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Abstract: Recently, there are many studies about renewable energy sources. Solar energy is the most 
important renewable energy sources. Biogas is commonly recognized as an important renewable 
energy sources. Also the utility of solar energy in biogas production is an important phenomenon. In 
this study; biogas reactor which was aided solar energy was improved. Reactor was projected like three 
cylindrical jackets. The inner cylindrical jacket in which was put the organic materials in order to 
obtain the biogas is the area. The middle cylindrical jacket is the area where pass the hot water that was 
obtained from a solar collector. The outer cylindrical jacket in where the heat was stored by the phase 
change materials. As a phase change material CaCl26H2O was preferred. To obtain 32 oC in the 
conditional room, a control unit which is PID was used. The present study deals with the energy and 
exergy analysis of solar energy, pump and the chemical exergy of the reactor. The daily methane 
produced by the solar-assisted anaerobic digester is also calculated for energy and exergy analysis of 
system. To calculate the exergy analysis of chemical reactors unit is produced combustion room. It is 
shown that the exergy of the chemical reacting system is equal to the difference between the changes in 
Gibbs free energy and change the flow exergy. 
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INTRODUCTION 

 
 Nowadays many companies, countries started to look for new energy sources. Biogas is commonly 
alternative energy sources. Biogas is used for heating and electricity production. Biogas is obtained by the 
anaerobic digestion which is the process by means of organic waste materials are fermented by the bacteria. In 
the biogas reactor process which was aided by the solar energy, the heat required is supplied from the sun.  
 There are many experimental and theoretical studies on the biogas reactor process exist in literature. There 
is limited study about the biogas reactor process which was aided by solar energy and phase change material. 
 In this paper exergy and energy analysis of biogas plant which was aided by solar energy and phase change 
material was carried out. As known, exergy analysis evaluates maximum work obtained theoretically at the end 
of reversible process at different points in a system. Bejan (1988) pointed out that the minimization of lost work 
in the system would provide the most efficient system. Koroneos, et al., (2001) emphasized use of the concept 
of exergy for the analysis of renewable energy sources; also they made exergetic analysis of a solar thermal 
power system. Zhong, et al., (2002), emphasized thermodynamic modeling of biomass conversion process. 
Estimation methods have been developed for the exergy of biomass and bio crude in order to perform an exergy 
analysis of the process. Their research has provided a complete thermodynamic tool for the NTU process 
development and design. Appleby used the first and second laws of thermodynamics to argue that, with certain 
simplifications and with certain material property specifications, that the maximum efficiency derived for fuel 
cells was equivalent to the Carnot efficiency for heat engines. M. Pahl and J. Lunze developed the dynamic 
model of biogas reactor waste water treatment by theoretical process analysis. They characterized the modeling 
method by a decomposition of a model interacting sub models.  
 

MATERIALS AND METHODS 
 
 The experimental set-up, shown in Figure 1, consists of three biogas reactor, solar collector, circulation 
pump and PID control unit. Biogas reactor was projected like three cylindrical jackets and the outer surface was 
insulated with glass-wool. The inner cylindrical jacket in which was put the organic waste materials for obtain 
the biogas is conditional room. The middle cylindrical jacket is the area which passes the hot water for 
supplying the fermentation temperature. The outer cylindrical jacket in which the heat was stored by phase 
change material is the area. When the solar radiation isn’t effective, the required heat was obtained the outer 
cylindrical jacket. The inner diameter of each conditional room is 0.30 m. The outer and inner diameter of each 
biogas reactor is 0.40 m and 0.425 m, respectively and its height is 1.2 m. Solar collector which has 4 m2 surface 
areas was connected to biogas reactor. The circulation pump has a power of 50-80 W. Each of the reactors has 
0.084 m3 useful volumes. 
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Fig. 1: Schematic diagram of experimental set-up. 1.Solar Collector, 2. Heat Exchanger, 3. PID Control Unit, 4.  
            Isolation, 5.Phase Change Material, 6. Water jacket, 7. Conditional Room, 8. Mixture, 9. Gas Collecting  
            Tank, 10. Check Valve, 11. Network in lines of Water, 12. Circulation Pump, 13.Air Outlet of  
            Exchanger Unit, 14. Combustion Room. 

