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Abstract 
This paper is aimed at exploring the potential of implementing biomass as 
one of the sources of energy in Jordan using a simulated underground burial 
system. A controlled solar energy heated system was employed to maintain 
the anaerobic bioreactor at 40˚C (mesophilic range). Sludge and wastewater, 
from wastewater treatment plant, was used as a seeding material to activate 
bacteria. Production of biogas was observed after 3 days of incubation. On 
average, a total of 94 liters/sample were obtained at 25˚C and atmospheric 
pressure. This amount of gas is equivalent to 258 liters/kg (Standard Temper-
ature and Pressure, STP) of sheep manure. The biogas average composition 
was 65% methane and 35% CO2, and the retention time was 35 days. Control 
runs at room temperature did not produce appreciable amount of biogas 
within the 35 days of incubation. The potential of biomass was studied based 
on estimated sheep manure production for the period of 2010-2016 in Jordan. 
The results obtained from the designed process were used to estimate the bio- 
gas production indicating a promising process to produce biogas by a burial 
bio-waste system. Upon scale-up of this process, biomass from different sources 
can be processed within short residence time, which will result in appreciable 
reduction of land fill areas and significant production of biogas that will con-
tribute to the energy power mix in a non-oil producing country, such as Jor-
dan. 
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1. Introduction 

The utilization of new energy sources that have economic potential as well as 
being environmentally friendly have been discussed in several publications [1] 
[2] [3]. Renewable energy is an important energy resource, which can contribute 
to the overall energy requirements of the world [4] [5] [6] [7]. Classical solar and 
wind energies, form most of the renewable resources available. They are free, 
non-polluted, and abundant in many parts of the world. Solar energy that is avail-
able within the Arab world in general, and specifically in the deserts of North 
Africa can, significantly, contribute to the overall world energy requirements. The 
main problems that are associated with utilization of solar and wind energies are 
the requirement for huge land area, variation of wind speed and solar radiation, 
and the high initial cost. This makes the arid sunny land of the Arab world a 
suitable place to apply this technology [8] [9] [10] [11] [12]. A success story is 
the utilization of solar energy available in Ma’an governorate, the Hashemite King- 
dom of Jordan, that has the potential to contribute between 15% to 20% to the 
national power grid. Problems associated with the seasonal variations in the re-
newable energy sources can be overcome by applying hybrid systems. 

Bioenergy is considered as another source of energy of a renewable nature, 
because of the continuous production of several types of wastes. It gained mo-
mentum due to several advances in biotechnology during the last two decades. 
Biogas is the major product in any bioenergy production process [13]-[18]. Pro- 
cesses of biogas production involve several types of organic wastes starting 
materials. Municipal wastes are difficult to be characterized and, therefore, it is 
a challenge to synthesize an optimum bioprocess to handle the waste as a source 
of biogas. Wide utilization of bio-wastes from different bio-sources has an ad-
vantage of environmental pollution reduction and low-cost energy production. 

Biomass wastes are utilized to produce biogas through landfill burial processes. 
As a result, underground water pollution, odor problems, requirements of huge 
landfill areas are consequent problems associated with landfill. Hence, this will 
reduce land areas allocated for agriculture, and widespread diseases around the 
landfill due to possible irresponsible behavior of people. Moreover, landfill bio-
gas production depends on natural parameters that lead to long waste retention 
times, and therefore, the product of the biological process cannot be utilized for 
any other useful process, such as natural fertilizers production. 

Underground waste burial simulation shows a promising future for biogas pro-
duction using municipal wastes, in which design models of different waste/sludge 
ratios, were tested [11]. Samples were incubated at underground temperature (2 
m below earth: about the atmospheric temperature 20˚C - 30˚C during Spring- 
Summer seasons) and only under the effect of natural parameters. Results showed 
a retention time of buried samples was found to take months at these conditions 
[11]. 

In a recent review study, Yue et al. discussed the enhancement of methane 
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production in anaerobic digestion process [19]. They concluded that many of 
the strategies of methane enhancement are not economically feasible, such as 
electrical pretreatment, thermal and radiant treatment, and chemical additives to 
enhance acidification [19]. On the other hand, utilization of solar energy (free 
source of energy) to enhance methane production is yet to be investigated. Me-
thanogens will be more active at mesophilic temperature (37˚C - 40˚C), which 
will enhance methane production. Hence, the problem is: how to design a well- 
controlled heating system to provide an environment of mesophilic temperature 
for anaerobic bacteria? And how such utilization of solar energy affect biogas 
production from biomass landfill burial? Moreover, what will be the resulting 
biogas produced potential contribution to power mix in Jordan? 

