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ABSTRACT

Agricultural solid wastes in the southern part of Jordan were estimated and classified. Data collection method was used
to determine the types and quantities of different agricultural solid wastes. Human excreta and cattle manure were found
to be serious environmental problems in the region. Chemical analysis of different solid wastes showed variable organic
and nitrogen content which affect the selection of treatment process. Anaerobic digestion (AD) was tested and found to
be a suitable unit operation to treat a wide variety of agricultural solid wastes. Biogas production rate from AD ranged
from 0.3 m*/kg COD to 0.61 m*/kg COD which is considered 80% to 90% of yield. The optimum C/N ratio and TVS
for AD was found to be 22 + 2 and 70% =+ 5%, respectively. The amount of energy that can be produced from energy
crops and animal manures was estimated to be 12.8 Mtoe and 0.34 Mtoe, respectively. Methane biogas production rate
was estimated to be 37 m*/ton for substrate consist of mixture of different agricultural solid waste of 50% wastewater,
40% Cattle manure, 5% straw and 5% sawdust.
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1. Introduction ported that the decomposition of one metric ton of or-
ganic solid waste can potentially release 50 to 110 m® of
carbon dioxide and 90 to 140 m’ of methane into the at-
mosphere [6,8].

Organic components of the solid waste can be con-
verted into a valuable source of energy by anaerobic di-
gestion (AD). Anaerobic digestion uses bacteria to con-
vert organic materials to biogas or fertilizer by fermenta-
tion. This technology will not only reduce the adverse
impact on the environment but will also contribute to the
reduction in consumption of fossil fuels.

Different organic materials have different bio-che-
mical characteristics; hence, their treatment methods
also vary accordingly. The present work investigates the
amount of solid waste in the southern part of Jordan. In
this country high quantities of animal, human and agri-
cultural wastes are produced every year. Different treat-
ment options can be suggested to manage and solve solid
waste problems. However any treatment process would
require a comprehensive overview on the types and the

Millions of tons of solid wastes are generated from agri-
cultural, municipal and industrial sources every year.
These amounts are expected to increase exponentially
due to the growth of the world’s population and the in-
crease of urbanized areas. In 2001 for example, more
than 350 million tons of municipal solid waste (MSW)
were produced in North America alone [1,2].

One example of a solid waste material is agricultural
waste, including animal manure. The quantity of animal
manure produced in each country is estimated to be 110
times greater than the amount of human waste [3]. Re-
cent reports identified manure waste as a major national
environmental problem in various countries [4]. The po-
tential pollutants from the decomposition of livestock
manure are pathogens, nutrients, methane, and ammonia
emissions [5].

The uncontrolled decomposition of the organic solid
waste can produce large-scale contamination of different

parts of ecosystem (soil, water, and air) [6,7]. It was re-
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quantities of wastes. It is the objective of this work to
classify the solid waste pollutants. This classification will
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aim to characterize these pollutants, evaluate their quan-
tities, estimate their impact and propose treatment solu-
tion.

2. Experimental Procedure

The experimental work was divided into two parts: solid
waste data collection and solid waste characterization.

2.1. Data Collection

Agricultural data was collected based on a statistical
survey in the southern part of Jordan mainly the follow-
ing cities Karak, Maan, Tafilah and Aqaba. The estima-
tion was based on interviews with 500 active farmers in
each city and the collection of field data as well as the
agricultural reports available at the Ministry of Agricul-
ture for each city.

2.2. Analytical Methods

Several analytical methods and tests were used. Follow-
ing is a list of these methods and tests:

2.2.1. Carbon to Nitrogen Ratio (C/N Ratio)
Two methods were used to determine the C/N ratio of
different solid wastes. These methods are:

1) Total Kjeldahl’s nitrogen method (TKN): The
method was performed according to a standard procedure
in which each sample was analyzed in duplicate to verify
the results. This method is used to analyze nitrogen con-
tained in organic molecules and ammonium but not ni-
trate.