 
Experimental Procedure: 
 Experiments were conducted in June 2002 in Elazığ under solar radiation varying between 3500 and 7900 
W/m2 daily (Figure 2). Three reactors unit which are the same volume and shape were designed in experiments. 
One of those for cow manure, other for chicken manure and the last for garbage were produced. 4 kilograms 
cow manure with the same kilograms water, 4 kilograms chicken manure with 12 kilograms water, 4 kilograms 
garbage with six kilograms water were placed to conditional room in May 25, 2002. In order to sufficiently 
obtain the biogas from organic waste materials, it is important to keep constant temperature of the conditional 
room. In this study, to obtain 32 oC in the conditional room, a control unit which is PID was used for regulating 
the hot water’s flow rate which is 0.1 kg/sn. 

 

 
Fig. 2: Solar radiation rate as a function of day. 
 
 In order to obtain homogenous mixture and can be accelerated gas production in reactor unit, the organic 
manure can be recirculated into bottom of the reactor by the mixture which was used 8 rev min-1.   
 In this study, gas analyses were made by equipment of SUN 1500 gas analyzer. This analyzer gives the 
percentage (%) values of methane, carbon dioxide, oxygen in the gas mixture. Everyday gas was measured by 
this analyzer than methane which was obtained from the reactor unit was burned in combustion room. 
 
Theoretical Analysis Of Energy And Exergy: 
Theoretical energy analysis of system: 
 The two basic depend on time energy balance equations are given below. The energy balance for the 
organic manure can be written as  
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 Where mo.  is the density of the organic manure (kgm-3), moV .  is the volume of organic manure in the 

conditional room(m3), 
mopC

.
is the specific heat capacity of the organic manure(kJkg-1 oC-1), sQ  is the solar 

energy absorbed by the solar collectors surface, 0Q  is the energy transferred from the absorber plate to the 

ambient, uQ  is the energy of fluid which pass the collectors, 
echmcpQ

arg.. is the energy of phase change material 

for obtain the requirement heat when the solar radiation isn’t effective. 
edechpcmQ

arg
Which is stored by phase 

change material and to add heat to the conditional room when the solar radiation isn’t effective, 1uQ is the flow 

energy of the working fluid which passed the outer cylindrical jacket. 
 Assuming also that the methane temperature in the reactors is uniform and the methane doesn’t flow 
continuously from the reactor to combustion room. Its heat balance equation can be written as 
 

edechechm pcmpcmu
m

pmm QQQ
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CV

argarg1                                              (2) 

 

 Where m  is the density of methane(kgm-3), mV  is the volume of methane(m3), 
mpC is the specific heat of 

methane (kJkg-1 oC-1), mT  is the temperature of conditional room. 

 
Theoretical Exergy Analysis of System: 
 Exergy is called the amount of maximum work obtained theoretically at the end of a reversible process in 
which equilibrium with environment should be obtained. According to this definition, in order to calculate 
exergy, the environment conditions should be down.  
 The present study deals with the exergy analysis of solar energy, chemical energy and storage energy. 
Exergy balance in a steady state, steady flows biogas plant systems can be written as fallow.  
 
 pcm arg,,,,, arg,system  , echxmixturexpumpxchemicalxsolarxpcmedechxlossx EEEEEEE                                       (3) 
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 Where Qs is the solar energy absorbed by the solar collector surface and it is evaluated as fallow; 
 
 cs AIQ                                   (5) 

 
 Where Ac is the areas of solar collector (m2) and I is the solar radiation rate (Wm-2).  
 