This study takes into consideration the above points regarding bioenergy 
production and biological wastes of various sources. It consists of a design of a 
bioreactor that simulates underground burial of wastes that is heated by a cas-
cade control hybrid system of solar and electrical sources. The process tempera-
ture is controlled at a setpoint of 40˚C to assure mesophilic biogas bacteria con-
ditions. Biogas production at 40˚C is compared to non-heated process (room 
temperature) with respect to the time required to start producing the gas, the re-
tention time, and ratio of the volume of gas produced per 1 kg of the starting 
sample at STP. Sheep manure was used as a representation of biomass sources 
for the above design, and the results were used to estimate the possible biogas 
production from sheep manure in Jordan for the period of 2010-2016, which is 
compared to the energy produced from the established landfills around the 
country. Based on the results, the level of biomass utilization in Jordan was eva-
luated in addition to its potential to contribute to the national power mix. 

2. Materials, Experimental Design, and Procedure 
2.1. Manure 

Dry sheep manure was obtained from a nearby farm at Mutah area (Al-Karak- 
Jordan). Manure samples were grinded and sieved to obtain particles of less than 
100 µm in size. 

2.2. Soil 

Soil samples were obtained from the area around engineering labs of Mutah 
University. They were collected from layers at 1 m depth, to make sure that they 
contain enough moisture. Samples were used immediately after collection to 
maintain their original properties. 

2.3. Sludge and Wastewater 

Sludge mixed with wastewater was used as a seeding material in the bioreactor, 
which was obtained from the bottom of the main pool of the wastewater treat-
ment station at Mutah University and kept at 5˚C before it was used. 
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2.4. Bioreactor 

A cylindrical bioreactor of 38 liters was made of galvanized steel sheet (1.5 mm 
thick). A longitudinal section is shown in (Figure 1) with all internal parts of the 
reactor. It is heated with a water jacket of 5 cm thickness, connected to a con-
stant flow pump set at 10 liters/minute. The water jacket and the rest of the 
reactor body is wrapped with a 5 cm thickness layer of glass wool.  

The working space of the reactor consists of the sample space wrapped around 
by an 8 cm thickness layer of soil, collected from layers at 1 m depth, to make 
sure that they contain enough moisture. Samples were used immediately after 
collection to maintain their original properties. 

2.5. The Temperature-Controlled Bioprocess 

The flow sheet of the bioprocess is depicted in Figure 2. It consists of the reactor  

that is connected through a stainless tube pipe of 1
2

′′ 
 
 

 diameter to a water solar  

heater that provides hot water to heat the reactor through a constant flow pump, 
set at a constant flow rate 10 liters/min. and connected to a controller to stop 
when temperature at the exit of the reactor is at 40˚C. 

The water solar heater is provided with an electric heater, that works when the 
temperature within the outlet header falls below 40˚C and stops when the tem-
perature reaches the 40˚C set point. The constant flow pump works at temperature  
 

 
Figure 1. Longitudinal section of the bioreactor parts. 
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Figure 2. A pictorial flow sheet of the biogas production process. 
 
below set point temperature until the temperature at the exit of the reactor reaches 
the set point temperature (40˚C). To achieve the heating requirements, two PID 
controllers are chosen to maintain uniform constant temperature within the reac-
tor at 40˚C, and to keep the temperature in the solar water heater at a tempera-
ture ≥40˚C. The biogas is collected in a special system that is shown schemati-
cally in Figure 2. 

2.6. Dynamic Stability of the Control System 

The water jacket around the reactor with all internal components are approx-
imated by a first order system whose transfer function is represented by: 

( )
( )

1
1.63 1

bo

bi

T s
T s s

=
+

                          (1) 

,bo biT T : deviation temperature of bioreactor outlet and inlet temperaturs time 
constant (τ) = 1.63 min. 