2) Simple combustion: This method was based on a
simple combustion of the waste matter in the presence of
excess oxygen. The wastes were completely converted
into simple molecules or gases such as CO,, H,O and N,.
The gases were separated and analyzed using chroma-
tography techniques. The equipments used in this analy-
sis were a total organic carbon analyzer (TOC) and gas
chromatography (GC). A Hewlett Packard (HP 6890) gas
chromatography equipped with a flame ionisation detec-
tor and HP PLOT-Q column (L =30 m and I.D. 0.53 mm)
was used. The oven temperature was held at 250°C for 5
minutes. The TOC was measured using a Shimadzu TOC
analyzer calibrated using a potassium phthalate standard
solution and following the instrument standard method.
Each sample was analyzed three times and measurements
were averaged. Measurement reproducibility showed a
precision in the range of +0.1 mg-C-L™".

2.2.2. Chemical Oxygen Demand

Chemical oxygen demand (COD) was measured follow-
ing the standard method (SM 5220-D). The measurement
was carried out using a photometer (Hach, Germany) and
a dichromate solution as an oxidant in a strong acidic
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medium. The precision in the COD test was in the range
of 0.8 mg-O,-L7".

2.2.3. Biological Oxygen Demand (BOD)

The biological oxygen demand (BOD) was measured
according to the standard method [SM 5210-D] using an
Oxitop system (VELP Scientifica). The results of BODy
and BOD,; were comparable, therefore only the BODs
result was considered in this study. The precision of the
BOD test was in the range of 0.5 mg'02~L71.

2.2.4. Energy Crop Calculations

Energy calculations were carried out based on the theo-
retical oil equivalent (TOE) method. TOE is the amount
of energy released by burning one tone of crude oil. The
calculations of energy crop values were performed based
on the energy value conversion method. This method
depends on the determination of the output energy pro-
duced upon combustion of a specific mass of wastes.
These values were calculated in kcal and then converted
to Mtoe.

2.2.5. Biogas Experiments and Feed Mixing

Anaerobic digestions were carried out in a two-step bio-
reactor with a volume of 5 L (total reactor volume of 10
L). The reactor feed was prepared in the pre-mixing step;
a load of 10 kg of different portions of cow manure,
wastewater, and sawdust were mixed together. The mix-
ing step was controlled in such a way that yielded a feed
with a specific carbon/nitrogen ratio and specific total
volatile solids. The used wastewater was obtained from
the wastewater treatment plant at Mutah City.

3. Results and Discussion
3.1. Solid Waste Data

Table 1 presents the type and amounts of agricultural
solid waste produced the southern part of Jordan from the
cities: Karak, Maan, Tafilah and Aqaba.

Table 1. Type and amounts of agricultural solid waste in
southern part of Jordan (Karak, Maan, Tafilah and Agaba).

Solid waste Estimated amount (',?) (ton/yr)
Straw 605"
Sawdust 40+ 4
Wood 40 +5'
Human excreta 100 + 2?
Cattle 6.8+0.5'
Cow 55.3+0.2'

'The data were estimated by farmer interview; “Value was calculated based
on the amount of wastewater and the average contained solids waste.
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One hundred tons of straw and sawdust are produced
each year in these cities; this can be added to the produc-
tion of 40 tons/year of natural wood. Although these
amounts are significant, they do not pose serious problem
to the region; people have found different uses for these
wastes: for example, wood and sawdust can be used as
heating source in winter and straw can be used as food
for domestic animals. It is believed that concern regard-
ing solid wastes relates to the amounts of human excreta
and cattle wastes. The estimation of human excreta was
based on the per capita water consumption of 90 L/day
and a rule of 67% of the per capita consumption dis-
charged as wastewater. The large quantities of waste
combined with complicated treatment presents a serious
problem in the southern part of Jordan. Anaerobic di-
gesters (AD) are an attractive treatment option. The ad-
vantages of this process are the valuable outcomes (bio-
gas and fertilizer) and the low treatment cost.

3.2. Solid Waste Analysis

Detailed chemical analysis is essential to design efficient
and effective treatment methods for the aforementioned
solid wastes. Table 2 shows the chemical analysis of
different solid presented in Table 1.

The relationship between the amounts of carbon and
nitrogen present is expressed in terms of the carbon/ni-
trogen ratio (C/N). It was reported in literature that a C/N
ratio ranging from 20 to 30 is considered optimum for
conventional treatment methods (e.g. anaerobic digestion)
[9]. If the C/N ratio is very high, the nitrogen will be
consumed rapidly by bacteria and the carbon will no
longer react. As a result, digestion efficiency as well as
biodegradation will be low. On the other hand, if the C/N
ratio is very low, nitrogen will be converted to ammonia
(NH,). NH, will increase the pH value of solution in the
digester. A pH higher than 8.5 was found to be toxic to
the bacterial population. It can be seen in Table 2 shows
that animal waste, particularly cattle dung, has a aver-
age C/N ratio of about 24. Plant materials such as straw,

Table 2. Chemical analysis of different solid waste in
southern part of Jordan.