 )( 00 TTUAQ pLc                                            (6) 

 
 Where Qo is the energy transferred from the absorber plate to the ambient. UL is the overall heat transfer 
coefficient (kWm-2K). Tp is the plate temperature (K). To is the ambient temperature (K).  
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 The second law in this system can be written as; 
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 Where dEx/dt is neglected. The second law efficiency is expressed by; 
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 The useful exergy Exu is given by the equation;  
 

 



  )()( ,,0,,

.

infoutfinfoutff SSTHHmnExu                                    (10) 

 When n is the number of collectors, f

.

m is the mass flow rate of the fluid (kgs-1), Hfi and Hfo are the 
enthalpies of the input fluid and of the output fluid (kJkg-1K-1), respectively. To is the ambient temperature (K), 
Sfi and Sfo are the entropies of the input fluid and of the output fluid, respectively.  
 

The exergy of the solar collector is given by; )1( 0

s
ss T

T
QEx                              (11) 

 
 Where Qs is the solar energy absorbed by the solar collector surface, To is the ambient temperature and Ts is 
the solar temperature.  
 The exergy analysis of the chemical reacting systems are defined as fallow. 
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 Similarly, the irreversibility for this process can be written as; 
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 The availability, Exchemical for a steady-state steady flow process is defined as; 
 

)()( 0000 SThSThExche                                            (14)

  
 The maximum work would be done if this chemical reaction was reversible condition and the products were 
surrounding pressure and temperature. 
 After the chemical reacting, obtained methane was burned with % 150 theoretical air in an adiabatic 
combustion room. 
 

2222224 28,112)76,3(3 NOOHCONOCH                              (15) 

In this adiabatic combustion process, reactants is found the standart referans condition also for O2 and 
N2,hf

0 is neglected. The equation can be written as; 
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 We now proceed to find the change in entropy during this adiabatic combustion process; 
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 The irreversibility can be found as; 
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 Reversible work can be found by standard gibbs free energy. Wrev can be written as; 
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Chemical exergy can be written as; 
 

 Ex,chemical =Wrev – I (kJkg-1)                           (20) 
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 In other words, if every process after the adiabatic combustion process is reversible, the maximum amount 
of work that could be done.  
 The biogas production system with use of solar energy consists of two subsystems; the collector-working 
fluid system and the working fluid which is in the cylindrical jacket-chemical reactor unit. 
 The collector-working fluid circuit consists of a number of collectors which has a 4 m2 surface area. The 
working fluid goes through them. The reactor unit consists of a conditional room for waste organic materials, 
working fluid jacket, phase change material, pump and mixture. 
 Exergy analysis of collector-working fluid subsystem involves analysis of the collector and analysis of 
useful exergy of the working fluid. 
 Exergy analysis of reactor unit involves analysis of net chemical exergy produced in conditional room and 
the available exergy of the working fluid which passed the cylindrical jacket of the reactor unit. Exergy analysis 
of the working fluid in the cylindrical jacket can be written as fallows; 
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 Where Tr is the temperature of conditional room, To is the average ambient temperature. 
 

RESULT AND DISCUSSION 
 
 The required data were obtained using the derived equations of exergy and energy analysis of solar 
radiation, useful and chemical and presented in figures. 
 

 
 

Fig. 3: Daily methane production as a function of day. 
 

Figure 3 shows the daily variation of methane production. Gas production increased with the time and 
reached nearly 0.2 m3 after 25 day for chicken manure. The amount of daily methane production of each organic 
waste was measured by gas analyzer. Two days for chicken manure, four days for cow manure and six days for 
garbage, the methane production values are equal to zero. It was observed that total methane production varied 
0.03 m3 and 406 m3 depending on the conditional room’s temperature and anaerobic digester period. 
 

 
 
Fig. 4: Daily variation of energy. 
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 Figure 4 indicates daily variation of energy. The ambient temperature was measured by thermo-couple. The 
average temperature of the ambient recorded every day. In addition, the outlet and inlet temperature of the solar 
collector was recorded to calculate the useful energy which obtained the working fluid in solar collector. The 
amount of the useful energy from the solar collector was calculated Eq. (7) depending on the inlet and outlet 
temperature of the collector. It was observed that the useful energy gained from the solar collector was sufficient 
to heat working fluid which passed the reactor unit. 