Also, the solar system is represented by another first order function of the 
form: 

( )
( )

1
10 1

so

si

T s
T s s

=
+

                           (2) 

,so siT T : deviation temperature of bioreactor outlet and inlet temperaturs time 
constant (τ) = 10 min. 

We should note that outlet temperature of the bioreactor is an inlet tempera-
ture to the solar heater and the outlet temperature of the solar system is the inlet 
temperature of the bioreactor. Temperature measurement devices are thermo-
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couples that are linear and very sensitive to small changes in temperature within 
the range of set points temperature ranges. They are inserted, directly in water, 
therefore no lag is considered, and the gain of each one is equal to one. Moreo-
ver, the constant-flow pump (final control element of the outer loop/on-off type) 
and the thermistor (thermal resistor actuator/final control element of the inner 
loop) are considered to have a constant transfer function equal to one. A sche-
matic of the cascade-control simulated applying Simulink software is shown in 
Figure 3. All components are shown to have a special transfer function for fu-
ture modification of the system. The system dynamic stability is tested using 
Simulink (Matlab-R2015) and the corresponding tuning parameters of the two 
PID controllers are shown in Table 1. 

The responses to a step function disturbance and a setpoint re shown in Fig-
ure 4(a) and Figure 4(b). It is evident that the system is dynamically stable and 
the response to any variation is instant which keeps the bioreactor at, almost, 
constant temperature. 

2.7. Solar Water Heater 

A controlled solar water heater was used to provide the reactor with heated wa-
ter at steady 40˚C.  
 

Table 1. Tuned parameters of the inner-loop and outer-loop controllers. 

Controller Parameter Outer-loop Controller Inner-loop controller 

P 2.155 4.057 

I 0.816 0.9885 

D 0.7313 4.129 

Filter Coefficient 87.83 188.5 

 

 
Figure 3. Block diagram of the solar-electric control system. 
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Figure 4. Response of a step change: (a) Unit step change, (b) 5˚C change in setpoint. 

2.8. Insulation Material 

A 5 cm thick layer of rock wool was wrapped over the coil and covered the outer 
surfaces of the bioreactor base and lid.   

2.9. Sample Holder 

A steel cylinder (10 cm diameter, 37 cm height) was used to hold the 2.9 liters of 
manure sample in place while filling the rest of the reactor space by soil as de-
scribed below in the experimental procedure section. 

2.10. The Total System 

The bioreactor was then connected to the controlled solar water heater, as shown 
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in Figure 5. 

2.11. Sample Preparation 

A 1.45 liter (365 gm) of treated dry manureis mixed well with equivalent sludge 
and wastewater mixture. The final mixture (pH ≈ 7.2) was kept in a closed con-
tainer and then used within half an hour after preparation. 

2.12. Bioreactor Content Layout 

A soil layer of 8 cm thickness was distributed at the bottom of the reactor. The 
sample holder was then placed at the center of the layer. The mixture, ma-
nure/(sludge + wastewater), was transferred to the sample holder. The soil was 
then distributed around the sample holder to make a layer of 8 cm thickness. 
The sample holder was removed slowly and gently to leave the sample sur-
rounded from all sides by soil. Another 8-cm soil layer was added above the 
sample. A mixture of sludge and wastewater was slowly added after to the reactor 
until the soil was fully saturated. Finally, the top cover was placed, and heating 
water (40˚C) started to flow through the jacket. Figure 6 shows a cross-section 
 

 
Figure 5. The total bioreactor system. 

 

 
Figure 6. Cross-section through the reactor showing the four different layers. 1: 
sample; 2: soil; 3: heating tubes; 4: insulation. 
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through the bioreactor with the dimensions of all layers. Experiments and con-
trols were done in triplicates.   

2.13. Control Experiments 

The above procedure was carried out without heating, to measure the effect of 
utilizing solar heating on the production of gas from buried bio-waste. 

2.14. Biogas Analysis 

Produced biogas was analyzed in the laboratories of the Jordanian Petroleum 
Refinery Company. 

2.15. Estimation of Biogas Production from Sheep Manure in  
Jordan 

The number of sheep was obtained from the yearly statistical book of Jordan 
[20]. The biogas rate of production obtained from this study was used to obtain 
the yearly estimation of biogas and the corresponding estimated energy. 

