°C temperature making a comparison
of the variation for experimental and simulated moisture content vs. operation time. The
experimental activities were done without airflow, and then the time period need to
reduce the moisture content of the sample was too long. A model proposed by Font et al,
was used for the calculation of diffusion moisture coefficient and discretized expressions
on the time and on the position of Fick’s law of diffusion were applied in order to calculate
the moisture content. The results were the correlations of experimental and simulated data
vs. time.

In the model proposed by Font, the term 0.140 - 0.0946 M/M, (kg/m.s) was
introduced to make their expression applicable for all runs. This term varied from 0.00072
kg/m.s at the beginning of the run and 0.032 kg/m.s during the latter part of the run
when the sample is nearly dry. As seen in the results the parameters are very important to
consider the influence of the diffusion phenomenon. Diffusion coefficient is lesser at the
beginning of the run when the particles pores are full with water than afterwards when
the pores are not full of water and diffusion of liquid and vapor water can take place. The
value of 3,425 K corresponds to the activation energy and the influence of this parameter is
small.

93



Using non-linear regression techniques, the results were analyzed initially with
parameters taken from literature, giving values for a and § of 0.140 and 0.0946 proposed
by Font et.al, the first runs have unacceptable results. Then, through an optimization
process, new values showed similar behavior for both experimental and simulated data,
and acceptable correlations have been obtained for the variation of moisture content vs.
time. For some runs were significant deviations between the experimental and calculated
data which could be explained by the sludge were pipeted into propylene centrifuge tube,
then the temperature could be not constant for any particle along the deep of the layer
presenting little variations and only the upper part of the sample was directly contact with
the atmosphere. In fact, non-significant variations of moisture content was observed for
layer at the bottom of the test tube, while significant variations could be observed for the
layer near to the surface and the big errors on the correlations were found for the runs in
these layers. The errors were corrected considering the critical experimental values as “out
layers”.

While, the other variations could be explained by the layer formations was done
handmade and not perfect, the sludge was sterilized previously with 80°C, bubbles of air
could be present along the layer despite the tries to avoid them, then the drying process
could be not uniform.

The more critical results were obtained for the last layer analyzed experimentally
because the variation of moisture is greatly appreciated. Even, it was determinate that the
simulated data obtained during the first runs (with time ranging from 0 hours to 96 hours)
titted well with the experimental data, while significant differences were noted for the
latter runs (with time after 96 hours). By the way, considering all the data presented in the
figures it can be deduced the correlations can be considered as acceptable. While, the
model reported by Font et al. could be expected to work only for that specific case, for
example with short drying times. Shrinkage and skin effects were not considered in this
work.

The model studied here was helpful in measuring the effective diffusion coefficient. If

the parameters were changed according to the initial conditions, the new parameters
found could be applied to different kinds of sludge.
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CHAPTER 5: ENERGY VALORIZATION OF SEWAGE SLUDGE:
GASIFICATION PROCESS SIMULATION

As initially provided, the completion of this research is the energy valorization of
sludge from wastewater treatment plants. The utilization of sewage sludge to produce
energy represents an innovative process with actually few application around the world
but optimal perspectives for the future due to the proprieties of sludge that contains
hydrocarbons and inorganic materials.

Thermochemical valorization of sludge is a way to get energy, main thermochemical
conversion techniques are direct combustion, pyrolysis and gasification. Particularly,
gasification is an alternative of treatment which can reduce the amount of solid for
successively energy recovering, obtaining a syngas rich in hydrogen that can be used in
both traditional and innovative systems.

Even though gasification is an ancient technology that fell into disuse, nowadays is
resurfacing and has a great development potential (Elias, 2005). In the future it would be
economically competitive and it is already respectful with the environment. Regarding
gasification of sewage sludge, the process is still in phase of research through laboratory
and pilot experiences due to especially the nature of this material, results have shown a
good potential of sewage sludge used as feed stock material for gasification.

However sludge is a very wet residual, and the moisture content depends of the type
of treatment it have been submitted prior, then, application of water removal techniques
must be necessary in order to reduce the water content. As studied in the previous
chapter, one kind of treatment could be drying.

Gasification can have some advantages. It is the unique technology of energy
conversion which offers flexibility and advantages on the type of material fed and kind of
gas obtained. It is an efficient technology and with the less environmental impact specially
for electricity generation. The efficiency is greater when the system is integrated with fuel
cells and other advances technologies.

In this chapter, the potential of sewage sludge, once dried, was evaluated in order to
be used as fuel for energy generation by gasification. Gasification process was numerically
simulated in order to evaluated the efficiency of the process and the quality of syngas
obtained.

5.1. Energy recovery from sewage sludge

Energy recovery from sewage sludge is having successful in the last years especially
regarding the research of innovative treatment methods for recovery and reuse of

products from sludge treatment processes and economic and environmental assessments
[Rulkens et al, 2004].
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Nowadays, there are many alternatives for the recovery of energy from sewage
sludge. They can be subdivided into nine groups [Rulkens, 2008]:

Anaerobic digestion of sewage sludge

Production of biofuel form sewage sludge

Direct production of electricity from sewage sludge in microbial fuel cells
Incineration of sewage sludge with energy recovery

Co-incineration of sewage sludge in coal-fired power plants

Gasification and pyrolysis of sewage sludge

Use of sludge as an energy and raw material source in the production of Portland
cement and building materials.

Supercritical wet oxidation of sewage sludge; and,

9. Hydrothermal treatment of sewage sludge.

NN =

*®©

Most of these options are actually being applied in industrial scale, other are in
research phase.

Anaerobic digestion is the most common and it is applied to large-size and medium-
size plants, currently is applying also for small size plants. It is used to stabilize the sludge
and convert the volatile compounds into biogas (methane). The biogas can be applied as
an energy resource at the plant itself or elsewhere for the production of electricity or heat.

There are hardly any or few studies on the production of biofuel (ethanol, butanol,
acetone or hydrogen) from sewage sludge due to the presence of toxic and inorganic
compounds and require complex separation systems, additionally, the results of the
experiments are not very promising taking into account the simple way to produce
methane. Research demonstrated that it is doubtful that the production of the biofuels
from sewage sludge will become in the future a serious alternative for biogas production.

Microbial fuel cells can be used to produce directly electricity from a wastewater
stream containing biodegradable organic compounds, and the possibility for the
application on sewage sludge is being investigated. First results are promising but it will
be a long way to be suitable for large-scale treatment of sewage sludge, specially due to
that not all of the organic material in sewage sludge is biodegradable and bioavailable for
the energy production, but it is possible to increase the fraction of organic material
bioavailable through chemical or microbiological pretreatments; sludge contains a lot of
colloidal particles and polymer substances that tend to adsorb to all types of surfaces and
can plug the internal structure of the microbial fuel cell. Due to the presence of toxic
compounds, a further post-treatment must be necessary

Incineration and co-incineration of sewage sludge can be applied to the mechanically
dewatered sludge or dried sludge, but it presents potential environmental problems such
as the emissions of pollutants with the exhaust gases to the atmosphere and with the
quality of the ashes; moreover, the costs of an efficient incineration process and gas
treatment systems are very high. However, there are standard technologies available to
abate the gaseous emissions very efficiently, heavy metals in the ash becomes a not real
environmental problem, because they are very well-immobilized and resistant to leaching,
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ashes can be disposed or used as a source for the production of building materials. The
energy produced can be used for production of electricity or in drying processes prior to
the incineration [Rulkens, 2008]. Co-incineration in coal-fired power plants is a way to
reduce operation costs, and the energy recovery can strongly be increased, problems
related to emissions and ash quality can be neglected. The use of polluted drying gas can
contribute to a better total process performance. Both process are being used in practice in
large-scale plants and with a combination of municipal wastes in the case of co-
incineration [Lin et al, 2012].

Inorganic and organic compounds of sludge can be used in a beneficial way for the
construction field through thermal solidification of these components obtained after
combustion of sludge. The process occur in high temperatures, up to 1,000°C, in this way
toxic organics are destroyed. Various types of products can be made, such as artificial
light-weight aggregates, slags, and bricks [Weng et al, 2003]. The energy efficiencies is not
very high and costs are also high.

Supercritical oxidation of sludge has advantages in comparison to sludge oxidations.
The process occurs at temperatures and pressures above the supercritical point of water
(T>350°C and P>220 bar) in a supercritical reactor with retention times in order of few
seconds or 1 minute. Because, it is not necessary to dewater the sludge prior to the
oxidation process, the gas obtained treatment is very simple and inorganics can be easily
removed, this technology is economically and sustainability competitive [Svanstrom et al,
2004]. However, large-scale experiences are not available yet. Some potential corrosion
problems might be a bottleneck.

Thermal hydrolysis is a new technology applicable to sewage sludge. Sludge is heated
as an aqueous phase to high temperature/pressure saturated steam (200°C, 2 MPa) with
the aim of disintegrating the sludge and making possible to recover and recycle useful
resources from the sludge, such as volatile fatty acids, phosphorous compounds, organic
compounds for enhanced anaerobic biogas production, and coagulants; and at the same
time energy recovery can be used in order to improve the dewatering and anaerobic
digestion ability of the sludge [Meng et al, 2012]. Regarding toxic compounds, an intensive
post-treatment must be necessary [Rulkens, 2008].

Pyrolysis and gasification have some potential advantages compared to other
processes: a hydrogen-rich syngas is produced which can be used in traditional power-
generation system or more advanced technologies as fuel cells, this conversion of the
combustibles gases into electrical power can be achieved more efficiently, valuable gases
can be produced as basic chemicals or as fuel, it is not necessary to treat large amounts of
waste gases. However, the presence of toxic organic pollutants in the sewage sludge
makes the treatment process of the gases can be more complicated. Generally, the
performance of the process is complicated and the current research about, specially
gasification is very limited.

Pyrolysis is a thermal treatment process in which the sludge is heated under pressure
to a temperature of 350 - 500°C in the absence of oxygen [Stolarek et al,2001], the
requirement of heat is totally provided by the external sources. The sludge is converted
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into char, ash, pyrolysis oils, water vapor, and combustible gases. Syngas produced is
equivalent to 15 - 30% of weight of the original organic material, main results materials
are: CO, COy, hydrocarbons (CHs, Co2H4, CsHs), H2O, Hz with a LHV (Low heating value)
ranging from 8 to 12 MJ/m3 [Del Buono et al, 2007]. Pyrolysis oils are equivalent to 50 -
60% of weight of original organic matter; they are obtained from the vapor phase and
associated with combustible oil. It contains water and organic compounds with low
molecular weight such as aldehydes, acids, ketones, and alcohols. And char is reduced in
volume and weight respect to the original matter, it contains the highest molecular weight,
furans derivate from phenolic compounds. Char has a LHV ranging from 21 to 25 MJ/m3
[Del Buono et al, 2007].

The performance of the process can be improved making progress on the operational
conditions such as: final temperature of the reaction, heating velocity of biomass,
operational pressure, residence time of material and reaction temperature, dimensions and
shape of the biomass and presence of determinate catalysts.

Gasification is different from pyrolysis principally because the conversion process
takes place with a “gasification agent" (steam, oxygen and/or air) which can to modify the
characteristics of the gas produced on the equilibrium of gaseous phase or favoring the
decomposition of solid matrix. It involves the breakdown of dried sludge in ash and
combustible gases at temperature usually about 1000°C and one atmosphere but with a
reduced amount of the gasification agent [Jaeger et al, 2004]. It is not a complete oxidation.
The gas results is called “Syngas” with a LHV of about 10 MJ/Nm? [Del Buono et al, 2007]
and contains CO,, CO, Hz, CHs, H2O, traces of hydrocarbons with high molecular weight
and various pollutants.

5.2. Composition of sewage sludge

The sludge, in general, is a combination of primary sludge and secondary
(microbiological) sludge and contains a substantial amount of inorganic material and a
small quantity of toxic compounds. In order to study the energy applications of sludge, an
analysis of the composition is very important. According to Rulkens [Rulkens, 2008], its
composition is characterized by six groups of components:

1. Nontoxic organic carbon compounds (approximately 60% on a dry basis), for a
large part from biological origin.

2. Nitrogen and phosphorous containing components.

3. Toxic inorganic and organic pollutants, like as, heavy metals (Zn, Pb, Cu, Cr, Nj,
Cd, Hg and As with concentrations varying from more than 1000 ppm to less than
1 ppm), plychlrorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons
(PAHSs), dioxins, pesticides, linear-alkyl-sulfonates, nonyl-phenols,
polybrominated fire retardants, etc.

4. Pathogens and other microbiological pollutants.

Inorganic compounds such as silicates, aluminates, calcium and magnesium.

6. And water, varying from a few percentage to more than 95%. Dewatered sludge
generally has 85%.

o
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The typical composition of digested sludge from WWTP in dry basis is 53.0% C, 7.2%

H, 35.5% O, 4.53% N, 0.8% S. Ash contents is about 37% [Elias X, 2005]. According to Elias
the LHV of sewage sludge is about 5,100 kcal/kg or greater (equivalent to 2.14 MJ/kg).

The problem is all these compounds are present in one mixture. Organic carbon,
phosphorous and nitrogen can be considered as valuable compounds as well as inorganic
compounds. Sustainable treatments involve the recovery and useful reuse of the valuable
components and the minimization of the possible adverse impact on the environment and
humans. The amount of nitrogen is small compared to the amount of these components
present in wastewater. The amount of phosphorous depends upon the type of wastewater
treatment process. The great quantity of water demands strong drying process.

5.3. Drying sludge

Any kind of treatment for the recovery of energy from sewage sludge will applied,
water removal is required. Available techniques to reduce the water content include
composting, dewatering, drying and incineration. Dewatering is one of the most widely
used techniques in the mass reduction of sludge from the wastewater treatment processes.
However, final moisture content of dewatered sludge cakes are usually higher than 75%.

Drying sludge is the more useful process for following energy applications. From the
experience discussed in chapter 4, a more efficient drying pre-treatment must be necessary
to implemented , and it is studied a particular attractive dryer which is a is a fluidized bed
dryer development also by Prof. Vasquez and Prof. Coronella [Coronella, et al. 2010] at the
Chemical and Materials Engineering’s laboratories of the UNR. The dryer dries the sludge
to a degree sufficient for a thermochemical process to be carried out on the sludge. The
thermochemical converter in this work is a gasifier.

The sludge is transmitted to the dryer in the form normally produced by the water
treatment facility, when transmitted to the dryer, the sludge has a moisture content of at
least about 80 - 85 wt%, after leaving the dryer, the sludge, now dried sludge, has a
moisture content of less than about 30 wt%.

The fluidized bed includes a bed media having a density different than the density of
a feed material to be dried in the dryer. The bed media has a density greater than the feed
material density. The bed media is an inert media such as sand. Using bed media having a
different density that the feed material can be useful in removing dried feed material from
the dryer while maintaining the bed media in the dryer. A scheme of the dryer is shown is
the figure 5.1.
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Figure 5.1. A schematic diagram of a fluidized bed dryer
development by Coronella and Vasquez [Coronella, et al. 2010]

Air is blown upwards through the bed media and sludge is fed continuously to the
bed and continuously withdrawn with the air. Heat can be supplied by tubing through the
bed. This kind of dryer can have several advantages including compact design, rapid heat
transfer between the tubes and the bed, and rapid heat and mass transfer between the
sludge and the bed. It can also be operated in batch or semi-batch modes.