Biodegrada

Solid waste ~ C/Nratio COD (mg/L) BOD (mg/L) bility index
Straw 34+0.4 450+£0.5 435+0.02 0.97
Sawdust  33.5+0.3' 380+5 366 +£0.02 0.96
Wood 33+0.7' 380+5 370+ 0.02 0.97
Human ¢ 042 12045  111+002 0.93
excreta
Cattle 24+ 0.4 240+ 5 189 +0.02 0.79
Cow 23+0.5° 300+5 270 £0.02 0.90

"Measured experimentally; “Estimated.
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sawdust and wood contain a higher C/N ratio. The hu-
man excreta have a C/N ratio as low as 8. Cow waste was
also determined to have C/N ratio around 23. Seeing as
obtained C/N ratios are not uniform, the treatment
method is not effective and the requirements for the
variable design must be increased. Consequently, the
treatment cost will also increase. To overcome this prob-
lem, it was proposed to design influent pre-mixing stage
where different ratios of solid wastes can be mixed in
different proportions to bring the average C/N ratio of the
composite input to a desirable level.

The COD and BOD tests were used to analyze the
content of organic matter. The value of COD can be di-
rectly related to the total amount of organic matter pre-
sent in the feed. Meanwhile, BOD deals with the portion
of organic matter able to biodegradation. These two val-
ues are of great interest for biological degradation. A
higher COD is related to a higher organic content and a
higher BOD is related a higher amount of organic mate-
rial that can be biodegraded. It was reported that the bio-
gas (main product of AD) production rate ranges from
0.5 to 0.75 m’ biogas/kg COD [10]. As shown in Table 2,
the COD and BODs values of the tested wastes vary from
120 to 450 mg/L and 111 to 435 mg/L, respectively. The
biodegradability index of these wastes was found to
range from 0.79 to 0.97. The theoretical biogas that can
be produced by different agricultural wastes was esti-
mated to range from 0.45 to 0.88 m’ biogas/kg of COD.
Figure 1 illustrates the amount of biogas produced from
different solid wastes in AD. Higher biogas production
rates occurred in substrates with a C/N ratio of 32 + 2, a
COD from 380 to 450 mg/L and a biodegradability index
of more than 0.9. Moreover, all solid wastes had a biogas
production rate higher than 0.3 m’/kg COD with highest
amount measuring 0.61 m*/kg COD. These values are a
good indication of the high organic content of studied
wastes. The experimental and theoretical biogas produc-
tion rates are in same order of magnitude. The expected
biogas yield was estimated to range from 80% to 90%.

0.7
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0.5+

0.4+

0.34

m3biogas/KgCOD
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0.0 straw sawdust wood Human Cattle Cow

Figure 1. The amount of biogas produced from different
solid wastes.
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3.3. Classification of Solid Waste

Based on their energy values, solid waste can be classi-
fied into:

3.3.1. Energy Crops

An energy crop is one that mainly consists of cellulose,
lignin and hemicellulose. Lignin is a very poor material
in anaerobic conditions. Crops grown for energy could be
produced in large quantities [11,12].

Most of the soil in Jordan is not arable even if water is
available; only 6% of Jordan’s territory is arable, a figure
that is changing rapidly as dry-land areas became larger
every year. The dramatic change of the arable area is
based on the scarcity of rainfall, the lack of surface and
ground water as well as economic problems. In recent
years only about 15% of Jordan’s geographic area re-
ceived more than 200 millimeters of rainfall per year, the
minimum required for rain-fed agriculture. Much of this
land was otherwise unsuitable for agriculture. Moreover,
rainfall varied greatly from year to year, so crops were
prone to be ruined by periodic drought. Now it is esti-
mated that only 4.5% of Jordan’s land is being cultiva-
tion. Most of these cultivation areas depend mostly on
irrigation, mainly from Jordan River valley. Agricultural
activity is concentrated in two areas: northern and central
areas of higher elevation. Agricultural energy crops such
as wheat, barley, tobacco, lentils, and chick-peas were
the most cultivated plants. Olives and olive oil were also
produced in some regions.