3. Results and Discussion 
3.1. The Proposed System 

Ten different experiments were carried out during one year. The year was di-
vided into three parts, four months each. Three experiments were carried out in 
the first part, four in the second part, and three in the last part of the year. The 
first batch of experiments was reported as run number 3, the second batch was 
number 1, and third batch was number 2. Solar energy was utilized for heating 
the materials within the reactor for the three batches of runs. The distribution of 
experiments over the year was to correlate any effect of weather conditions on 
the rate of production of the biogas. A control run was done using the same mate-
rials, used in the above three batches, at room temperature (25˚C ± 2˚C). Figure 7  
 

 
Figure 7. Results of the volume of biogas produced from buried sheep 
manure at 40˚C compared to runs at room temperature. 
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shows the results of bioreactor runs compared to results from the controlled ex-
periments (room temperature). 

The heating process control system appears to overcome any disturbance 
produced by the weather condition changes throughout the year. However, run-
ning the experiments within the middle six months avoids dependence on any 
other source of energy other than solar energy. 

The results indicate that utilization of solar energy significantly affects the 
biogas production of manure soil burial process. Produced biogas was detectable 
at day 3 after starting. Maximum gas production was noticed around day 19, 
which is the time required for the methanogens to reach their maximum activity, 
after which such activities start to decay until they stop biogas (methane) pro-
duction. Hence, no appreciable production of biogas was noticed after day 35, 
which indicates a 35-day bioreactor retention time. Runs of samples at room 
temperature did not show any appreciable amount of gas. The results reported 
do not show any significant variation of biogas production with respect to the 
time of the year.  

Biogas produced was analyzed in the laboratories of Jordanian Petroleum Re-
finery Following their Standard Procedures. The results are shown in Table 2 
below. 

Results show a significant production of biogas from sheep manure at 40˚C 
temperature. An average of 94 liters/sample of biogas was produced, with an av-
erage CH4 concentration of 65%. Control samples, at room temperature, did not 
show appreciable amounts of biogas during the testing period of 39 days. After 
35 days, none of the samples show any appreciable amounts of biogas, which in-
dicates that this period is the retention time of the process. The equivalent 
amount of gas produced, on kg basis, is about 258 liters/kg (STP conditions). 
This value makes about 95% of the value reported in [12]. Other investigators 
reported a range of values between 93 to 273 liters/ kg [13] [14] [15] [16] [17]. 
The variation in the reported results is due to different reasons; some are related 
to the process conditions such as pressure and temperature, others are related to 
the environment of the animals or the type of food intake. 

The energy that we can get from the process described here does not require 
mixing. The mixing requires extra energy at an additional cost, and this reduces 
the economic potential of the production of biogas. The only source of energy 
employed for the process is solar, which is free except for the initial cost of 
building the system, which can be paid back in a short period. Moreover, in a  
 
Table 2. Biogas analysis on volume percent. 

Biogas component Run 1 Run 2 Run 3 

CH4 63% 67% 66% 

CO2 9% 8% 8% 

N2 22% 20% 20% 

O2 6% 5% 6% 
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country like Jordan where sunny days are more than 300 days a year [21], the 
proposed system seems to be feasible. 

Jordan is a non-oil producing country; therefore, the proposed system can be 
applied to produce bioenergy which will contribute to the reduction of the ener-
gy bill of the country. Biogas production has a high potential, as will be seen be-
low, and can contribute to the national energy mix, and therefore help in de-
creasing energy cost. Limited studies are done showing the potential of biomass 
and biowaste [22] [23]. The industrial experience with respect to biogas produc-
tion plants is also limited. Only two major plants that use municipal wastes are 
running, one in Rusifah area near Amman City and the other in Al-Khirbah Al-
samra in the northern part of the country, in addition to some small household 
systems. Therefore, good campaign must be initiated through applied research 
to convince private and public sectors to invest in such good and cheap processes. 

The results of this study indicate that burial of biowaste and biomass is feasi-
ble to be used as a source of biogas production, which in turn can take part in 
the production of electricity to the national grid. The process described above 
can be scaled up to handle municipal waste as well as wastes from animal farms 
distributed all over the country. The southern and the eastern parts of the coun-
try make more than 50% of the area of Jordan. People in these areas raise cattle 
at large scale; such as sheep, cows, and camels, that produce tons of wastes every 
year. Investment in such areas can be very beneficial, since the cost of the above 
pilot system was about 300 JD, however, it gave satisfactory results which can be 
employed as a reference point to scale-up the process. 