The temperature inside the fluidized bed was chosen between ranges 50 - 80°C. At
this temperature average residence time of sludge was taken from the batch fluidized-bed
drying test. The pictures from 5.2 to 5.4 report the tests made by Coronella and Vasquez at
UNR for drying sludge in the fluidized bed dryer in order to show the efficiency of this
technology.
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Figure 5.2. Moisture content vs. time for sludge
dried at 50°C, 60°C, 70°C and 80°C
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The measurements of moisture content were done in samples of dewatered sludge
with an initial moisture content of about 5.5 kg water/kg d.s which is equivalent to 85% of
humidity in wet basis. It is observed that sludge drying is faster for higher temperatures.
The final humidity obtained present values lesser than 15 o 10% (on dry basis) for short
drying times. Drying times less than 2,000 seconds were observed for temperatures in the
range of 70 - 80°C, while for temperatures of about 50 - 60°C drying times were longer as
observed in figure 5.2.

Initial moisture content on wet basis is about 0.85 kg water/kg wet solid). As seen in
tigure 5.3. The drying velocity (rate) gets the maximum value for moisture content almost
constant. In accordance to the drying rate curves for solids [Chun et al, 2004], the drying
process of sewage sludge is divided in three periods: the constant rate period, the primary
falling rate period and the secondary falling rate period, which are very notable on the
tigure. The first constant period is achieves for a range of moisture content between 0.85
and 0.80 kg water/kg w.s. which represent a short constant rate period. Primary falling
rate period is evident for a range of moisture content from 0.80 to 0.60 kg water/kg w.s.,
where the velocity of drying is began to decrease. The secondary falling rate period is
observed for a range of moisture content from 0.6 to 0.3 kg water/kg w.s. on wet basis; the
decreasing of drying velocity is lightly lower than primary falling rate period. In
accordance to the literature, as compared to solids drying, sewage sludge have shorter
constant rate period and longer falling rate period [Chun et al, 2004].

EE e : £,
FE T d 1
J ""i
;o
. K ! E.
o #” LA
£ -~ L
R F K
:r-_\. . . - I}
= . - = .F.-'
% [ - £ g
) P o r
__\_._.r-" s £ |
1 P o e
g e :
e e i
T - :
q
H
k . o . A = = v "'. fa - £
) AR HEY i =X 3 ol

fbisfere Conind-dpicf kst
Figure 5.3. Drying rate vs. moisture content for sludge dried at
50°C, 60°C and 70°C.

In figure 5.4., it is shown that the moisture content vs drying time for a temperature of
50°C with different air velocities. It was observed that the influence of the air velocity
applied here is neglecting. In fact, the curves observed are overlapping indicating the
unchanging of the effects of the air velocity.
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Figure 5.4. Moisture content vs. time for sludge dried at 50°C, at
velocities of 7.0 cm/s and 5.2 cm/s.

5.4. Gasification of sewage sludge

Gasification is a complex process which provides three phases: drying, pyrolysis and
gasification. In the last phase the real gasification takes place, where, the pyrolysis
products (char, condensable hydrocarbon, tar and gases) give as product the gas fuel
desired (syngas - CO, CO,, and Hb), and less quantities of hydrocarbons and olefins.

The gasification of carbon from pyrolysis is the interactive combination of diverse gas
- solid and gas - gas reactions, in which the solid carbon is oxidized into carbon monoxide
and carbon dioxide, and the hydrogen is produced by the water shift reaction. The main
reactions of the gasification phase are [Elias X, 2005]:

C) + CO2 > 2CO (Boudouard equilibrium)

C() + 2Hz > CHa (Hydrogenating gasification equilibrium)

Cs + H2O < CO + Hz (Heterogeneous water - gas shift equilibrium)
CO + H20O «» CO2 + Ha (Water - gas shift equilibrium)

CHs + H2O < CO + 3H2 (Methane decomposition)

The operational conditions can influence on the degree of advancement of these
reactions, principally on the parameters already mentioned on the pyrolysis process.

- Final temperature on the reaction

- Heating velocity of the biomass

- Pressure

- Residence time of the material at the reaction temperature.
- Dimension and shape of the biomass

- Presence of determinate catalysts

- Type of oxidant agent
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- Flow rate of the oxidant.

The oxidant can be oxygen, air, vapor or a mixed of air and vapor. Vapor is preferable
because favoring the endothermic reactions of reforming which cause the decreasing of
the temperature along the deep of the reactor. Syngas obtained using air is heavy diluted
for the presence of high quantity of nitrogen which influence on the Low Heating Value
and increasing the amount of syngas.

Temperature is varying between 800 and 1,100 °C, pressure is usually atmospheric,
but there are applications using pressure until 20 atm [Del Buono et al, 2007]. Operative
conditions are heavy influence of the type of reactor.

The syngas obtained contains CO, CO», Hz, CHs, quite quantities of other more heavy
hydrocarbons as Co2Hs, C2Hs, H20, N2 and diverse pollutants as quite carbonous particles,
ash, tar and oils. CO and H: give heating value to the syngas because they react with
oxygen. CHs is present in quite quantities and is the responsible of great part of the
heating value of the syngas. CO; and H>O are undesirable products but unavoidable. After
being gasified, the syngas can be converted to power such as electricity.

5.5. Types of gasification technologies

There are many ways to classified the gasification systems. One way can be regarding
the contact system between the material fuel and the oxidant agent. Essentially two types
of gasification technologies are most common: Fixed and fluidized bed.

In fixed bed gasifiers, the biomass fuel is injected into the top of the unit and air is fed
through two main process [Ngo et al, 2009]:

- Updraft gasifier; it is when the oxidant is fed from the bottom though the grade
and leave the reactor at the top. Biomass fuel and oxidant move in countercurrents.
Syngas leaves the reactor at the top too and large amounts of tar is produced.

- Downdraft gasifier; it is when the oxidant and biomass move in the same direction.
Syngas leaves the reactor by the bottom and the amount of tar is smaller because
the hot zone causes some cracking of the tar.

In fluidized bed gasifiers, a mixture of oxidant, biomass and some inert bed material
undergo drying, pyrolysis and gasification at high temperature. Gasification process is
more efficient in this system due to the better heat transfer between the gas and the solid
phases. The bed of the gasifier can be bubbling bed and circulating bed. Some advantages
of this system is its higher capacity, the possibilities of using a larger variety of biomass
types, even moist biomass.

A brief description of these types of gasifiers used currently is reassumes in the follow
table:
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Table 5.1. Diverse types of gasifiers according to the contact way oxidant-solid fuel.

Type of gasifier Way of contact
Fixed bed gasifier
Downdraft Solid fuel and oxidant flow downstream.
Updraft Solid fuel flows downstream, while oxidant flows upstream

Co-currents
Countercurrents
Cross-currents

Fluidized bed gasifier
Bubbling fluidized bed

Circulating fluidized bed

Entrained flow

Double reactor

Other reactors
Rotatory furnace
Reactor cyclones

Solid fuel and oxidant flow in the same direction. Downdraft is
an example.

Solid fuel and oxidant flow in countercurrents. Updraft is an
example.

Solid fuel flow downstream and oxidant flows perpendicular to
the solid fuel direction.

Low velocity of syngas. Inert solids (sand bed) remains into the
reactor.

Inert solids from bed can be carry by the oxidant, but separated
and recirculated to the reactor,

No presence of inert solids. High velocities of syngas generate
high velocities of conversion. It can be operate as reactor
cyclone.

Gasification and pyrolysis occur in the first reactor, carbon
produced is transported to the second reactor where combustion
is produced in order to heating the circulating fluidizing means.

Provides a good contact oxidant-solid fuel.
High velocities and abrasion of particles on the walls of the
reactor permit high reaction velocities.

Source: [Elias, 2005]

5.5.1. Fixed bed reactors

Updraft ¢asifier:

Biomass is introduced from the top and goes down slowly in countercurrent with the
gas generated by oxidant agent introduced from the bottom, biomass is heated until to get
the combustion zone where reach the maximum temperature, with subsequent cooling
about 200 - 300°C prior to discharge of ash.

Combustion zone temperature is determinates by the temperature of ash fusion. The
feedstock material must to be cut and winnow in order to avoid that the fine particles can

be carried by the gas.

When the solid arrive the hot zone, a pyrolysis process occur where the volatile
components are release making large quantities of char. Afterwards, gasification occurs
through a combustion of pyrolysis products. Syngas formed begins to climb to leave the
reactor by the top, while ash goes down to the base.
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Temperature can reaches about 1,000°C and can be controlled through injection of
vapour or humidifying the air. The total efficiency of this system is high, but it is also high
the tar content.

Downdraft ¢asifier:

Biomass is fed from the top, experimenting the processes of drying and pyrolysis due
to the progressive increase of the temperature. Oxidant is fed in the same direction of
biomass and the syngas leave the reactor from the bottom.

The conduction of heat have place from the top where the heat is generating through
partial combustion of the fuel of the products. Gases, tar and char goes down and arrive
the oxidation zone where part of the oxygen introduced is burn providing the energy
necessary for keep the thermal process and impoverishing the quality of syngas.

Gasification occurs with high temperatures in a range between 900 to 1,000°C. Syngas
is obtained from the bottom of the reactor and tar concentration is smaller than in the
updraft reactor.

5.5.2. Fluidized bed reactors

As the fixed bed reactors, fluidized bed reactor are constituted for a cylindrical
container at the internal zone and a rack in the bottom. Oxidant is fed from the bottom in
an inert material bed which remains suspended. Biomass is fed in a way of fine particles
and it remains suspended too.

Temperature is uniform in the reactor and depends of the material to gasified. For
example when it is carbon, internal temperature is about 1,100°C, for biomass, it is about
900 - 1,000°C. For MSW (municipal solid wastes), temperatures are higher in order to
guarantee the complete decomposition.

Bed promotes the fluidization and matter and heat exchange, it is usually constituted
by sand but other catalyzers can be added in order to regulate the tar formation or
modifier the syngas composition.

Tar formation can be a problem in this systems, ashes are discharged from the bottom
but the syngas can be present particles of solids which can be recirculated in more
advanced systems. The conversion of carbon can reach 100% with recirculation of ashes.

Volume of syngas obtained by volume unit of the reactor is higher than in fixed bed
reactors, and the syngas composition is usually uniform. Syngas leaves the gasifier with
high temperatures, then, a heat recuperation system must be implemented in order to
keep a good global thermal performance.

Main advantages of fluidized bed reactor is the low operation and construction costs
and its flexibility. There are two main types of fluidized bed reactors.
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Bubbling fluidized bed (BFB)

Biomass is introduced into the boiling bed above the grid from which the oxidant is
insufflated. Syngas is obtained from the top, and ashes are discharges from the bottom. It
can distingue two phases into the reactor: fluid phase in the bottom and gaseous phase in
the top.

Bed temperature is about 700 - 900°C and it is controlled through the relation
oxidant/biomass feedstock.

Circulating fluidized bed (CEB)

Fluid and gaseous phases are not distingue as in the BFB, because the oxidant velocity
is sufficient to carry the solids, but they are separated and the solids are turning back to
the reactor improving in this way the efficiency respect to BFB.

Biomass is introduced from the bottom of the gasifier, at a certain distance above the
grid of air distribution, where it begins to dehydrate. Subsequently, pyrolysis occurs and
gases move towards the upper part of the reactor, while the carbon tends to return
towards to the denser area of the fluid bed. Carbon remaining is carry by the oxidant and
other circulating elements to the cyclone filter, where the separation of solid and syngas
occur, the solids return in the fluid bed and the combustion of carbon with the oxidant
occur.

Internal temperature of the reactor is about 800 - 1,000°C, which depends of the type
of material fuel and final applications of the syngas.

A profile of temperatures and percentage of carbon conversion along the deep of the
reactor is shown in the figure 5.5.
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Figure 5.5. Scheme of diverse types of gasifier with profile of temperatures and
percentage of carbon conversion along the deep of the reactor. A) Updraft fixed bed
reactor. B) Downdraft fixed bed reactor. C) Bubbling fluidized bed reactor. D) Circulating
fluidized bed reactor. [Bosio, 2006]

5.5.3. Comparison of types of gasifiers.

A general comparison between fixed bed and fluidized bed reactors is shown in the
follow table:

107



Table 5.2. Comparison of fixed and fluidized bed gasifiers.

Criteria/Reactor type

Fixed bed

Fluidized bed

Technical availability

Experience

Scale up

Start-up/shutdown
Load change

Quality of main

Simple and robust construction

Bad temperature distribution

Hot spots with exothermic reaction
Poor heat exchange

Channeling possible

Residence time for solids: hours to
days. For gas: seconds.

Pressure drop is low

Lots of processes for different
applications in operation.

Simple, reliable and proven for
certain fuels

Low specific capacity

High residence time of solids

Very limited scale-up potential
caused by low maximum size.
Long period to heat-up.

Limitation of fast change of fuel
with different calorific values, high
fuel content in bed.

Updraft: Syngas contains tar, oil,

Less complex technology. No
moving parts

Good temperature distribution

No hot spots

Very good heat exchange

Good gas solid contact and mixing.
Residence time for solids: seconds
to minutes. For gas: seconds
Pressure drop is high

Commercial designs are available.

Large fuel inventory provides
safety, reliability and stability.
High specific capacity

High reaction rates, low residence
time of solids.

Very good scale-up potential.

Easily started and stopped.

Fast change of different fuels, low
fuel content in the bed. Amount of
solid is lowered by the high content
of inert material in the bed.
Amount of tar and phenols in

products phenols and ammonia (require syngas is low.
separation and cleanup steam)
Downdraft: Amount of tar and
phenols in syngas is low.
Syngas suitable for direct firing. Gas composition is steady due to
uniform conditions in the bed.
Updraft: Low exit syngas Syngas exit temperature similar to
temperature. the bed temperature.
Downdraft: High exit syngas
temperature.
Low ash carry over Higher particulates in the product
gas than at fixed bed.
Quality of co- Updraft: Low dust content in Inevitable loss of carbon in ash due
products syngas. to the non-uniform solids
Downdraft: High dust content in composition of the bed.
syngas.
Requirement for Extensive gas clean up needed for =~ High dust content in the gaseous
subsequent treatment engines phase.
Efficiency of High carbon conversion efficiency = High carbon conversion efficiency.
conversion rate
Environmental Molten slag possible Ash not molten
Economy High investment for high loads Low investment

Source: Adapted of [Elias, 2005 and Bosio, 2006].

108



5.6. Simulations activity of gasification

For energy recovery from sewage sludge previously dried, numerical simulations of
gasification process feeding by this resource have been carried out.

The type of model choose for this feasible analysis is: Concentrated parameters, at the
thermodynamic equilibrium, non-stoichiometric.

Considering a not detailed model (concentrated parameters) but which permit the
preliminary estimations of the quality of the syngas obtained and the evaluation about the
convenience of the project, with a simulation of a perfectly mixed reactor with uniform
temperature. The equilibrium thermodynamic calculations were done because there is not
available experimental data. This model is not restricted to particular conditions and can
be applied for different kinds of biomass fed, moreover allows a first comparison among
different kinds of gasification plants. Then, since the composition of biomass is unknown
and the mechanism of reaction is complex, a non-stoichiometric model can be useful.

However, the real behavior of the process includes a significant deviation of the
equilibrium; in this case another model is proposed: Concentrated parameters, semi-empirical
kinetics, non-stoichiometric. It is based on the literature data available.

Regarding energy balance of the reactor, two conditions have been taken account:
isothermal reactor and adiabatic reactor.

The software used was Aspen Plus, which allows the simulation of processes and
chemical plants. The model is based on the assumptions of:

- Steady state

- Known flow rates of the elements incoming
- Known temperature of biomass and oxidant
- Uniform operational temperature

- Head losses negligible.

Aspen allows the connection of unit operations, the integration of innovative
solutions, the calculation of complex processes with recycling. Moreover, it was possible to
develop parametric analysis, research objective functions, and user-defined calculations.
These last functions were applied in this work.