It is difficult to draw an accurate description of the
amount of crops that can be used as an input for energy
production technology in southern part of Jordan. Varia-
tions in geography, amount of rainfall and type of crops
between regions as well as the large surface area contrib-
ute to this difficulty. The total possible amount of energy
crops was calculated for a usage of 10%, 20% and 30%
of arable land in the southern part of Jordan. This mean
that an estimation of the potential production of energy
crops if 10% of arable land within the southern part of
Jordan (30,000 km”) was successfully cultivated with
energy crops. The present method is advantageous be-
cause it converts the amount of energy crops to their en-
ergy equivalent value (Mtoe = million tons of oil equiva-
lents). For the purpose of comparison, these results will
be compared with results related to the bio-energy pro-
duction in European Union states (EU-states).

Tables 3 and 4 present the potential of energy crop
based on 10%, 20% and 30% arable land utilization in
the EU and in the southern part of Jordan, respectively.
The values in Table 3 were adopted from the work of
Nielson [13] whereas the values in Table 4 were calcu-
lated based on the procedure described in Section 2. A
simple comparison between the agricultural area in EU-
States and the southern part of Jordan lead to the conclu-
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sion that this part of Jordan has valuable sources of en-
ergy. Although the estimated energy values for Jordanian
energy crops were very low compared with values re-
lated to the EU, the values in Table 5 are significant.
When 10% of the land was cultivated the energy produc-
tion in southern Jordan was found to be 2.2 Mtoe based
on 3 tons of total solid productions while the EU-states
produced 46 Mtoe under the same conditions.

However, this low amount of energy is considered to
be important for Jordan and investment in this kind of
project can save a lot of crude oil and natural gas ex-
penses.

It is important to note that the estimated energy values
were calculated based on complete biomass conversion
(i.e. 100% conversion). However, biogas conversion ef-
ficiency does not exceed 80% due to the fact that not all
of the compounds from biomass can be digested through
the biological process, for example, lignin. Thus, these
values should be taken into account before the applica-
tion of this technology.

Table 5 presents the expected energy crop potential in
terms of methane production through the anaerobic di-
gestion process. The highest estimated amount of biogas
production capacity by energy crops is equivalent to 12.8
Mtoe (15.3 million m® of CH,). As a rough estimation,

Table 3. Energy crop potential in EU-27 as function of util-
ized arable land.

10% arable land 20% arable land
in EU-27 in EU-27

30% arable land

Yield in EU-27

10t TS/ha 46 Mtoe 91 Mtoe 137 Mtoe

20tTS/ha 91 Mtoe 182 Mtoe 274 Mtoe

30t TS/ha 137 Mtoe 274 Mtoe 410 Mtoe

Total solid (TS) = dry matter — biomass. Mtoe = million tons of oil equiva-
lents.

Table 4. Energy crop potential in Jordan as function of
utilized arable land.

Yield 10% arable 20% arable land  30% arable land in
1 land in Jordan in Jordan Jordan
3t TS/ha 2.2 Mtoe 4.4 Mtoe 7.3 Mtoe

5tTS/ha 4.6 Mtoe 9 Mtoe 13.2 Mtoe

10 t TS/ha 9 Mtoe 18.2 Mtoe 28 Mtoe

Table 5. Expected methane potential produced from energy
crops of 5% of the arable land in Jordan.

Energy crop

yield 10t TS/ha

5tTS/ha 3t TS/ha

15.3 billion m’
Methane CH4
potential

8 billion m* CH4 5 billion m* CH4

12.8 Mtoe 6 Mtoe 4 Mtoe
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this amount of biogas can reduce the natural gas im-
ported from Egypt by 5%.

3.3.2. Animal Wastes

Jordan has variable animal production resources; the type
and quantity of animals produced in Jordan are presented
in Table 6. Jordan produces more than 3400 tonnes of
animal manure every year. When untreated or managed
poorly, manure becomes a major source of ground and
fresh water pollution, pathogen release, nutrient leaching,
and ammonia emission. If handled appropriately, manure
can be a renewable energy and an efficient source of nu-
trients for crop cultivation. Chicken, cattle and cow ma-
nure are considered the primary source of animal waste
in Jordan.