3.2. Biomass Potential 

To estimate the potential contribution of biogas obtained from sheep manure 
and consequently the total biomass to the power grid in Jordan, data on sheep 
number in Jordan (2010-2016) were obtained as mentioned above. Hence, esti-
mation of manure production was based on an average value of 0.42 kg/head/ 
day of which 30% is solid, for the type of sheep (Awassi) in Jordan [24] [25], and 
biogas was estimated based on the results obtained and reported above (258 li-
ters/kg at STP conditions). Moreover, the results of sheep number and the con-
sequent estimated dry manure and biogas produced are depicted in Table 3. 

Over the seven years period (2010-2016), the average number of sheep was 
about 2.5 million sheep per year. Consequently, the estimated average solid ma-
nure for this period (2010-2016) is about 115 × 106 ton which can produce 30 x 
106 m3/year of biogas. Moreover, the power obtained from the estimated biogas 
was calculated based on the results obtained from the proposed system above. 
Hence, results indicate a value of 6.5 kWh/m3 of biogas or 23,400 kJ/m3 (STP), 
which agrees with results reported by Swedish Gas Center [18]. 

Based on the above results, estimated power from sheep manure was calcu-
lated and compared to the total yearly power production in Jordan, and to the 
yearly power obtained from utilized biomass in Jordan (Table 4). Moreover, the 
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Table 3. Results on the number of sheep, estimated dry manure, and corresponding bio-
gas production. 

year Number of Sheep (×1000) 
Estimated dry  
manure (ton) 

Estimated biogas  
production (×1000 m3) 

2010 2175.70 100,060.44 25,815.59 

2011 2264.60 104,148.95 26,870.43 

2012 2234.00 102,741.66 26,507.35 

2013 2311.10 106,287.49 27,422.17 

2014 2680.30 123,267.00 31,802.89 

2015 2596.40 119,408.44 30,807.38 

2016 3198.90 147,117.41 37,956.29 

Average 2494.43 114,718.77 29,597.44 

 
yearly generated biomass power was compared to the estimated biogas power 
generated from sheep manure and shown in Table 4. 

The yearly average power produced from the utilization of biomass is 5.80 
GWH, which accounts to 0.04% of the average total national power. However, 
the average estimated power from biogas generated from sheep manure alone 
per year is 125.05 GWH, which, if utilized, accounts for 0.73% of the total power 
production, and about 22 times the power obtained from the utilized biomass. 
Therefore, biogas from different utilized sources of biomass can contribute to 
energy mix in Jordan, which will reduce the energy bill and the cost of biowaste 
disposal. 

3.3. Sustainability of Sheep Manure Biogas Production 

A recent study from our laboratory predicted the number of sheep in Jordan for 
the years 2017-2030 applying a linear regression model [26]. The linear regres-
sion equation used in reference [26] is: 

697761.49 1.4884090 10y x= + ×                      (3) 

The forecast of sheep numbers (2017-2030) was plotted according to Equation 
(3) above and compared to exact sheep numbers (2002-2016) and shown in Fig-
ure 8. 

Forecasting of sheep number, based on the above model, between 2020-2030 
are shown in Table 5 along with estimated values of dry sheep manure, biogas, 
and electric power. 

Forecasted data indicate that sheep manure represents a sustainability source 
of energy, which will continue to contribute to the energy mix in Jordan. More-
over, predicted average of energy production over the years 2020-2030 increases 
by 150% over the average estimated vales for the years 2010-2016. Furthermore, 
this may indicate that biomass is likely to be a potential source of energy that can 
be an added value to the energy sector in Jordan as well as to countries of similar 
conditions. 
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Table 4. Estimated power from manure biogas compared to total electric power produced 
in Jordan and the contribution of biomass power contribution to the total power. 