Aspen do not recognized the complex sludge molecule, then biomass was written as
two input streams: first one involves the sum of main elements (C, H, O and N) in the
stream “CHNO”, in a way to express the solid-dry fraction of the biomass; and the another
one involves the humidity of the sludge which it was represent by the stream “water”. In
this way the simulation scheme on Aspen was draw as shown in figure 5.5.
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Figure 5.6: Scheme for simulation of sludge gasification.

This model considered the equilibrium of the reaction of the main elements C, H, O
and N; allowing the formation of CHs, CO, CO, Ha, H2O, N2, Oz, NH3, NO,, CoHz, CoHy,
CoHe. Ashes were treated as inert and it was calculated only the energy contribution
needed for their heating.

In the isothermal reactor, the operational temperature was fixed at 1000°C. This is a
simplified model but permit to make a parametric analysis about different factors in order
to study the operation of the reactor.

As previously explained, due to the way of input the biomass in Aspen Plus, this
model predicts the transition from elements constituting the biomass to products of
gasification. According to this approach, a heat exchanger with the external is admitted in
order to guarantee the fixed temperature, but it is neglecting the energy of formation
(enthalpy of formation) of biomass (sludge).

Elements > gasification products

In the adiabatic reactor, the enthalpy of formation of the compounds which
constituted the biomass fed has been taken into account. In fact, feeding sludge as C, H, O
and N is not equivalent to feeding complex chains of these elements; the real complex
chain fed into the gasifier must be broken during the process engaging energy. This model
predicts the transition from elements constituting the biomass to the biomass, and from
biomass to products of gasification.

Elements > biomass > gasification products
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Biomass is usually characterized by proximate analysis and ultimate analysis. Proximate
analysis quantified the solid-dry fraction and the humidity, on the dry fraction can
distinguishes the organic part from the ashes. Ultimate analysis provides the percentage of

the main elements, on dry basis.

In this conditions, the operational characteristics and dried sludge fed characteristics

are reported in the follow table:

Table 5.3: Sludge characteristics.

Operational conditions: dried sludge

LHV sludge IMJ/kg | N (%) 8

T biomass 23 °C O (%) 23
Pressure 1 atm HxO/sludge 0.25
C (%) 58 CHNO/dry residual 0.52
H (%) 11 Ash/dry residual 0.45

This study has also provided a fed consisting of a mixture of sludge and agricultural
biomass in different percentages, according to the configurations shown in figure 5.6 and
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Figure 5.7: Scheme for simulation with feeding of agricultural biomass.
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Figure 5.8: Scheme for simulation with feeding of a mixture of sludge and
agricultural biomass.

5.6.1. Simulation results

5.6.1.1. Isothermal reactor

First simulations were done in the conditions of isothermal reactor with T=1,000°C
and assuming a relation air/biomass = 0.56 (500 kg/h). Calculations were carried out with
a flow rate of 1,034 kg/h of dried sludge with a composition as follows:

Table 5.4: Composition of sludge.
Operational conditions: dried sludge

C (kg/h) 241 | O (kg/h) 96
H (kg/h) 46 | H,O (kg/h) 258
N (kg/h) 33 | Ash (kg/h) 360

Sludge composition was taken from Gestione Acqua SpA data available, with a
humidity about 25% and 45% of ash. Temperature of sludge was assumed as
environmental temperature that is 23°C.

After simulation, the syngas obtained presents a LHV of about 7.89 MJ/Nm?3 and the
following composition:
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Table 5.5: Syngas composition obtained with isothermal

reactor
Syngas composition (Molar fraction)
Flow rate (Nm3/h) 1,615.17 | Oxydant air
CHy 31 PPM O2 Trace
CcO 0.252 NH; 19 PPM
CO2 0.026 NO; Trace
H> 0.437 CHo Trace
HO 0.079 CoHy, Trace
N> 0.206 CoHe Trace

As it can be seen the syngas has a low LHV, but it is very rich in H> and practically do
not present CHa. It is not expected char because all of carbon is gasified. Parametric
analysis on the oxidant flow rate, the reactor temperature and the humidity of biomass
have been done monitoring the molar fraction of the main components of the syngas
obtained.
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Figure 5.9: Parametric analysis on the LHV of syngas vs. oxidant flow rate.
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Figure 5.10: Parametric analysis on the molar fraction (primary axis for CHs, Ha, CO, CO,, N», O2)
and mass flow rate (secondary axis for Char and Ash) vs. oxidant flow.

It can be seen in figure 5.9 that increasing the oxidant flow rate the LHV of syngas is
reducing until be zero for complete combustion when the relation air /biomass is about
3.8, then, for this same value, oxygen begins to be detected in the syngas. Composition is
gradually poorer in hydrogen when the oxidant flow rate is increasing, and it is rich on
COz and Na.

Ash is an element not reacting, but as previously mentioned, it is necessary to take
account the energy necessary for their heating, moreover, it is an important element to

evaluating in terms of feasibility of the technology.

The best value of LHV is in the absence of oxidant agent and hydrogen molar fraction
reach the maximum value of 0.63.

Actually, the total gasification of carbon is influence also by the humidity. A
parametric analysis about the humidity of sludge is shown in the following graphics.
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Figure 5.11: Parametric analysis on the LHV of syngas vs. humidity of sludge.
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Figure 5.12: Parametric analysis on molar fraction (primary axis for CHs, Hs, CO, CO,,
N2, O2) and mass flow rate (secondary axis for Char and Ash) vs. humidity of sludge.

This analysis has been permitted to demonstrate that the humidity of 25% is not the
optimal value, the ideal humidity of the sludge to be supplied is equal to 13.5% by weight,
which is equivalent to a water flow rate of 117 kg/h. The parametric analysis was done
until 60% of sludge humidity. It is evident the gradually dilution of syngas. Only CO:z is
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begins to notice for the optimal value of humidity. In this conditions, the best value for
LHV was of 8.86 MJ/Nm3.

According to these results, it would be more convenient a pyrolysis operation without
oxidant agent instead of gasification, however it is necessary to take account that the
reactor is ideal and isothermal. In fact, this calculation is at the equilibrium and
temperature is fixed equal to 1,000°C, and this is an operational constraint which imposes
a significant energy exchange with the external. This flow provides heat to the system for
lower oxidant flow rate and allows the endothermic reactions of pyrolysis and
gasification. The flow assumes the opposite direction when the exothermic reactions of
combustion prevails, and requires again heat from the external when the oxidant is
feeding in excess and becomes an excess mass to be heated.

Additionally, parametric analysis about temperature of operation was done maintain
the isothermal conditions.
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Figure 5.13: Parametric analysis on the LHV of syngas vs. operational temperature.
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Figure 5.14: Parametric analysis on the molar fraction (primary axis for CHs, Hz, CO, CO», N, Oz)
and mass flow rate (secondary axis for Char and Ash) vs. operational temperature.

This results in figure 5.12 show the LHV is improving when the temperature is
increasing. In the range of 800 and 1,100°C the LHYV is practically constant (7.88 MJ/Nm?),
because is influenced by the LHV of H> and CO (see figure 5.13). Gasification operation
takes place in that range of temperatures.

The amount of COz is reducing according to the reaction water - gas shift which is not
tavorable for high temperatures in this direction:

CO + H20 - CO2 + H2

Char is yet present when the temperature has values lower than 700°C, because not all
the carbon is gasified and so it is present in the syngas, as well as methane for values
lower than 700°C. But when temperature achieves about 700°C amounts of CO and H> are
increasing, and oxygen is practically zero for any value.

In view of these results, the main conclusion for the isothermal reactor was that the

optimal humidity of the biomass in order to be gasified is about 13.5% in weight. With the
drier described previously is possible to get the humidity desired.
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5.6.1.2. Adiabatic reactor

New simulations were carried out considering the real operation and the fact of
pyrolysis and gasification reactions are on the whole process strongly endothermic. In this
case an adiabatic model has been implemented which allows to estimate the operational
conditions in which the system can guarantee an auto-thermal operation, taking into
account the enthalpy of formation of biomass, calculated equivalent to 1,290.0 MJ/h.

With the same conditions employed in the isothermal reactor, the adiabatic reactor
will operate to 483°C, then, the operational temperature of 1,000°C can be guarantee only
with a heat contribution from the external, and even the reactor is exothermal it is
necessary the heat contribution.

The calculation of the quantity of oxidant necessary in order to guarantee the
operational temperature was done in Aspen through a design specification parameter,
keeping fixed the temperature of oxidant on 23°C, and the results was equal to 1,960.0
kg/h. The LHV was 2.93 MJ/Nm?.

In this conditions the process is strongly endothermic, now the heat contribution can
be attend on the oxidant flow rate, thus a parametric analysis on the temperature of
oxidant was done, with the following results:
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Figure 5.15: LHV of syngas (principal axis) and Oxidant mass flow (secondary
axis) vs oxidant temperature.

It is note that an increasing of temperature involves a lightly increasing of LHV due to
a lightly decreasing of the oxidant mass flow necessary. Evaluating the heat recovery
available from exhaust gases, an air temperature of 450°C has been assumed and
achievable in the following calculations.

Another parametric analysis about temperature of biomass and water in the input was
done getting the following results.
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Figure 5.16: LHV of syngas (principal axis) and Oxidant mass flow (secondary axis) vs.
biomass temperature.

The analysis was done until 80°C for biomass temperature, values greater than 80°C
are not acceptable for heating biomass. The graphic show that the influence of biomass
temperature on the inlet is not significant and it can be neglected the fact to heat the
biomass.

At this point, keeping in mind the oxidant temperature (450°C) and the optimal
humidity of sludge (13.5%), a parametric analysis on the oxidant flow rate for isothermal
and adiabatic reactor was done so as to keep an operational temperature equal to 1,000°C.
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Figure 5.17: Thermal flux vs. oxidant flow rate so as keeping operational temperature of
1,000°C.
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According to this graphic the oxidant flow rate is equal to 1,500.0 kg/h in an adiabatic
reactor. In these conditions the syngas obtained has a LHV equal 4.47 MJ/Nm3 with the
following composition:

Table 5.4: Syngas composition from autothermal operation.
Syngas composition (Molar fraction)

Flow rate (Nm3/h) 2012.66 Oxydant air
CH.4 2 PPM O Trace
CO 0.170 NH;s 10 PPM
CO, 0.049 NO; Trace
H> 0.214 CH» Trace
H>O 0.106 CoH,y, Trace
Ny, 0.460 CoHe Trace

An analysis of inlet biomass temperature effect was done again considering the new
conditions. The graphic in figure 5.17 shows also here that the inlet temperature of
biomass is not having influence on the LHV of syngas or on the oxidant flow rate. In fact,
both behaviors are practically constant.
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Figure 5.18: LHV of syngas (principal axis) and Oxidant mass
flow (secondary axis) vs. biomass temperature.

A parametric evaluation about the amount of ash present in the biomass was carried
out considering the last conditions.
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Figure 5.20: Parametric analysis on the molar fraction (primary axis for CHs, Hz, CO, CO», N>, O»)
and mass flow rate (secondary axis for Char and Ash) vs ash flow rate.

The graphic 5.18 show that only operational temperature is being affected when ash
tflow rate is increasing.
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Kinetic constraint is an important parameter for the gasification. Kinetic constraint is
expressed as a quantity of carbon feeding which is not gasified, but remains as char. A first
kinetic analysis was done through a parametric calculation about the amount of inert
elements. The results are shown in the following graphics:
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Figure 5.21: Parametric analysis on the LHV of syngas vs. inert fraction of C.
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Figure 5.22: Parametric analysis on the molar fraction (primary axis for CHs, Hz, CO, CO», N>, Oz)
and mass flow rate (secondary axis for Char and Ash) vs. inert fraction of C.
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The optimal situation is obviously when the kinetic constraints are not present, LHV
achieve the best value of 4.47 MJ/Nm?3 as previously calculated. And all char is gasified.
As the inert fraction of C is increasing, the syngas becomes poorer on H> and CO, while N>
is lightly increasing as well as the amount of char.

In this way, an accurate simulation of this system is actually taking account the
kinetics of the reactions which are having being place during gasification. Next paragraph
will explain this new situation.

5.6.1.3. Adiabatic reactor considering the kinetic constraints

Based on the literature, it has been assuming a model with 15% of the carbon fed is not
gasified, and it results in output in the way of char (36.15 kg/h).

The optimal operational condition and characteristics of biomass until now founded
for an operational temperature of 1,000°C are summarized in the following tables:

Table 5.7: New operational conditions and characteristics of sludge.
Operational conditions: dry sludge

LHV sludge I9M]/kg N (%) 8

T biomass 23 °C O (%) 23
T oxidant 450°C Inerts 0.15
Pressure 1 atm HxO/sludge 0.14
C (%) 58 CHNO/ dry residual 0.52
H (%) 11 Ash/dry residual 0.45

Table 5.8: Composition of sludge.
Operational conditions: dry sludge

C (kg/h) 241 | O (kg/h) 96
H (kg/h) 46 | H,O (kg/h) 117
N (kg/h) 33 | Ash (kg/h) 360

For these new parameters, a new oxidant flow rate was calculated; the calculations
gave a result of about 1,360.0 kg/h and a LHV of 4.24 M]J/Nm3. The syngas obtained has
the following composition:

Table 5.9: Composition of syngas.
Syngas composition (Molar fraction)

Flow rate (Nm?/h) 1,890.9 Oxydant air
CH.4 1 PPM O, Trace
CcO 0.150 NH;3 10 PPM
CO, 0.051 NO; Trace
H, 0.217 CH» Trace
H.O 0.128 CoHy Trace
Ny, 0.453 CoHe Trace

123



According to the literature [Aiello et al, 2010] [Judex et al, 2012] [Schuster, 2001], the
LHV of syngas from gasification of sewage sludge is ranging from 2 to 7 MJ/Nm3.

5.6.1.4. Gasification of sewage sludge with agricultural biomass.

In view of the poorness of the products obtained with the previous simulations, it was
carried out new simulations considering a feedstock as a mixture of dried sewage sludge
with agricultural biomass in diverse proportions, with the aim of improving the syngas
quality. The simulation schemes were presented according to figure 5.6 and 5.7.

A general composition of agricultural biomass is indicated in the following table:

Table 5.10: Agricultural biomass composition and operational

conditions
Operational conditions: agricultural biomass
LHV 18 MJ/kg | N (%) 0.2
T biomass 23 °C O (%) 444
Pressure 1 atm HxO/sludge 0.12
C (%) 494 CHNO/dry residual 0.96
H (%) 6 Ash/dry residual 0.01

Calculations took account the enthalpy of formation of agricultural biomass which
results of about 2,062.0 M]J/h.

Considering a feedstock only by biomass, through an adiabatic reactor, considering
the enthalpy of formation of agricultural biomass, with an inlet oxidant temperature of
450°C, it was calculated the oxidant flow rate necessary in order to guarantee the
operational temperature of the gasifier at 1,000°C. The calculations permit to achieve an
oxidant flow rate of about 790 kg/h and syngas has a LHV of about 6.74 MJ/Nm3, which
is greater than the LHV of only sludge gasification. The syngas composition of feeding
only biomass is shown in the follow table:

Table 5.11: Composition of syngas from only biomass gasification.
Syngas composition (Molar fraction)

Flow rate (Nm3/h) 1,751.7 Oxydant air
CH,4 0.1 PPM O, Trace
CcO 0.295 NH; 0.1 PPM
CO, 0.056 NO; Trace
H> 0.28 CH» Trace
HxO 0.092 CoHay Trace
Ny, 0.277 CoHe Trace

A study about the gasification of the mixture of sludge and agricultural biomass was
done considering different percentages of agricultural biomass. The calculations were
done in the base of 895 kg/h of total biomass fed. Sludge has humidity about 13.5% on
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weight and biomass has humidity about 12 % on weight. Oxidant is feeding at 450°C. For
each mixture composition, the amount of oxidant was calculated so as ensure 1,000°C
operational temperature. All calculations were done in an adiabatic reactor and the
enthalpy of formation was calculated for any case. The total biomass fed composition is
shown in the table:

Table 5.12: Characteristics of sludge and biomass fed.