It was calculated that animal production sector is re-
sponsible for 18% of the greenhouse gas emission (CO,
equivalent) and for 37% of the anthropogenic methane,
which has 23 times the global warming potential of CO,.

The amount of energy that can be produced from ma-
nure wastes was estimated to be approximately 668 mil-
lion m’/year (i.e. ~ 381 million m’ of methane). This
amount of methane is equivalent to 0.34 Mtoe. Moreover,
biogas production through anaerobic fermentation of
animal manure is an effective way to reduce greenhouse
gas emissions, especially ammonia and methane from
manure storage facilities. The fermentation of manure
alone does not only result in high biogas yield, but also
positively impacts the stability of the anaerobic digestion
process due to its high buffer capacity and diverse ele-
ments. Higher methane yield can be achieved through
co-digestion of manure with other substrates such as en-
ergy crops. The digested substrate resulting from this
process can be further refined and can serve as an or-
ganic fertilizer that is rich in nitrogen, phosphorous, po-
tassium and other macro- and micro-nutrients necessary
for the growth of the plants. Utilization of large amounts
of animal manure for bio-energy purposes will reduce the
nutrient runoffs and diminish the contamination of sur-
face and ground water resources.

3.4. Potential Biogas Production

The biogas production rate from a mixture of the previ-

Table 6. The number of animals in Jordan and their ma-
nure production rate (*).

Animal Number of animals Manure production
Chicken 37.7 million 3402 ton
Cow 96,100 6.804 ton
Goats and cattle 2445 million 55.3 ton
Total 3464.1 ton

(*) Numbers are based on animal count for year 2009.
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ous solid wastes was tested in AD. As human excreta,
cattle manure are the solid wastes that have the most ef-
fect, the AD feed was prepared from 50% wastewater,
40% cattle manure, 5% straw and 5% sawdust. These
percentages were chosen in such a way that C/N ratio of
22 + 2 and TVS value of 70% + 5% were obtained. Cu-
mulative biogas production, methane production rate and
percent methane in biogas are summarized in Figure 2.
The methane content in the biogas produced in the ex-
periments ranged between 55% and 65% by volume.
Compared to a single-step reactor which produces biogas
with methane content in the range 40% and 60% [14],
this two-step reactor was more efficient in terms of bio-
gas quality. Similar results were reported by Yu and
colleagues [14]. The methane gas production rate of the
reactor was estimated to be 37 m*/ton of dry waste. Other
experiments were performed with different TVS contents;
a TVS value below 55% shows a lower biogas produc-
tion rate and increasing the TVS to more than 80% re-
sulted in a decrease in the biogas production rate. Based
on experimental conditions a percent TVS value ap-
proximately 70% was found to be optimal. The results
show that the suitability of these solid wastes as influent
to AD. Furthermore, it was observed that the transition
period for the tested AD does not exceed more than three
days.

4. Conclusions

e Human excreta, cattle and cow wastes generated in
large quantities are considered serious problem in
southern part of Jordan.

e Anaerobic digesters (AD) preceded with pre-mixing
step was found to be an attractive treatment option
due to valuable outcomes (biogas and fertilizer) and
the low treatment cost.
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Figure 2. Cumulative biogas production, methane produc-
tion rate and % Methane in biogas. Substrate composition:
50% wastewater, 20% cow manure, 20% Cattle manure,
5% straw and 5% sawdust. These percentages were chosen
in such a way that C/N ratio of 22 + 2 and TVS value of
70% + 5% were obtained.
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5.

C/N ratio ranging from 25 to 30 was found to be the
optimal range for conventional treatment methods.
The C/N ratio controlled the performance of the di-
gestion process by balancing both the carbon content
and pH of substrate.

The variation of the C/N ratio between different agri-
cultural solid wastes can be balanced by mixing dif-
ferent proportions of these wastes to bring the average
C/N ratio to the optimal level.

COD and BOD are of great interest for biological
degradation. Biogas production rate was estimated to
range from 0.45 to 0.88 m’ biogas/kg of COD.

Energy crops and animal wastes in the southern part
of Jordan can produce as much as 13 Mtoe/yr and
save up to 5% of fossil fuel consumption.

Methane production and percent methane in biogas
can be controlled by manipulating the C/N ratio, the
TVS and substrate composition.
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