Year 

Estimated  
electric power 

from CH4  
(65% of biogas) 

(GWH/yr) 

Total Electric 
power  

produced  
in Jordan 

(GWH/yr) 

Electric 
power  

produced 
from biogas 

in Jordan 
(GWH/yr) 

Contribution of 
utilized biomass 
to total power 
production% 

Estimated  
contribution of 
manure biogas 
to total power 
production % 

utilized 
biomass 
power to 
estimated 
manure 
power % 

2010 109.07 14,777.00 9.00 0.06 0.74 8.25 

2011 113.53 14,647.00 8.00 0.05 0.78 7.05 

2012 111.99 16,596.00 6.00 0.04 0.67 5.36 

2013 115.86 17,261.00 6.00 0.03 0.67 5.18 

2014 134.39 18,266.00 3.50 0.02 0.74 2.69 

2015 130.16 19,009.00 4.00 0.02 0.69 3.07 

2016 160.37 19,730.00 4.10 0.02 0.81 2.49 

Average 125.05 17,183.71 5.80 0.04 0.73 4.87 

 
Table 5. Predicted production sheep manure and the associated biogas production. 

Year 

Linear Regression 
Model* 

Estimated Dry 
Sheep Manure 

Based on  
Predicted  

Sheep Number 
(ton) 

Estimated Biogas 
Production Based 
on Estimated Dry 
Manure (X1000 

m3) 

Estimated Electric 
Power Based on 
Estimated Dry 

Manure and 65% 
CH4 Composition 

(GWH/yr) 

Prediction of sheep 
number* (X1000) 

2020 3243.797 149,182.224 38,489.01 162.62 

2021 3341.558 153,678.254 39,648.99 167.52 

2022 3439.320 158,174.327 40,808.98 172.42 

2023 3537.081 162,670.355 41,968.95 177.32 

2024 3634.843 167,166.430 43,128.94 182.22 

2025 3732.604 171,662.458 44,288.91 187.12 

2026 3830.366 176,158.532 45,448.90 192.02 

2027 3928.127 180,654.561 46,608.88 196.92 

2028 4025.889 185,150.635 47,768.86 201.82 

2029 4123.650 189,646.664 48,928.84 206.72 

2030 4221.412 194,142.738 500,88.83 211.63 

Average 3732.604 171,662.471 44,288.92 187.12 

*Data were adapted from reference [26]. 

 
The above results indicate that biomass in Jordan is not fully utilized, as well 

as other sources of biomass, in power production. Hence, adding sheep manure 
and other biomass sources to the strategic energy plans of Jordan and similar 
developing countries may contribute to at least 15% of the power requirement, 
which eventually will reduce the cost of energy that represents a serious problem 
facing the household energy bill and consequently the national economy. The 
combination of biomass power and the oil shale power that is recently being  
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Figure 8. The results of the linear regression model showing the real data of sheep num-
ber compared to the predicted values and the forecasting sheep number (*Adapted from 
reference [26]). 
 
utilized by Jordan is expected to produce about 15% to 20% of the power re-
quirements [27]. Moreover, biomass and oil shale energy with the current utili-
zation of solar and wind energies will lead to a total contribution of at least 50% 
of the total power requirements coming from non-conventional sources of 
energy. This will help Jordan as a non-oil-producing country to reduce the pow-
er bill and the consequently the environmental pollution. Therefore, the results 
indicate that biomass is a possible potential source of energy. Moreover, the 
suggested burial system with the mesophilic controlled temperature can be con-
sidered as a possible candidate, upon scale-up to replace landfill burial of bio-
waste. Also, the bioreactor final products may be utilized to start organic ferti-
lizer industry. 

Based on the above, applying this technology to construct biogas production 
plants, will significantly decrease biowaste disposal areas. Therefore, future work 
will involve investigation on how to design a continuous biogas production 
process, which can be scaled-up. Moreover, the combined wind, solar, biomass, 
oil shale energies will help to solve many problems related to the energy sector of 
the country, and energy shortage problems as well as drinking water shortage 
problems will be minimized. 

4. Conclusions 

The above results of this research lead to the following conclusions: 
• A well-controlled heating system was successfully designed and implemented 

to provide a non-mixed bioreactor with the required mesophilic temperature. 
• Utilization of solar energy, a free source of energy, to heat the bioreactor re-

duced its retention time, and hence, biowaste burial can be replaced with bio-
reactor, which will eventually reduce landfill and consequently reduce envi-
ronmental and underground water pollution. 

• Applying the proposed system on sheep manure and forecasted sheep num-
ber indicates a biomass potential contribution to power mix in Jordan and 
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possibly other countries with similar conditions. 
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