Percentage of Sludge Agricultural biomass
agricultural Mixed Solid Water Mixed Solid Water
biomass fed (kgh)  (kgh)  (kefh) (k) (gl (kg
0% 174.6 601.4 117.1 0.0 0.0 0.0
10% 157.1 541.3 106.2 39.7 38.9 10.7
30% 122.2 420.9 82.61 119.1 116.7 32.1
50% 87.3 300.7 59.0 198.5 194.5 53.6
70% 52.38 180.42 35.4 277.8 2723 75.0
90% 17.46 60.1 11.8 357.2 350.2 96.4
100% 0.0 0.0 0.0 396.9 389.1 107.2

Considering these conditions, the table shows the variation of oxidant flow rate,
syngas flow rate, enthalpy of formation and LHV for any percentage of agricultural
biomass fed.

Table 5.13: Parametric analysis for mixtures of sludge and agricultural biomass

e A L T
biomass fed (ke/h) rate (Nm3/h) (MJ/h) (MJ/Nm3) fraction
0% 1,359.0 1,898.9 -1,290.1 4.24 0.217
10% 1,301.5 1,883.7 -1,367.2 446 0.224
30% 1,178.9 1,848.2 -1,521.6 4.95 0.238
50% 1,056.8 1,812.9 -1,676.0 5.45 0.252
70% 934.8 1,777.2 -1,830.4 5.98 0.266
90% 814.7 1,743.7 -1,984.8 6.52 0.276
100% 789.0 1,751.7 -2,061.9 6.74 0.280

The following graphics show the quality of syngas is improving when the percentage
of biomass is increasing in the mixture. LHV and molar fraction of H2 of the syngas are
increasing. LHV reaches the best value of 6.74 when the mixture is only agricultural
biomass. The syngas flow rate is lesser when the feeding was only biomass, but also the
amount of oxidant fed to the gasifier is less according to the calculation for any case in
order to maintain the operational temperature.
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Figure 5.23: Variation of LHV, H, molar fraction, syngas flow rate and oxydant flow rate for any
percentage of agricultural biomass fed.

When the mixture has 50% of sludge and 50% of agricultural biomass, the LHV of
syngas is about 5.5 MJ/Nm?3, and shows the following composition.

Table 5.14: Composition of syngas from 50% of sludge and 50%

of biomass.
Syngas composition (Molar fraction)

CH.4 4 PPM O, Trace
CcO 0.217 NH;3 11 PPM
CO, 0.056 NO; Trace
Ho» 0.252 CH» Trace
HxO 0.111 CoHy Trace
Ny, 0.365 CHs Trace

In view of these results, in term of quality and quantity of syngas, this solution could
be not preferable.
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5.7. Discussion

A particular point for attention is the high ash content present in the sludge. This
involves especially technical difficulties and the problem of disposal. Ashes can be used as
reusable materials for the production of concrete, use on brick industries, production of
compost, fertilizers and environmental recovery. However, there are problems regarding
the characteristics of ashes and the requirements for the management of recovery and
supply. Characteristics of ashes can involve problems about quality, quantity and
environmental impact costs.

This aspect is a constraint for the choice of the technology. It is suggested the use of
reactors with the combustion chamber at a temperature sufficiently high to allow the
fusion of the ash and their complete inerting.

Furthermore, the presence of undesired substances in the syngas forces to consider a
section of clean-up and depending of the final use of syngas. Currently, the process allows
purification solutions at elevated temperature avoiding cooling the syngas to clean it and
then heating again for it use in systems of electricity production with consequent loss of
energy efficiency of the plant. Tar also can cause problems in process equipment as well as
in engines and turbines. The quantity of tar is strongly dependent on the process and final
user applications.

Regarding the oxidant agent other solutions are possible which avoid syngas dilution
by N2: the use of steam, which enhance endothermic reforming reactions that cause a
temperature decrease in the reactor. The use of oxygen, which can increases the calorific
value of syngas, but is economically not convenient.

As previously said, gasification has many advantages, additionally to them already
mentioned, gasification destroy pathogenic bacteria, involves low emission-control costs
and permits energy recovery.

This chapter studied a preliminary feasibility analysis with simplified simulation
model in order to verify whether the sludge could be gasified, to highlight the main
technological problems and to establish the bases for the choice of the reactor type and the
process details.

The model based on concentrated parameters neglecting the local analysis, and as the
reaction mechanism were complex and the components of the inlet sludge were known
only in terms of element composition, a non-stoichiometric model was chosen. The outlet
syngas characteristics were evaluated with Gibbs free-energy reactor model. An
isothermal and an adiabatic reactor were implemented, where the operational temperature
was fixed at 1,000°C for isothermal reactor and maintained to 1,000°C for adiabatic reactor
varying oxidant flow rate.

The syngas obtained has a LHV of about 4.24 M]J/Nm?3 which is an acceptable value
compared to other values found in the literature. The parametric analysis made for any
case studied demonstrated that an optimal humidity of biomass (dried sludge) must be
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lower than 20%. The inlet temperature of biomass not affect significant the quality of
syngas, but the inlet temperature of oxidant could be an important factor, in fact it would
be heating until 450°C.

Ash not limited the energy potential of sludge but cause technical problems during its
processing and represents a significant term in the thermal balance, because it requires
additional energy for its warming.

An analysis of a feedstock with sludge and residual agricultural biomass was done. It
was observed that the quality of syngas is improved. A good combination could be a
mixture with 50% of sludge and 50% of agricultural biomass. This solution could represent
a good alternative in terms of syngas quality, environmental impact and integrated
territorial policies for both countries involves along this doctoral thesis. Italy and Peru
base their economic matrix on the agriculture, and nowadays the problem of residual
discharge from agro-industries is a great and need to be considerate, especially in Peru.
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CHAPTER 6: FINAL CONSIDERATIONS

6.1. Total energy production

Total energy production can be calculated including the results obtained for anaerobic
digestion and gasification of sewage sludge.

Biogas obtained from anaerobic digestion in the UASB reactors has a very high
methane content, calculations demonstrate that biogas has a LHV equivalent to 21 MJ/m3.
Then, the amount of energy generated is potentially 0.42 MW which could satisfy the
plant’s energy demands or elsewhere.

Syngas obtained from gasification of only sewage sludge has a LHV of about 4.24
MJ/Nm?3 rich on hydrogen. Considering power generation in a conventional engine fuel,
the final energy production is approximately 0.55 MW for about 1,000 kg/h of sludge
feedstock.

Hypothesizing to design and built this sustainable plant for the case study of Chiclayo
city (Peru), the total amount of sludge produced by day is about 2,852.7 kg/d with about
86.5% of water content, then, 385.0 kg/h after drying can be obtained. Applying
gasification processes and fuel engines with 25% of efficiency, it can produce about 0.21
MW.

The total energy production would be about 2,252 MJ/h equivalents to 0.63 MW.

6.2. Summary of the work and conclusions

This doctoral thesis has been developed considering the Italian context as important
reference one and transferring the results acquired to the Peruvian framework.

A comparison between different kind of wastewater treatment plants in Europe and
Latin America has been done considering three main examples: Novi Ligure (Italy),
Bucaramanga (Colombia) and Chiclayo (Peru); all of them treating domestic wastewaters.
The results of this analysis have demonstrated the differences regarding technology,
cultural and economic aspects; particularly in developing countries the low investments
constitute the main barrier to get more advance treatment processes.

It was analyzed a sustainable proposal of large - scale wastewater treatment plant in a
Peruvian community with the aim of improving the current treatment, recovering of by-
products and reusing the treated effluents. The proposal solution was the combination of
stabilization ponds with UASB reactors.

It was describe three lines of treatment (sewage, biogas and sludge treatment) and
compare current efficiencies with those calculated for the new scheme proposed. Each step
of the proposal has been analyzed since the entrance of water until the final discharge of
water. Preliminary treatment has been improved. Afterwards, applying 5 UASB reactors
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with 18 modules each, each reactor with a treatment capacity of 2,852 m3/h , a 3,360 m3
volume and a 6 hour Hydraulic Retention Time.

The reactor has removal efficiencies of approximately 71%; 64%; 90% for, respectively,
BODs, COD and Faecal Coliform; while the entire system proposed (UASB + Stabilisation
ponds) can achieve removal efficiencies of about 91%, 64% and 99.9% for, respectively,
BODs, COD and Faecal Coliform. Figure 6.1 demonstrates the reduction of the
concentrations for each parameter studied from the input to the output of the plant.
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Figure 6.1. Initial and final effluents concentrations.

These results, compared with current removal efficiencies of approximately 65% BODs
and 90% Faecal Coliforms (see figure 6.2.), demonstrate that final effluents have the
appropriate characteristics for recycling, compliant with the requirements of Peruvian law
for waste treatment and disposal.
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Figure 6.2. Comparison between final concentration achieve with this proposal and
current final concentrations.
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These results were presented at the Fourth International Symposium on Energy from
Biomass and Waste (VENICE 2012) in an article titled: “Large-scale Up-flow Anaerobic
Sludge Blanket (UASB) for energy production in a Peruvian community, with authors:
Z.B. Chavez Romero, ].L. Colonia Huertas, B. Bosio, E. Arato.

One of the main goal of this research involves the recovery of sewage sludge. A
foreign research activity in the University of Nevada, Reno from January to June 2012 at
the department of Chemical and Materials Engineering under the supervision of Prof.
Charles Coronella was carried out. Experimental and simulated activities were done in
order to measure the diffusion moisture coefficient in dewatered sludge as a pretreatment
step of drying sludge for successive energy recovering.

The thermal drying of sludge was studied at 50°C. Samples for experimental activity
were obtained from sewage treatment of city of Reno (NV). Mathematically, the drying
process was studied using the Fick’s law of diffusion and a model proposed by Font et al
(2011) for the diffusion coefficient calculation. The last model was a particular function of
moisture content and two correlation parameters, the methodology followed was the
optimization of Font’s parameters in order to get more accurate results respect to the
experimental data obtained for this case.

Using non-linear regression techniques, new parameters were find. The average errors
for each position studied in the sludge layer examined were 2.51%, 2.50%, 4.28% and
25.35%, from the surface to the bottom, with an average error of about 8.66%; while the
diffusion coefficient values found were varying from 1.34x10-1! for moisture content about
5.5 kg water/kg d.s. to 8.58x1010 for moisture content about 0.82 kg water/kg d.s.
Acceptable correlations have been obtained for the variation between experimental and
simulated data.

Gasification process was chosen as the energy valorization system for complete this
research. A model based on concentrate parameters, at the thermodynamic equilibrium
and/or semi-empirical, non-stoichiometric was defined. The outlet syngas characteristics
were evaluated with Gibbs free-energy reactor model. An isothermal and an adiabatic
reactor were implemented, where the operational temperature was fixed at 1,000°C for
isothermal reactor and maintained to 1000°C for adiabatic reactor, moreover the enthalpy
of formation of biomass and kinetic constraints were also considered. The syngas obtained
has a LHV of about 4.24 M]J/Nm3.

In this way, this research evaluated an integrate solution for the problem of
wastewater treatment and energy valorization of products.
6.3. Future developments

Regarding the plant proposal discussed in the third chapter which concerns the

adaptation of a Peruvian treatment plant, a more civil and architectural engineering
design would be done, mainly with the aim to introduce this proposal to the competent
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authorities and/or private services companies in order to discuss the viability of doing
reality.

Concerning the optimization of parameters and the mathematical model of diffusion
coefficient discussed in chapter 4, new non-linear multivariable optimization methods
would be implemented in order to achieve a more accurate minimization of the objective
function for our specific drying sludge experiments.

Additional proximate and ultimate analysis about diverse kind of sludge would need
to be done, it was useful especially from UASB reactors in order to evaluate in a better
way the quality of syngas obtained in a UASB wastewater treatment plant with energy
valorization of sewage sludge. Even if the experimental data for gasification process
simulation were available by Gestione Acqua SpA, further analysis on the sludge
characteristics must be beneficial.

Furthermore, this work can be ongoing with the simulation of a whole gasification
process flow sheet considering both cases of feedstock: sludge and a mixed with
agricultural biomass. In addition, other kinetic parameters must also be considered, this
fact will allow to have results even more close to the reality and so a better evaluation
about the feasibility of the project.

Finally, PERT3? research group from DICCA3* of the University of Genoa is
developing a pilot-scale gasification plant with application of an innovative Spouted bed
gasifier in Biella (town in the northern Italian region of Piedmont), where it will be
possible to realize experimental tests. In this case, characteristics of sludge from Italian
treatment plants will be strongly necessary.
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ANNEXES
Annex 1: Wastewater Treatment Processes

The knowledge about nature of wastewater as well as diverse kind of treatment
processes is important for the valuation and design of each step, to reflect about reuse
facilities and the management of environmental quality. In this annex is presented a
description of wastewater characteristics and treatment processes currently applied in
practice and in large-scale plants, since preliminary treatment to tertiary treatment.

1.1. Liquid Waste

Wastewater is eliminated by humans, after being exploited in different applications:
personal hygiene, cooking foods, cleaning, laundry, and so on. FAO3> defines three types
of domestic wastewater: “grey” water which comes from showers and toilets; wastewaters
which come from wasters and kitchens; and rainwater which comes from rain
accumulation. But, sometimes, domestic wastewater can include also uncontrolled sources
(illegal dumping) and industrial sewage.

According to FAO, treated wastewater is especially efficient to irrigation, due to the
high level of nitrates and sulphates; and for other non-potable applications [FAO, 1993].
Thus drinking water is use only by drinking, cooking, washing, and shower.

Crude wastewater has a different composition according to origin source. The most
part of pollutants comes from animal and human excrement, others from water of
laundry, kitchens and showers. Rainwater and public water clean, also, have an important
pollutions load. Microorganisms as bacteria (Faecal Coliforms, Salmonella, Vibrio
Cholerae), parasite (Giardia, Enterobius), protozoa, and so on, are very dangerous for
human health and cause enteric diseases (See table 1). They are presents in high
concentrations and be transmitted through of vegetables, poor food handling and lack of
personal hygiene (See table 2).

Municipal wastewater consist of 99.9% of water and 0.01% of suspended and
dissolved organic solids, of these, 70% are organic substances: carbohydrates, proteins,
lignin, fats, synthetic detergents, and various natural and synthetic organic chemicals; 30%
are inorganic solids as sand, clay, gravel, toxic elements as arsenic, cadmium, chromium,
cooper, lead, mercury, zinc and so on [Braatz et al, 1996]. Even if in domestic wastewater
toxic materials are not present in concentrations likely to affect humans, they might well
be at toxic levels, which would limit their use (Cadmium present in fertilized can be
absorbed by crops, and if it is ingested in sufficients quantities causes diarrhea, liver and
kidney diseases). The contaminants of greatest concern are the pathogenic micro and
macro-organisms.

*FAQ is the acronym for Food and Agriculture Organization from United Nations.
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Table 1: Infectious agents potentially present in domestic wastewater.

Organisms

Disease

Protozoa  Entamoeba histolytica

Giardia lamblia

Ascaris lumbricoides
Enterobius vericularis
Taenia saginata

Helminths

Bacteria Shigella (4 spp.)

Salmonella typhi

Salmonella (1700 epp.)

Vibrio cholerae

Escherichia coli (enteropathégenic)
Viruses Enteroviruses (67 types)
Hepatitis A
Adenovirus (31 types)

Amebiasis (amoebic dysentery)
Giardiasis
Ascariasis

Enterobiasis
Taeniasis

Shigellosis (Bacillary dysentery)
Typhoid fever

Salmonellosis

Cholera

Gastroenteritis

Gastroenteritis; heart anomalies,
meningitis.

Infectious hepatitis

Respiratory diseases.

Source: [Metcalf & Eddy, 2003].

Table 2: Types and concentrations of microorganisms.

Microorganisms Concentration (number/ml.)
Coliformes 0.5 - 1.0 x 1000000
Estreptococus fecales 5-20 x 1000
Shigella Present
Salmonella 4-12
Pseudomonas aeruginosa 102
Clostridium perfringens 507
Mycobacterium tuberculosis Present
Protozoan cysts 100
Helminth eggs 1
Enteric viruses 1-492

Source: [Metcalf & Eddy, 2003]

After treatment, wastewater need to be adequate disposed [Da Camara et al, 2009].
Agricultural irrigation needs a very special attention. Pathogenic viruses, bacteria,
protozoa and helminths may be present in raw municipal wastewater in high levels and
will survive in the environment for long periods. Pathogenic bacteria will be present in
wastewater at much lower levels than the coliform group of bacteria, which are much
easier to identify and enumerate (MPN/100ml). Escherichia coli are the most widely
adopted indicator of faecal pollution and they can also be isolated and identified fairly

simply.
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1.1.1. Characteristics

Wastewater is characterized in terms of its physical, chemical, and biological
compositions as principal properties shown in table 3.

Table 3: Physical, chemical and biological characteristics of wastewater and their sources.

Characteristic Sources
Physical properties:

Color Domestic and industrial wastes, natural decay of organic
materials

Odor Decomposing wastewater, industrial wastes

Solids Domestic water supply, domestic and industrial wastes, soil
erosion, inflow/infiltration.

Temperature Domestic and industrial wastes

Chemical constituents

Organic:

Carbohydrates Domestic, commercial, and industrial wastes.
Fats, oils, and grease Domestic, commercial, and industrial wastes.
Pesticides Agricultural wastes.

Phenols Industrial wastes

Proteins Domestic, commercial, and industrial wastes.
Priority pollutants Domestic, commercial, and industrial wastes.
Surfactants Domestic, commercial, and industrial wastes.

Volatile organic compounds
Other

Domestic, commercial, and industrial wastes.
Natural decay of organic materials.

Inorganic:
Alkalinity Domestic wastes, domestic water supply, groundwater
infiltration.
Chlorides Domestic wastes, domestic water supply, groundwater

Heavy metals

infiltration.
Industrial wastes

Nitrogen Domestic and agricultural wastes
pH Domestic, commercial and industrial wastes.
Phosphorus Domestic, commercial and industrial wastes; natural runoff
Priority pollutants Domestic, commercial, and industrial wastes.
Sulfur Domestic water supply; domestic, commercial, and industrial
wastes.
Gases:
Hydrogen sulfide Decompositions of domestic wastes.
Methane Decompositions of domestic wastes.
Oxygen Domestic water supply, surface-water infiltration.

Biological constituents:

Animals Open watercourses and treatment plants

Plants Open watercourses and treatment plants

Protists:
Eubacteria Domestic wastes, surface-water infiltration, treatment plants
Archaebacteria Domestic wastes, surface-water infiltration, treatment plants
Viruses Domestic wastes.

Source: [Metcalf & Eddy, 2003].
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Table 4 describes the pollutants of interest in wastewater treatment. Regulations of
secondary treatment are based on elimination rates of organic material, suspended solids
and pathogens. Often, regulations include refractory organic and heavy metals.

Table 4. Important contaminants of concern in wastewater treatment.

Contaminants Reasons for importance

Suspended solids Suspended solids can lead to the development of sludge deposits
anaerobic conditions when untreated wastewater is discharged in
the aquatic environment.

Biodegradable organics Composed principally of proteins, carbohydrates, and fats,
biodegradable organics are measure most commonly in terms of
BOD (biochemical oxygen demand) and COD (chemical oxygen
demand). If discharged untreated to the environment, their
biological stabilisation can lead to the depletion of natural oxygen
resources and to the development of septic conditions.

Pathogens Communicable diseases can be transmitted by the pathogenic
organisms in wastewater and it is not safe by human consume.
Pollution of aquatics organism, and comes to human through to
food chain.

Nutrients Both nitrogen and phosphorus, along with carbon, are essential
nutrients for growth. When discharged to the aquatic environment,
these nutrients can lead to the growth of undesirable aquatic life.
When discharged in excessive amounts on land they can also lead
to the pollution of groundwater.

Priority pollutants Organic and inorganic compounds selected on the basis of their
known or suspected carcinogenicity, mutagenicity, teratogenicity,
or high ascute toxicity.

Refractory organics These organics tend to resist conventional methods of wastewater
treatment. Typical examples include surfactants, phenols and
agricultural pesticides.

Heavy metals Heavy metals are usually added to wastewater from commercial
and industrial activities and may have to be removed if the
wastewater is to be reused.

Dissolved inorganics Inorganic constituents such as calcium, sodium, and sulphate are
added to the original domestic water supply as a result of water
use and may to be removed if the wastewater is to be reused.

Source:[Metcalf & Eddy, 2003 and Muttamara, 1996]

1.2. Wastewater treatment processes

Historically, plumping, drainage, drinking water and sewage services are
administrated by public companies, department or municipalities. In the most of cases,
water supply service and wastewater treatment are deficients. Available financial

resources should be always prioritized by water sector, but often this does not happen
[Rolim, 1996].

If untreated wastewater is allowed to accumulated, the decomposition of the organic
materials can lead to the production of large quantities of malodorous gases, the nutrients
can stimulate the growth of aquatic plants, and the toxic compounds can cause soil
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pollution. For these reasons, the immediate removal of wastewater from its sources of
generation, their treatment and disposal is necessary [Metcalf & Eddy, 2003].

For many years, several methods of treatment have been studied by experts in
laboratories and full-scale treatment plants. The interest for an alternative and integrative
possibility is always increasing. For each purification plant, the design stage must be
preceded by an adequate characteristics definition of wastewater, through their quantity
(flow) and quality (contaminants concentration) parameters [Bonomo, 2008]. But, choosing
of a technology is a process which considers some factors: the amount and composition of
waste, effluent standards regulations, use and disposal options, pre-treatment process,
and operational and economic feasibility. Stabilization ponds, for example, are a low-cost
alternative but require a large extension of land.

Alternatives of wastewater treatment processes include natural treatment, use of
stabilization ponds, land or aquatic treatment systems, and more complex and
technological systems. A wastewater treatment processes have mainly following stages:

| Baw sowage
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Figure 1. Typical wastewater treatment processes, by-products and uses of sludge.

Preliminary treatment consists of physic methods for removal of large materials;
primary treatment, settling by gravity of solid particles; secondary treatment, degradation
of biological matter; and tertiary and/or chemical treatment, disinfection. A basic
graphical scheme is shown in figure 2.
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Figure 2: Wastewater treatment plant flow diagram
Source: [Metcalf & Eddy, 2003].

1.2.1. Preliminary treatment

The objective of preliminary treatment is the removal of coarse solids and other large

materials present in raw wastewater as well as suspended solids, oil and grease that may
cause wear or clogging of equipment and consequently maintenance or operational
problems in the successive processes, and ancillary systems; above all, in primary process
lines and sludge line [Pescod, 1992]. In addition, a preliminary treatment improves the
sludge quality [Bonomo, 2008].

These processes are mechanical nature and it is necessary considered size and

characteristics of solid particles. Preliminary operations are screening and grit and oil
removal:

Screening: It is a mechanical filtration process. The main goal is protecting and avoiding
obstructions in other equipment of subsequent process in order to keep the efficiency
of the process. The screening element consists, traditionally, of parallel bars, it also may
consist in rods or wires, grating, wire mesh, or perforate plate, and openings may be of
any shape but generally are circular or rectangular slots. A screen composed of parallel
bars is called bar screen (As shown in Figure 3). It is necessary to know the
approximate diameter of solids in order to determine the sizes of bars and space
between bars [Bonomo, 2008]. Two types of screens are usually implemented: coarse
screens and fine screens. Coarse screens have a space between bars lesser than
0.025mm and fine screens have spaces lesser than 0.010 mm [Metcalf % Eddy, 2003].
Materials are eliminated from screens by automatic hauling, and then they should be
disposed in landfill, burning in the plants site, incinerated either alone or in
combination with sludge and grit, eliminated together with municipal solids wastes, or
discharged to grinders where they are ground.
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Figure 3: Typical mechanical screening.
Source: [EPA3, 2003.

*  Grit removal: It includes sand or grit channels or chambers where the velocity of flow is
adjusted allowing the settlement of sand, grit, and stones owing to the fact that they
and other heavy materials have specific gravities or settling velocities greater than
organic solids. For small sanitary sewer systems, grit chambers may not be necessary,
but it is desirable at larger plants. The amount of grit removed will vary greatly from
one location to another, depending on the type of sewer system, the characteristics of
the drainage area, the condition of the sewer, the types of wastes, and the amount of
sandy soil in the area. Sieve analyses are not normally performed on grid removal
systems. The most common method of disposal is in a landfill or incinerating with
sludge.

* Other Preliminary treatment: Pre-aeration and flocculation are other preliminary
treatment methods. The objectives of aerating wastewater are improving the grease
separation, odours control, promoting a uniform distribution of suspended solids and
to increasing BODs removals. The purpose of flocculation is to form aggregates or flocs
from the finely divided matter. The flocculation is made by mechanical or air agitation
and it may be consider when it is desired to increase the removal of suspended solids
and BODs in primary settling facilities, especially when the wastewater contains
certain industrial wastes.

1.2.2. Primary treatment

The objective of primary treatment is the removal of settleable organic and inorganic
solids. Approximately 25 - 30% of the incoming Biochemical Oxygen Demand (BOD:s), 50 -
60% of the total suspended solids and 65% of the oil and grease are removed during
primary treatment. Some organic nitrogen, organic phosphorus and heavy metals are also
removed. When the sewage will be used to irrigate crops that are not consumed by
humans or to irrigate orchards, vineyards and some processed food crops, primary
treatment is the minimum level required [Pescod, 1992].

* EPAis the acronym for Environmental Protection Agency.
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1.2.2.1. Sedimentation:

Sedimentation is the separation from water, by gravitational settling, of suspended
particles that are heavier than water, while grease and oils rise to the surface and skimmed
off. It is one of the most widely used operations in wastewater treatment. Particulated
matter, biological floc and chemical flow can be removed. A sedimentation basin may also
be referred to as a sedimentation tanks, settling basin or settling tanks.

There are four types that can occur in settling phenomena: discrete particle, flocculant,
hindered and compression. During a sedimentation operation, it is common to have more
than one type of settling occurring at a given time, and it is possible to have all four
occurring simultaneously. Table 5 describes those types.

Primary sedimentation tanks are designed to provide short detention periods and
high rates of surface loading; usually ranging from 90 to 180 minutes of detention times
for an average rate of flow rate and ahead of biological treatment units. The settlement
materials at the bottom of the tank are removed through mechanical collectors.

Table 5: Types of settling phenomena

Type of settling phenomenon Description
Discrete particle Refers to the sedimentation of particles in a
suspension of low solids concentration.
Flocculants Refers to a rather dilute suspension of

particles that coalesce, or flocculants, during
the sedimentation operation.

Hindered (also called zone) Refers to suspensions of intermediate
concentration in which interparticles force
are sufficient to hinder the settling of
neighbouring particles.

Compression Refers to settling in which the particles are of
such concentrations that a structure is
formed, and further settling can occur only
by compression of the structure.

Source: [Metcalf & Eddy, 2003].

A critical factor for selection of tank size is the surface-loading rate, generally
expressed as volume of wastewater per unit time and unit area of settler (m3/m? - d). It
depends on the characteristics of the effluent and the solid content which can be
determined from the settling tests. The retention time in the settlers is generally in the
order of one to three hours, the capacity of the tanks must be determined taking into
account the peak flow rates for a good separation. Typical information abour the
sedimentation tanks design is shown in table 6.
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Table 6: Typical information for primary sedimentation tanks designed.

Ttem Value
Range Typical
Detention time (Hr) 15-25 2
Surface loading rate (m3/m?2 - d)
Average flow 35-48
Peak hourly flow 80-120 100
Weir loading (m3/m -d) 125 - 500 250
Dimensions for a rectangular tank
Depth (m) 3.00 - 4.50 3.6
Length (m) 15.00 -90.00  25.00 - 30.00
Width (m) 3.00 - 24.00 5.00 - 10.00
Flight speed (m/min) 0.60 - 1.20 1.00
Dimensions for a circular tank
Depth (m) 3.00 - 4,57 3,66
Diameter (m) 3.60 - 6.00 12.00 - 45.00
Bottom slope (mm/m) 60.00 - 165.00 80.00
Flight travel speed (r/min) 0.02 - 0.05 0.03

Source: [Metcalf & Eddy, 2003].

Figure 4: Typical circular sedimentation tanks
Source: [Parr et al, 2005].

Circular tanks are the most frequently used. The effluent circulates radially and the
wastewater can be introduced in the centre or around the periphery of the tank, the solids
are generally removed near the centre. In the centre feed design, wastewater is carried to
the centre of the tank in a pipe suspended from the bridge or encased in concrete beneath
the tank floor. At the centre of the tank, the wastewater enters a circular well designed to
distribute the flow equally in all directions. In the peripheral-feed design, a suspended
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circular baffle a short distance from the tank wall forms an annular space into which the
wastewater is a discharged in a tangential direction. The wastewater flows spirally around
the tank and underneath the baffle, and the clarifier liquid is skimmed off over weirs on
both sides of a centrally located weir trough. A scheme of circular tank was shown in
figure 4.

1.2.2.2. Anaerobic ponds.

Ponds are basins designed to receive, hold, and treat wastewater for long periods of
time. An anaerobic lagoon is a deep earthen basin impoundment, essentially free of
dissolved oxygen that promotes anaerobic conditions. Wastewater is treated naturally
through a combination of physical, biological, and chemical processes. Anaerobic ponds
are not aerated, heated, or mixed; and they are the simplest reactors that exist; biogas is
released into the atmosphere because they are not covered.

The main goal of anaerobic ponds is reducing the settleable organic load with big HRT
from 5 to 30 days and until 150 days; and surface organic load from 100 - 500
kgBODs/ha.day or more [Montalvo et al, 2003]. They must be individually designed to fit
an specific site and use. Designs are based on such factors as type of soil, amount of land
area available, and climate. Anaerobic ponds are only appropriated in areas with warm
winters, because the activity of the microorganisms is highly dependent on temperature,
anaerobic bacteria is ineffective below 15°. Surface load and additional depth depends of
average water temperature during the coldest month of the year.

Dimensions are critical, a large surface area and adequate depth of 2.0 m not
exceeding 6.0 m is necessary for anaerobic conditions and sludge accumulation. The
sludge removal should be realized when the sludge bed reach half the effective height,
which should not occur in less than 5 years. Problems about inefficiencies and inadequate
mixing contact between the wastewater and the anaerobic biomass can occur [EPA, 2002].

Due to its big dimensions, high HRT, and low organic loads, anaerobic ponds can be
considered as anaerobic reactors of low volumetric load. An important design
consideration for ponds includes the amount and type of wastewater to be treated and the
level of treatment required by regulations. Effluents from anaerobic are not suitable for
discharge to the environment; they must be followed by aerobic or facultative ponds to
provide required treatment. They are usually preceded for a bar screen and Parshall

flume. Applying semi-empirical rules and developed in the practice have a good results
[EPA, 2003].

Wastewater enters near the bottom and mixes with the active microbial mass in the
sludge blanket where anaerobic conditions prevail. In the surface layer the excess
undigested grease and scum are concentrated and aerobic conditions prevail. Sometimes
aeration is provided at the surface to control odors.

The action of anaerobic bacteria in the absence of dissolved oxygen converted organic
materials into stable products such as biogas. The biogas produced by anaerobic lagoons is
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50 to 75% methane, with carbon dioxide making up most of the rest. The degradation
process involves two separated but interrelated phases: acid formation and methane
production. During the acid phase, bacteria convert complex organic compounds
(carbohydrates, fats, and proteins) into simple organic compounds (acetic, propionic, and
lactic acids). During this phase, reduction of COD or BODs is produced. After that,
bacteria convert those simple organic compounds into acetate, hydrogen gas, and carbon
dioxide. This process is the acetogenesis. Subsequently, several species of strictly
anaerobic bacteria (methanogenic microorganisms) called “methane formers” convert the
acetate, hydrogen, and carbon dioxide into methane gas (CHi) through one of two major
pathways [Metcalf % Eddy, 2003]:

1) The breakdown of acetic acid to form methane and carbon dioxide:
CH,COOH < CH, + CO,

2) The reduction of carbon dioxide by hydrogen gas to form methane (methanogenesis):
CO, + 4H, < CH, + 2H,0

During methanogenesis, waste stabilization occurs, represented by the formation of
methane gas. Figure 5 explains degradation process in an anaerobic pond.

The possibility of recovering biogas produced in the biodegradation process is in
studying in order to reduce the environmental impacts caused by greenhouses emissions
but the cover of anaerobic ponds can be too expensive, in fact, this is not a a common
practice.

Anaerobic lagoons are not applicable to many situations because of large land
requirements, sensitivity to environmental conditions, and objectionable odors. But it is a
financially attractive alternative due to its low construction and operating costs, minimal
power requirements, although sludge must occasionally be removed [Mendonga, 1999 and
Sanbueza et al, 1995].
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Figure 5. Biological degradation scheme of anaerobic ponds.

1.2.3. Secondary treatment

Secondary treatment or Biological treatment is designed substantially for degradation
of biological content of the sewage and stabilization of organic matter (BODs) through
microbial populations. Bacteria and protozoa consume biodegradable soluble organic
contaminants and much of the less soluble fractions into floc, various gases and cell tissue.

Most of the microorganisms present in wastewater treatment systems use the organic
content as an energy source to grow, but they also can use oxygen. Regarding the use of
oxygen, they can be classified in aerobic, anaerobic and facultative (can proliferate either
in absence or presence of oxygen although using different metabolic processes). Biological
treatment processes are broadly classified as aerobic processes (aerobic and facultative
microorganisms predominate) or anaerobic. Aerobic processes involve the use of free or
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dissolved oxygen by microorganism (aerobes) in the conversion of organic wastes to
biomass and COs..

Anaerobic systems have several advantages such as can be operated under high solids
retention times and very low hydraulic retention times and a great application to the
treatment of low strength wastewater, represents a simple and low-cost technology with
advantages regarding operation and maintenance. A comparison between aerobic and
anaerobic processes is presented in table 7.

Table 7: Comparison between aerobic and anaerobic treatment processes.

Feature Aerobic Anaerobic
Organic removal efficiency High High
Effluent quality Excellent Moderate to poor
Residence time Low High
Organic Loading rate Moderate High
Sludge production High Low
Nutrient requirement High Low
Alkalinity requirement Low High for industrial waste
Energy requirement High Low to moderate
Temperature sensitivity Low High
Start-up time 2 - 4 weeks 2 - 4 months
Proliferation of odour Low Potential odour problems
Bioenergy and nutrient recovery No Yes
Technical requirements Low High
Land requirements High Low
Economic requirements High Low

Source: [Chan et al, 2009].

Anaerobic treatments present a high methane production with high calorific value,
and very low solids productions. As seeing in the figure 6, in the aerobic reactors, only 40
to 50% of organic matter is converted into CO;, from 50 to 60% is incorporated as
microbial biomass, and the excess about 5 to 10% leaves the reactor as non-degraded
material. While in anaerobic systems, a great part of the organic material is converted into
biogas, which is of about 70 to 90%; from 5 to 15% only is converted into microbial
biomass which constituted the excess sludge of the system, and non-degraded material
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Figure 6. Biological conversion in aerobic and anaerobic systems.
Source: [De Lemos, 2007]
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In anaerobic processes, complex organic wastes are degraded into CH4, CO2 and H>O
through four basic steps: Hydrolysis, Acidogenesis, Acetogenesis and Methanogenesis.
Hydrolysis and acidogenesis is where enzymes excreted by fermentative bacteria convert
complex, heavy, un-dissolved materials (proteins, carbohydrates, fats) into less complex,
lighter, materials (amino acids, sugars, alcohols); as the flow rises through the granulated
sludge the Hydrolysis reaction is consumed and converted into an Acetogenesis form;
Acetogenesis is where digestion products are converted into acetate, H>, CO2 and new cell-
matter; as the rise continues the Acetogenesis is consumed and enters the Methanogenesis
phase. In methanogenesis phase the hydrogen plus carbonate, formate or methanol were
converted into CHs, CO; and new cell-matter, in the absence of oxygen [Da Camara et al,
2009 and Chan et al, 2009].

Aerobic processes are suitable for the treatment of low strength wastewater
(biodegradable COD concentrations less than 1,000 mg/1) while anaerobic systems are
suitable for the treatment of high strength wastewater (biodegradable COD concentration
over 4,000 mg/1) [Chan et al, 2009]. The majority of domestic wastewater treatments plants
treat the sewage using aerobic biological processes. But, the anaerobic biological processes
are, also, used by urban wastewater and the experiences show high levels of efficiency.
Both systems are capable of achieving high organic removal efficiency.

Anaerobic treatment requires less energy with potential bioenergy and nutrient
recovery. However, compared to anaerobic systems, aerobic systems achieve higher
removal of soluble biodegradable organic matter material and the produced biomass is
generally well flocculated, resulting in lower effluent suspended solids concentration. As a
result, the effluent quality from an aerobic system is generally higher than the anaerobic
treatment.

Advantages of anaerobic treatment permit a rapid development in the treatment of
both industrial and municipal wastewater. Combined anaerobic-aerobic processes are
operationally and economically feasible.

One of the keys of an effective biological treatment is controlling the environment
required for optimum growth of the microorganism involved and quantity of maximum
flows and the organic loads to be treated [Schultz, 2005].

Biological treatment is a promising technology to attain revenue from CER¥ credits,
more commonly known as Carbon credits from CDM38 due to methane gas generated
from anaerobic digestion represents a renewable energy source [Chan et al, 2009].

* CER is the acronyn for Certified Emissions Reductions
*® CDM is the acronym for Clean Development Mechanisms.
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1.2.3.1. Anaerobic processes.

The anaerobic reactor of interest in this research is the “Up-flow anaerobic sludge
blanket (UASB)”.

Up-flow anaerobic sludge blanket (UASB) reactor.

Up-flow anaerobic sludge bed (UASB) reactor is a robust technology and has
performed well in wastewater treatment for a number of decades. They are extensively
exploited as a treatment before aerobic treatment for various types of industrial and
municipal wastewater since 1970 [Chamy, 2003].

In a UASB reactor, the wastewater enters near the bottom of the reactor and has an up-
flow through a dense sludge blanket with high microbial activity which consists of dense
granules biologically formed (with diameter of 1 - 4mm) due to the nature self-
immobilization of the anaerobic bacteria [Erazo et al, 2000]. This is an essential condition
for the successful operation of UASB reactors.

The contaminants are degrading biologically at the moment to enter in contact with
biomass generating large quantities of biogas (CH4, CO2 and others). The COD reduction
causes expansion/fluidization of sludge blanket. When the biogas is released from the
granules, the sludge falls back at the bottom of the reactor, and biogas is collected by
chamber at the top of the reactor, designed by this objective, wastewater leave the reactor
at the top by overflowing [Da Camara et al, 2009].

The generation of biogas causes internal circulation which helps in the formation and
maintenance of the granules, removing sludge bed and permits the interchange of these
with wastewater. The granular form and high density of sludge avoids that
microorganisms are removed by the up-flow water. The liquid contains some residual
solids and biological granules; it passes into a settling chamber where the residual solids
are separated from the liquid. The separated solids fall back through the baffle system to
the top of the sludge blanket. To keep the sludge blanket in suspension, up-flow velocities
must be in the range of 0.6 to 0.9 m/h.

Figure 6 shows a scheme of UASB reactor.
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Figure 6: Schematic representation of an UASB reactor
Source: [Montalvo et al, 2003].

The key points for designer of UASB reactor are the effluent distribution system and
three-phase separator GLS (Gas-liquid-solid). The first one is designed to distribute
wastewater homogeneously; an inadequate distribution causes dead zones in the digestor
reducing its efficiency. Three-phases system has several chamber separated by baffles,
where gas is collected, this system determined the retention time of the sludge into the
reactor [Chamy, 2003].

A UASB reactor requires a long time for start-up about 3 months. During start-up
process, the hydraulic loading must be 50% of the design hydraulic loading. The start-up
of the UASB reactor can be considered complete once a satisfactory performance of the
system has been reached at its design load.

1.2.3.2. Aerobic processes.

Aerobic reactors of interest in this research are “Activated-sludge process” and
“ Aerobic membrane bioreactor (MBR)”.
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Activated sludge process.

Activated sludge, consists a stirred and aerated flocculated suspension of a mixed
bacterial population that comes into contact with wastewater, is the most commonly used
process in aerobic treatment. It has high efficiency with operational flexibility and
possibility for nutrient removal. However operating activated sludge system alone
requires a high level of mechanization, high construction and the need for treating a
substantial amount of sludge.

Operationally, organic wastes are introduced into a reactor where aerobic bacteria are
maintained in suspension. The reactor content is a "mixed liquor”. Wastewaters are mixed
vigorously by aeration device which also supply oxygen to the biological suspension. The
aeration device most common used includes submerged diffusers that release compressed
air and mechanical surface aerators that introduced air by agitating at the liquid surface.
The hydraulic retention time in the aeration tanks usually ranges from 3 to 8 hours but can
be higher with high BODs wastewater. Following the aeration step, the microorganisms
are separated from the liquid by sedimentation and the clarified liquid is secondary
effluent. A portion of the biological sludge is recycled to the aeration basin to maintain a
high level of suspended solids in the "mixed liquor". The remainder is removed from the
process and sent to sludge processing to maintain a relatively constant concentration of
microorganisms in the system [Pescod, 1992]. The level of biological mass in the reactor
should be kept according to the desired treatment efficiency and other considerations
related to growth kinetics. The bacterial culture carries out the conversion according to the
following reactions [Metcalf & Eddy, 2003]:

Scheme of oxidation and synthesis:

b .
COHNS + O + nutrients 2acer CO; + NHs + CsH7NO:z + other end products
(organic (new bacterial
matter) cells)

Scheme of endogenous respiration:

bacteria

CsH7NO2 + 50, —— 5CO; + 2H0 + NH; + energy
(cells)

Stable organic end products are also formed.

In this process the bacteria are the most important microorganisms because they are
responsible for the decomposition of the organic material in the influent. In the reactor or
aeration tank, a portion of the organic waste is used by aerobic and facultative bacteria
obtaining energy for the synthesis of the remainder of the organic material. Only a portion
of the original waste is actually oxidized to low-energy compounds such as NO3, SO4 and
COg; the remainder is synthesized into cellular material, also, many intermediate products
are formed before the end products. The formation of floc is also important, because is a
requisite for the effective separation of the biological solids in the settling unit.
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For a design of activated sludge process is possible assume these points: The contents
of the reactor are mixed completely; an integral part of the activated sludge process is the
sedimentation tank in which the cells from the reactor are settled and then returned to the
reactor; waste stabilization by the microorganism occurs only in the reactor unit; and, the
volume calculated for an average residence time for the system includes only the volume
of the reactor unit.

A particular system consists of a UASB reactor for anaerobic pretreatment, followed
by activated sludge for aerobic post treatment. A significant feature of this system is the
return of the excess aerobic sludge to the UASB reactor where the solids undergo
stabilization, and thus the sludge treatment is simpler. The overall sludge production of
the anaerobic - aerobic system is coming only from the UASB reactor. Since it is already
thickened and stabilized, it can be directly sent for dewatering and final disposal. This
system can typically remove 83 - 98% of COD with influent content in the range of 500-
20,000 mg/1 and with a total HRT of 11.54 hours to 6 days.

The anaerobic-aerobic system manifests steady operation performance, while the
activated sludge treatment system without anaerobic pretreatment produces effluent with
oscillatory quality. The anaerobic-aerobic process reduced greatly electrical consumption
in the plant, and then operational costs are lowers.

Aerobic membrane bioreactor (MBR)

The combination of activated sludge biodegradation and membrane separation is
known as membrane bioreactor process (MBR). MBR process utilizes the Activated Sludge
Process, but replace conventional final settlement with an ultrafine membrane. It is
generally regarded as one alternative to the conventional Activated Sludge Process.

In a MBR, solid materials, biomass, pathogenic bacteria, and even macromolecules are
retained while allowing water and smaller solution species pass through the membrane,
so that a very high quality effluent is obtained. This process is ideally suited in a wide
range of municipal and industrial wastewater treatment applications including water
reuse, new housing developments, parks and resorts.

MBRs offer numerous advantages, it is used for high-strength wastewater, sludge
retention time can be controlled independently from Hydraulic retention time, sludge
production is low, the removal of bacteria and viruses can be achieved without adding
any chemical, and, COD removal of 99% in the treatment of wastewater with COD content
in the range of 6,000 - 14,500 mg/1 with relative short HRT. The main disadvantage is the
high cost by installation and operation and the limited experiences in use of membrane for
wastewater treatment.

The two major types of membrane used in wastewater treatment are: Microfiltration,
with pores size from 01 to 0.4 pm; and ultrafiltration, with pores size from 2 - 50 nm.
There are two configurations of MBR systems based on the location of membrane
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modules: submerged membrane bioreactor system; and, externally pressured cross flow
MBR. In submerged membrane bioreactor system, the membrane is directly immersed in
an aeration tank, because permeate is extracted by suction or, less commonly, by
pressurizing the bioreactor. This process can also be easily used to retrofit the
conventional activated sludge process without significant modifications to the existing
plant.

FINE SCREEM
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Figure 7: Schematic diagram of submerged membrane bioreactor system
Source: [Mena water, 2008].

1.2.3.3. Simultaneous systems.
UASB reactor and stabilisation ponds.

An alternative to treat wastewater combined anaerobic and aerobic technologies is
applying stabilisation ponds as post-treatment for effluents from anaerobic reactors, such
as UASB reactors [Von Sperling, 2007]. It is mainly used for the removal of pathogenic
organism due to the low retention times in the anaerobic reactor. Pathogenic removal
occurs principally in the aerobic ponds. Ponds are also called polishing ponds in this kind
of treatment. Additional BODs and nutrients can be removal in aerated ponds and the
detention times can be reduced.

As well as, UASB reactors reach a good level of efficiency considering low retention
times, the simplicity of the process and the non-existence of other equipment; stabilisation
ponds maintain the conceptual simplicity in the system. This system is most commonly
applied in warm-climate and developing countries. Many experiences in South America
(Colombia and Brazil) have shown high-rates of efficiency, the final effluent is directly
discharged into the environment for irrigation of crops or other applications.

The system is born as an adaptation of already existing treatment plants with
anaerobic - facultative ponds. A significant advantage of this system is the saving in land
requirements, but it should be understood that the UASB reactor is not simply replacing
the anaerobic ponds, but also the facultative ponds. Details of this system are extending in
Chapter 3.
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Figure 8: Schematic diagram of UASB reactors followed by polishing ponds.
Source: [Von Sperling, 2007]

1.2.4. Tertiary treatment

Tertiary individual treatment processes are necessary to remove nitrogen,

phosphorus, additional suspended solids, refractory organics, heavy metals and dissolved
solids. Advanced treatment usually follows high-rate secondary treatment. Sometimes,
advanced treatment processes can be combined with primary or secondary treatment
adding chemical to primary sedimentation or aeration basins to remove phosphorus. The
most common process used is disinfection and when disinfection is practiced, it is always
the final process.

Disinfection: The purpose is to substantially reduce the number of microorganisms in
the water to be discharged back into the environment. The effectiveness of disinfection
depends on the quality of the water being treated, the type of disinfection being used,
the disinfectant dosage (concentration and time), and other environmental variables
[Metcalf & Eddy, 2003]. Common methods of disinfection include ozone, chlorine,
ultraviolet light or sodium hypochlorine. Disinfection by chlorine involves the
injection of a chlorine solution in a chlorine contact basin. The chlorine dosage
depends on the strength of the wastewater, dosage of 5 to 15 mg/l are common
[Pescod, 1992]. Chlorine contact basins are usually rectangular channels with baffles
designed to provide a contact time of about 30 minutes. However, to meet advanced
wastewater treatment requirements, a chlorine contact time of as long as 120 minutes
is required. One disadvantage of disinfection with chlorine is that chlorination of
residual organic material can generate chlorine-organic compounds that may be
carcinogenic or harmful to the environment. Then, effluent must also be treated
chemically dechlorinated, adding to the complexity and cost of treatment.
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Figure 9: Activated sludge plant and anaerobic digestor for a municipal wastewater
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Annex 2: Environmental Impact Assessment (EIA) of the Proposal

The proposal studied in this work, as well as, any kind of proposed project, needs an
study of environmental impact assessment in order to provide the possible positive or
negative impact, including also social and economic aspects. This annex present a
preliminary study of EIA regarding the project of large-scale UASB wastewater treatment
plant under the concepts of Peruvian framework.

2.1. Legal framework

In Peru, the SEIA%® from MINAM% analyses the potential impacts of any project
implementing laws and policies according to the technical, productive and environmental
criteria. In this sense, the Environmental Impact Assessment is not only a legal process; it
is also a management instrument.

SEIA was created by Law N°27446 on 20t April, 2001. It is a unique and coordinate
system for the identification, prevention, supervision and control of negative
environmental impacts of the ongoing project. The SEIA is responsible of check and
validate the Environmental Assessment Studies, where, the following paragraphs must be
detailed: Description of proposed actions and the influence area; identification and
characterization of potential environment impacts during the project cycle; environmental
management strategies; citizen plan participation; monitoring, security and control plan;
and, executive summary of easily understood. Moreover, regional authorities
correspondent to regional projects are designed by SEIA.

Peruvian government is making important progress about environmental protection,
especially since the United Nations Conference on Environment and Development, Rio de
Janeiro 1992.

Regarding the wastewater treatment processes and plant planning, mainly, there are
two regulations one of them about wastewater treatment plants and the other one about
the treatment processes.

a) D.S. N°022-2009-VIVIENDA. 1t is a technical norm “S090 for Wastewater treatment
plants”. All technical dispositions for WWTP design and building are expressed.
Regulations for feasible studies and basic engineering are detailed; each step and each
kind of treatment are described, and rules for final disposal and discharge according
to final effluent and wastes characteristics are given.

b) D.S. N°003-2010-MINAM. 1t is law decree, published on 17th March, 2010. This decree
establishes the “Maximum permissible limits for effluent from domestic wastewater
treatment plants”. The goal is the control of concentration levels on physics, chemical
and biological substances present in the effluent in order to avoid risks to human

* SEIA is the Spanish acronym for Sistema Nacional de Evaluacién de Impacto Ambiental.
* MINAM is the Spanish acronym for Ministerio del Ambiente.
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health and environmental degradation. The rule establishes deadlines for the progress
adaptation of WWTP to the new limits. New monitoring regulations are established.
In no more than two years, all WWTPs must have an environmental certification (San
Jos¢ WWTP does not have an environmental certification). Many treatment plants
around the country are continuously monitoring, including San José. The maximum
permissible limits disposed by this law decree are reported in the table 8:

Table 8: Maximum permissible limits for effluents for domestic WWTP.

Parameter Unit measure Maximum limit

Oil and fats mg/1 20

Fecal Coliforms MPN/100ml 105
Chemical oxygen demand mg/1 100
Biological oxygen demand mg/1 200

pH Unit 6.5-85
Total suspended solids mg/1 150
Temperature °C <35

Source: [MINAM. 2010]

2.2. Environmental situation and variables.

At the moment, Lambayeque Region does not present an optimal environmental
situation. Part of the pollution derives in fact from the sewage discharges. A short
description of the main environmental variable to taken account is presented in this
paragraph.

*  Water: Drinking water sources, rivers, groundwater and any other water source are
considered in this variable. San José rural community is employing for their farms the
wastewater treated from de San Jos¢ WWTP through an open channel constructed by
the farmers. Some water analyses are making by EPSEL S.A. according to method
determined in the laws but the parameters found are not ranging into the limits
permissible.

* Air: San José district is characterized by sea breeze, with winds on the direction from
South to North (parallel to the beach), average velocities are 12.0 km/h during the
mornings and 19.0 km/h during the evenings. Unfortunately, the air is polluted with
gases and odors from WWTP [Municipalidad distrital de San José, 2011].

*  Weather: The weather is desertic (sub-tropical and arid climate); scarcity precipitations
during all seasons of the year (77 mm annual average); and moderate temperatures
about 20°C during the year with high atmospheric humidity. Weather conditions can
be modified during the ENSO (El Nifio-Southern Oscillation) phenomenon presence
causing variable flows in the rivers, increasing the temperature in the atmosphere and
consequently variations on biological resources in the sea and the rivers, modifying
the winds directions and marine currents [PAHO, 1979].

* Soil: The soil is flat and sandys; it is a typical soil from coastal plains with sandy and
arid dunes. The soil can be affected (erosion, permeability and productivity) by
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wastewaters leakage in the subsoil and inadequate management of irrigation water,
causing appearance of vegetation roots in the surfaces, variations of fauna and flora
species and changing color soil.

* Fauna and flora: Seabirds are the typical fauna in San José district; furthermore,
domestic animals as pets and poultry are considered too. Coastal desert vegetables are
the typical flora.

* Landscape: The landscape consists of a coastal desert, ocean, and vegetables covered
dunes. The nearest population is 1.0 km far away.

e Social, economic and cultural framework: There are other little communities in the
neighboring areas of the treatment plant (San José - chief towns-, Chornanca, El
Mirador, Gallito, Pampa de Perros, Ciudad de Dios, El Carrilo, Grauz, Laguna Verde,
San Andrés). San José is located 12.9 km from Chiclayo city and 4.0 a.m.s.], at the
southwest of the province of Lambayeque. The unique access road is Chiclayo-San
José route, where daily there is a high traffic of public light transportation (minibuses
and pickups) and trucks transporting hydrobiology products and wood for shipyards.

There is a rural health clinic; infant, primary and medium school; a rural market, a
cemetery, fishing terminal, and police station. The illiteracy rate is 5.4% and the
malnutrition rate is 34% [INEI, 2008]. There is a high rate of gastrointestinal and
dermic diseases, due principally to the unsafe water consumption, inadequate excrete
disposal, untreated wastewater use, inadequate hygienic habits and several
communities do not have a good coverage of potable and drainage services.
Consequently the diseases rate is decreasing from 87% in 2006 to 79% in 2010 with
reducing of population life quality [Ministero de Economia y Finanzas, 2011].

The socio-cultural level is low. The main economic activities are: fishing,
agriculture and shipyards. Most housing are built with noble material (90%), 96% of
housing are private. The average monthly household income is about 403.0 Peruvian
nuevo sol (approx. 100.8 euros). Electrical services is during the whole day in San José
chief town, while in the other communities is only few hours a day. 77% of total
population has electrical services, 11% gets energy from benzene, 4.67% gets artificial
light from candles, 1% gets energy from gasoil, 0.05% uses a generator, 1.31% does not
have any type of energy and 5% from other sources [INEI, 2008]. About 25% of
population do not have services of drinking water, drainage and electricity.

FONCODES* qualifies San José and the communities as “no extreme poverty
level” and PNUD#? qualifies as “low poverty level”

*  Wastes: Solid wastes are disposed in open areas out of the Reque city. This is a source
of insect, bacteria and very bad odours. Sometimes, those communities does not have

** FONCODES is the Spanish acronym for Fondo Nacional de Cooperacidon y Desarrollo.
> PNUD is the Spanish acronym for Programa de las Naciones Unidas para el desarrollo
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a drainage system and their sewage are disposed in the sea without any kind of

treatment.

2.3. Environmental impacts generate with current treatment process.

Following environmental impacts have been identify with the current wastewater

treatment process.

Table 9: Identification of environmental impacts from the current wastewater

treatment.
Envi ronmen tal Tmpact
variable
Habitats and species alterations.
Biologic Threat of marine life and local fauna.
Inadequate effluents for agricultural lands irrigation.
Water Seawater pollution.

Groundwater pollution.

Air, atmosphere and
weather

Greenhouse gases emissions.
Increasing of seawater and atmosphere temperature.
Bad odours.

Soil and landscape

Wastewater leaks in underground.
Landscape damage.

Social

Pulmonary and dermal diseases.
Allergies due to the odours and polluting substances in
the atmosphere.

Disturbances in the human activities.

Economic

It is not a source of new jobs.
No investments for new projects.
Population does not have basic services.

Culture

No development programs.
No contingents plans in cases of natural disasters or flow
rates increases.

Weak environmental commitment
Weak environmental culture
Energy deficit.

No control about laws compliance.

2.4. Potential impacts and mitigation measure.

The aims of this proposal are mainly mitigating the negative impacts on the
environment due to discharge and disposal of domestic sewage and studying the residual
biomass as source of energy generation. Consequently, improving the life quality of the
communities and giving opportunities for a sustainable development.
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Impacts can be classified as direct or indirect. Direct impacts include decreasing risks
for public health, gastrointestinal and dermal diseases, and decreasing of environmental
pollution, improving final effluents quality and water bodies receivers.

Indirect impacts include increasing of fishing incomes, touristic and recreational
activities, lower chemical fertilizers requirement and increasing agricultural and forest
productivity. Lower other water sources demand. Moreover, saving about medical
services.

The potential environmental impacts are reassumed in the following table.

Table 10: Identification of potential impacts for the proposal of a new wastewater
treatment plant.

Environmental
variable

Impact

Biological fertilizers

Biologic . . .
Improving of agricultural land, soils and products.

Improving of treated effluents quality.
Water Improving of seawater quality in the discharges areas.
Possibile terziari treatment.

Air, atmosphere and Decreasing oh greenhouse gases emissions.
weather. Decreasing of affected areas by bad odours.
Soil and landscape Drilling and earthmoving.

Increasing of scientific and educational interest.
Decreasing of diseases rates.
Creates new jobs sources.
Social, economic and Stimulates of environmental awareness.
culture Contingents plans development.
Clean energy generation.
Energy royalties for Lambayeque Region.
Obtaining Carbon credits e environmental certifications.

At the same time, impacts are related to each phase of the project development.

Table 11: Identification of potential impacts during construction and course phases.
Project phase Impact

Dusting, noise and truck traffic increase.

Possible groundwater pollution due to drilling.

There are not expected public or private wells for drinking

water in order avoid interferences with underground aquifer.

Irregular operation of the plant during period of interconnection

between new works and currents works. The plant would not be

shut down more than one working day.

Possible toxic and non-biodegradable substance discharges

decreasing the treatment plant efficiency specially the biological

treatment and subsequent sludge treatment.

The toxic substances can cause poisoning of bacterial biomass

Construction
phase

Course phase
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with bulking phenomenon, consequently bad sedimentation of
solids and then they can be discharges together with the
effluent.

During screening, the block of the moving parts of the screens
can causes a malfunction of the biological system and dumping
sludge, accumulation of solids wastes and bad odours.

Biologic risks during wastewater discharge and dumping
sludge.

Leaks and fire hazard in the biogas treatment.

Falling risks and industrial accidents, but which must be
completely avoided.

Mitigation measures must be present during all phases of the projects. Citizen
participation, health education and prevention programs must be taken account too.

Table 12: Mitigation measures.

Impact Measures
Installation of aspiration and deodorization system in the sludge
storage areas.
Installation of covered system.
Noise and bad Construction of landfill for solid wastes from preliminary
treatment.
Implementation of a noise control system.

odours.

Machines and equipment with high levels of noise must be
limited to use in daytimes and with a specific municipal permit.

Minimizing the area of the plant.

Conservation of Avoiding leaving excess material in dunes.

fauna and flora. Determining specific areas for excess material disposal.
Landfill constructions.

Not waterproof any area not required for the project.

Building materials must be prepared in previously places
determined for that goal.
Earthmoving and drilling must be done avoiding effect the near
Soil and landscape structures and utility network.
The inert materials product from excavations can be used in the
works if these will adjust to the specifications
The excess inert materials must be managed holistically trying to
be able to use in works in the surroundings or in authorized
areas.
Anticipating situations to put out some equipment or process
stages due to the inconvenience such as maintenance, faulty or
machine or their components broken.
Anticipating alternatives equipment or machines and lines of
treatment.

In cases when plant
is shut down
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The plant needs a first aid kit implementation and making
appropriate preventive prophylaxis (tetanus, typhoid, Hepatitis
and so on vaccination).

Rules such as no smoking, not use open flames, electric, gasoil

and benzene engines, and tools that result in fire or explosion.
Hazards Mandatory use of personal protective equipment.

Including rules and behavior in case of emergency.

Taking attention on the locations of the areas for toilets and first

aid.

Taking attention on the location of the areas for machine deposit

and toolrooms.

Implementing training programs of environmental awareness
Citizen participation involving the communities and the primary and medium

schools.

Positive impact demonstrate the improving of environmental categories involved, the
effluent quality and the consequences on the water bodies receivers and on the
agricultural lands, and regarding social issue the offer employment increasing related to
each phase of the project.

It is important to mentioned that the wastewater treatment plant registers the lowest
rate of industrial accidents, over the world, very serious accidents have never been
verified (fires, explosions) that may affect the surrounding populations.

2.5. Economic considerations.

One of the advantages of UASB reactors over the conventional systems for sewage
treatment is mainly the low initial investment and maintenance costs, a rapid amortization
of cost with attractive economic balance, especially when gas and biosolids applications
are considered.

A not detailed economic research was done for this work, but it is possible to make an
approximate economic evaluation. It indicates that the initial investment is about 7,500,000
USD, which comprises all costs for a UASB industrial plant: machinery, equipment,
transport units, furniture, constructions, fixed charges and administrative expenses. In
addition, a working capital for the firsts six months is necessary. Working capital
considers the necessary resources for the starting production and commercialization and
this is about 333,000.00 USD with an annual rate increase of 20%.

Operating costs are classified as fixed charges, variable charges and administrative
costs. Fixed charges are salaries, direct materials, depreciation, insurances and so on.
Variable charges depends on the production level, corresponds at 10% of sales. And
administrative costs are relates with administrative activities, administrative salaries,
taxes, basic services, fuel, and so on. The operating cost for the first year has reached about
500,000.00 USD with an annual rate increase of 6%.
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Incomes are represents by energy sales, sludge drying sales, and Carbon credit.
Regarding energy sales, OSINERG*? taxes are applied (0.35 USD/kw.h generated from
Residual biomass) are applied. Many ONGs in Lambayeque can buy dried sludge for
compost at 1.5 USD /kg. And regarding Carbon credits, 1 ton CHj is equivalent to 21 ton
COz reduced, and the price can vary from 10 USD to 20 USD for each 1 ton CO; reduced.

Financing sources can be Ministry of energy, Ministry of Environment, National
Found for the Environment, Inter-American Development Bank, World Bank or
Intermediate Technology Development Group. National ministries motivate the energy
generation projects for rural areas and integrating to the National grid, as well as, the
sustainable use of energy sources. Inter-American Development Bank finances economic-
social and institutional development projects in Latin American and the Caribbean. The
World Bank is financing public and private electricity generation projects for rural areas in
Peru. And, the Intermediate Technology Development Group is financing hydro-power
central station in Peru. According to the initial investment and capital work, about
8,000,000 USD loan is necessary, that can be paid in 10 years with an annual interest rate of
0.16%.

This project can be economic feasible, and a Cash flow developed with a projection for
15 years can demonstrated it. NPV (Net present value) is about 10,000,000 USD and IRR
(Internal rate of return) is 18.1%. The capital can be recovered in 13 years, but with
significant generate funds since the 6 year.

** OSINERG is the Spanish acronym for Organismo Superior de la Inversion en Energia y Mineria.
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Table 4.30. Projected cash flow.

CASH FLOW

Variablesin the time Year 0 1st year 2nd year 3th year 4th year 5th year 6th year 7th year 8th year 9th year 10th year 11th year 12th year 13th year 14th year 15th year
Energy production (kw.h) 3,628,800.00 4,354,560.00 5,225472.00 6,270,566.40  7,524,679.68  9,029,615.62 10,835,538.74 13,002,646.49 15,603,175.78 18,723,810.94 22,468,573.13 26,962,287.76 32,354,745.31 38,825,694.37 46,590,833.24
Total working capital
Incremental working capital 24,671 29,605 35,526 42,632 51,158 61,389 73,667 88,401 106,081 127,297 152,756 183,308 219,969 263,963
Depreciation 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32
Capital flow Year 0 1st year 2nd year 3th year 4th year 5th year 6th year 7th year 8th year 9th year 10th year 11th year 12th year 13th year 14th year 15th year
Investment on fixed assets 9,016,378
Working capital -123,355 -24,671 -29,605 -35,526 -42,632 -51,158 -61,389 -73,667 -88,401 -106,081 -127,297 -152,756 -183,308 -219,969 -263,963 -316,756
Recovery of working capital
Rescue value of the fixed asset
Tax on sale of fixed asset
Capital cash flow 8,893,022.88 -24,671.02 -29,605.23 -35,526.27 -42,631.53 -51,157.84 -61,389.40 -73,667.28 -88,400.74 -106,080.89 -127,297.06 -152,756.48 -183,307.77 -219,969.33 -263,963.19 -316,755.83
Operational flow Year 0 1st year 2nd year 3th year 4th year 5th year 6th year 7th year 8th year 9th year 10th year 11th year 12th year 13th year 14th year 15th year
Incomes 1,604,697.21 1,925,636.65 2,310,763.98 2,772,916.78 3,327,500.13 3,993,000.16 4,791,600.19 5,749,920.23 6,899,904.28 8,279,885.14 9,935,862.16 11,923,034.59 14,307,641.51 17,169,169.82 20,603,003.78
Expenditure
* Fixed charge 598,836.25 634,766.43 672,852.41 713,223.56 756,016.97 801,377.99 849,460.67 900,428.31 954,454.00 1,011,721.24 1,072,424.52 1,136,769.99 1,204,976.19 1,277,274.76 1,353,911.25
Administrative expenses 113,411.59 120,216.29 127,429.27 135,075.02 143,179.52 151,770.30 160,876.51 170,529.10 180,760.85 191,606.50 203,102.89 215,289.07 228,206.41 241,898.79 256,412.72
Variable charge 127,453.50 152,944.20 183,533.04 220,239.65 264,287.58 317,145.09 380,574.11 456,688.93 548,026.72 657,632.07 789,158.48 946,990.17 1,136,388.21 1,363,665.85 1,636,399.02
* Depreciation 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32 384,525.32
Total expenditure 1,224,227 1,292,452 1,368,340 1,453,064 1,548,009 1,654,819 1,775,437 1,912,172 2,067,767 2,245,485 2,449,211 2,683,575 2,954,096 3,267,365 3,631,248

Year 0 1st year 2nd year 3th year 4th year 5th year 6th year 7th year 8th year 9th year
Profit before taxes 380,471 633,184 942,424 1,319,853 1,779,491 2,338,181 3,016,164 3,837,749 4,832,137 6,034,400 7,486,651 9,239,460 11,353,545 13,901,805 16,971,755
Taxes 114,141 189,955 282,727 395,956 533,847 701,454 904,849 1,151,325 1,449,641 1,810,320 2,245,995 2,771,838 3,406,064 4,170,542 5,091,527
Net profit 266,329 443,229 659,697 923,897 1,245,644 1,636,727 2,111,315 2,686,424 3,382,496 4,224,080 5,240,656 6,467,622 7,947,482 9,731,264 11,880,229
(+) Depreciation 384,525 384,525 384,525 384,525 384,525 384,525 384,525 384,525 384,525 384,525 384,525 384,525 384,525 384,525 384,525
Generated funds 650,855 827,754 1,044,222 1,308,423 1,630,169 2,021,252 2,495,840 3,070,949 3,767,021 4,608,605 5,625,181 6,852,147 8,332,007 10,115,789 12,264,754
Total cash flow Year 0 1st year 2nd year 3th year 4th year 5th year 6th year 7th year 8th year 9th year 10th year 11th year 12th year 13th year 14th year 15th year
Capital 8,893,023 -24,671 -29,605 -35,526 -42,632 -51,158 -61,389 -73,667 -88,401 -106,081 -127,297 -152,756 -183,308 -219,969 -263,963 -316,756
Operative 0 650,855 827,754 1,044,222 1,308,423 1,630,169 2,021,252 2,495,840 3,070,949 3,767,021 4,608,605 5,625,181 6,852,147 8,332,007 10,115,789 12,264,754
Debt repayment 848,927 848,927 848,927 848,927 848,927 848,927 848,927 848,927 848,927 848,927
Economic Cash Flow -8,893,023 626,184 798,149 159,769 416,864 730,084 1,110,936 1,573,246 2,133,622 2,812,014 3,632,382 4,623,498 5,819,913 8,112,038 9,851,826 11,947,998
NPV 14,082,438
IRR 18.14%
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Annex 3: MathCAD Procedure

Mass Balance for a Control Volume inside the system: Drying sewage
sludge with diffusion of water through the layer of sludge

Mip — Mg + Mger =M M. =0

e W g
With the following definitions:

M, = Mass fiow in

My, = Mass flow out

Myon = Mass generated (by reaction)

My = Mass accumulated in the control volume

Since our mass flow in and out can be related to the flux, we can write the following:

_ M _ d{::l,\-ﬁ-.v]
aut di dt

(4 A-Ac}m - [MayA)
“A, = cross sectional area

With constant area and volume, we get the following:

dC
A
{[Na) - (N AV —
Sl - (N [=av—
Faor a rectangular control volume, we have the following refationship:
Aybdx =AY

Plugging this in:
[ )] [0y~ (] ac,

Ax Ay ot

Taking the limit as Ax approaches zero;

] [ Nal - l'“aﬂ,.rJ N,
im = =
Ax = ﬂx dx

If we use Fick's Law, we see that:

d :'-.i\
H.=-D p—
A AR |
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Plugging this into the relation above;

g, T ) O Y
de  dxl B 4y d

With constant diffusivity, we have:

¥
d°C,  dCy
|

o .
AB o g
dx

For our system, we have the following boundary conditions:

B Cq This is aquivalant to the mass fraction,
t=4q — 2085 Cpm— assuming a volume of unity. Since the mass
Ce+Cy 013 fraction is the water welght divided by the total
weight (sludge and water), we get this
EXprassion.
dc 5 .
x =i =0 Like you said, symmetry about the central axis.
dx
m: - 13=
A Thiz is the convective boundary condition. |t
x=L Dy —— "k (Cav~Cau)  states that the flow of water coming in to the

external "shell" volume element is equal to the
water leaving due to convection. Since
comvection is only occurng in the vapour
phasea, wa may also usa partial pressures.

For completeness, | have only used

concentrafions.

Cine thing that | would like to add here |3 something | had nod yet considered. The case that
we wene degling with before had 8 constant flux gut. This generally is not the case, and it
leads to a time-independent solutlon. To combat this, we'll introduce an equilibrium
constant relating the concentration &t the surface to the concentration just ocutside the

surface (in the vapour phasa). This will be defined as:

C
K= Ay
Cas
This will make cur third boundary condition:
4
=L “Dyp—— Bk (Cy K=C .
x ap g TR (CasKCa)  wher  cp =cupesLy
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Performing some algebra, we gel

dc i
A Atz C
—Dm-?-kn-zc{ch- = }ckc-ﬁ-{c,_s-c! r-:]' i C, i :m

Mow, wa will pedfiorm a transformation of varables, similar to how you did for the problem.
Rather than using the maisture content X, _, we will use the concentration of water in the alr

divided by K.

€A~ Cank tDan
12 —_—_— T2

Can = Cank L2

X
5

Solving for our dependent varables (o we can resubstitute them back in);

CA=%(Ca0 = Cpok) * Camc - dCy = e {Cap — €
w=EL mnmp di = LodE
L 2
pm—— === it = dr-——
AR Dap

a
AX %%
T T
df
With these boundary conditions:
s _
Aok
=i = 15
Cao = Camr
dx
L1 ==
ﬁ'- dE =
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ALK (Ca~Cim)

Dap (Can = Cmie)

= —f-'x

&7

Mow we proceed to use the separation of variables method to solve this partial differential
equalion;

X = E(E)-F(7)

Which gives us the following:

This leads to two separate functions of one varisble - separating these we get;
&E
5e”

L

1
= o—
F &t

A
E
Separating the two functions, we now have;

2

Assuming & solution for EIE) and schving FiT) anahtically:

2
E = 8y Si0(AE) + ay-c0s(\ E) and Fabpe ™7

Since we defined ¥ above, we can now substitute these back inko that original equatbon:
. :I.ll
e EERFT)= {a] sinf W E) + :z-mns(.‘ﬂ.{}}- bj-e i
Distributing the b, integration conslant, we are now left with two new constants, ¢, and ¢!
, [C - }l.'z-'r]
X = (ep-sin(h ) + eycos(h-))-\ e
Using our three boundary conditions, we can now solve for the three constants, ¢, ¢;, and b
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For the first boundary condifion:

E=0 L

d
2z
:‘—: = (o) hcos(hE) - n:-h-sm[»a:u]-(c' A T:'
at w=0:

dx(E =0}

2
={c|-}-.—ﬂ:|-=_h"r=t} i cpam)  EEEr g o=
di

we now have for x
2
x= {nz-cm{h-ﬂ]-lia_ A "]

For the second boundary conditions:

£=1 -;% b
axg= _cz.}l.gin.{}l}{c_ 1"‘1'] = —f-{cz-ma:lj}-[:l:_ fT)

dg

Simplifying this expression:

ey (M-8IN(N) — F-cos(A)) =0 ====3 Ntan{k) = f

Since the tangent function is infinitely repeating, we must include all of the values for h which
salisfy this constraini. We now have for our expression of

e Slamtnge ™)

n

m



For the third boundary condition:

The solution  this can be found according to Plawsky:
= 4-5L11:1.“}
i 3 B sh—{z-hn]

Which give us for

s ") i
£ E[zln+nnn}m(h“ﬂ

Where the A 's are solve using the constraint for the second boundary condition:

kLK

Man(y) = —
Al

The partition coefficient, K, can be found using graphs for the EMC values. At every relative
humidity (RH) and lemperature, there is specific concentration of waler inside of sludge that
corespands to these conditions. This will, of course, be a non-linear function of C,, but for

the momant we can assume a linear profile by solving a least squares regression of the data.
The diffusivity, D5, can be found in the |iterature for water in air at the specified temparature.

The mass transfer cosfficient, k.. is found using the relationship for the Sherwood number.

Thiz function will ba differant for different geometnes. The function in the peperis for a
spherical pellet, so the other relation will have to be found and used,

I we assume that we know the value of "M, which comesponds to the BHS of the above
equation, we can solve the for A values. This is shown below for a " value equal to 0.01,

The function we will use |s:
Tol, =
hotan{ ) = 127000
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Plotting this function and solving for the zerces:
FUA) = (dotandd} — 127000

— 126 107 ' | |
12695100 .
M —12%10
— 1270510 -
— 2= 1
sl 2 i P 2 10

h

We can see that the solulions oscillate sbout once every 3.14 units of A (i.e., 4 solutions per
10 A's). Writing a function Io solve for these values numencally, we can store tham into a
vectorn

[rado
f(xy=0
E}-.]l = Fimd( %}

G{1.5708) = 4.71235

Mow making a set of vectors for our guess values, we can get the solutions:

Guess = |B+ 0
for ie 0. 200

Bi{—'n.'-i
B
Sal= 15+0
for ie 0. 200
Sl.«t—{Gumi}

5
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Plotting these, we can see the trend:

i:=0. 200
80 ; . T
60
Sol; 400
2000
"o 50 10 150 210

Mow that we have our values for A, we can place these into our equation for ¥ and sum the
senes up to our end value for the A's (Le., 200 in our caze):

8 [snig o™

Feplacing our definitions for ¥, £, and 1, we can get a solution In terms of valuss that we ane
familiar with:

HK 45l }"n X i }"n 2
Ma(xt) =M, .+ {M ap-M .a.mu}' z T :: n{E} o) -m{}.n-z}a k

n=»0

It is & trivial task now to determine what the values for C, .. C, ... L. 8and D, and place them
into this equation.  Mate that these solutions are based on A, which was solved for a specific
case of f= 2, If we make further azsumptions for the sake of completing this exercise, we can
plot the concentration profile as & function of time and location. Assuming the following:

M g = 5.604 M g = 0.130
Al AK L= 0.06 2
=0 Dap = 74110 "
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We get the following final result and graph: 1.5708

: 4, 7124
| 7.8540
10,9956
D
3 AB
L I
Mal,t=Mup + {M =Ml —-cna[}-. -—]-:
A AK AD —Mag : s .
e 2hﬂ+s:r{1>~.ﬂ} L
x = 0, 00000 . 006
I ]
- |
4 =
Hhﬂx.-ﬁﬂ'im:l
- L 1
‘o 0,02 0.04
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We can now plot the concentration profile in the sludge for various times. Notice the slight
variations dug to the numerncal inaccuracy of the solution toward the end:

a7 T T T
M (x, 43200)
Mﬁ{l.Sﬁ‘ﬂm
M. (. 129600) :
— A ; -
MAIL]TJM
S
MA‘qusmﬂj
Mh[_!i,.'iﬂl-ﬂ{lﬂ]
M,,tx.ammzzj-— t=12h
== e 1= 24h
M (x, 5184000 -
il t=36h
M (%, 691200) | |- - - t=48h
- t=60h
.- t=72h
— - = 84h
— - -t=96h
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Mow we can plof a x-t graph for many values of x
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Mow, we can plot the graphics about the comelation between experimental and simulated values
of moistune.
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From here, two expenmental values are considerad as "out lavers” due to lack of
axparmental repetitions:
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Errors can be calculated as follow.
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