 

 
Fig. 5: Variation of useful and solar radiation exergy as function of day. 
 
 Figure 5 shows the variation of the useful exergy from the solar collectors and the magnitude of solar 
radiation exergy as a function of day. The magnitude of useful exergy from the solar collectors were calculated 
using Eq.(10) based on the inlet and outlet temperature of the collectors. It was observed that they varied 
between 14 and 26 kW depending on the solar radiation magnitude. Useful energy gained from the solar 
collectors was sufficient to heat the reactor unit. 
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Fig. 6: Variations of the chemical exergy of each manure as a function of day. 
 
 Figure 6 shows the variation of chemical exergy which gained from combustion process of each organic 
manure. The daily exergy increased with time and reached nearly 0.12 kW for cow and chicken manure. For 
cow manure first and fourth days, For chicken manure first and second days, for garbage first and sixth days 
exergy production is equal to zero because of there is no methane produced in conditionals rooms.  
 Figure7 displays the variation of the useful exergy which gained from the working fluid passed into the 
reactor unit on the left ordinate and the total magnitude of chemical exergy which obtained from the adiabatic 
combustion rooms on the right ordinate as a function of day. The magnitude of useful exergy was calculated Eq. 
(21). Where tr is the temperature of the conditional room. Its magnitude is 35 oC, to is the average ambient 
temperature. If the ambient temperature is equal to the conditional room’s temperature, its magnitude is equal to 
zero. For the calculating of Exu, average ambient temperature was used for every day. It was varied from 25 to 
31 oC. However, the outlet and inlet temperatures of the heating water temperatures in reactor unit, was 
recorded. Consequently, it was found that the useful exergy gained working fluid in reactor unit was sufficient 
to heat the conditional room. 
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Fig. 7: Variation of chemical and useful fluid in cylindrical jacket exergy as a function of day. 
 
 Figure 8 exhibits the variation of the exergy loss as a function of day. In first three of days, methane wasn’t 
produced in the reactor unit. That’s why exergy loss indicates % 100 for those days. The average temperature of 
ambient wasn’t equal to the temperature of the conditional room. In addition, useful exergy which gained from 
the working fluid was used to produce methane. It was observed that the useful exergy was sufficient to heat 
conditional room. Exergy loss varied between % 75 and % 100.  
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Fig. 8: Variation of exergy loss with day. 
 
Conclusion: 
 Energy and exergy analysis of biogas reactor which was aided by solar collector were accomplished in 
present study. For this study, solar collector has 4 m2 surface areas, PID controlling unit and a new reactor was 
developed. The method presented, however, can also be used to evaluate energy and exergy efficiencies other 
organic waste or different organic waste mixtures. The method can be adapted to similar reactor types and to 
other waste-water process. Considering the result of these analyses, the following conclusions may be discussed. 

Each of organics manure samples and water were sufficiently produced methane for this reactor the 
experimental results of systems total methane production are shown. According to surface area of solar collector 
in this experiment, reactors which have 0.084 m3 volume can be used to produce methane. 
 The solar collector, PID controlling unit and PCM was useful to obtained methane. PID and PCM were 
achieved steady of system. But using of PID controlling unit, network of water lines can be used for regulating 
of temperature in rector unit, the energy loss may be rise. 
 The average ambient temperature is less than the temperature of conditional room. That’s why the useful 
energy was used to heat reactor unit. If they were equal, the PID control unit was blocked operating system. 
 The maximum work obtainable from an exothermic reaction is the change in flow exergy between reactants 
and products. 
 The exergy losses were equal to % 100 at the point where the methane production was equal to zero. 
Energy and exergy losses must be considered, there is a systematic relation between exergy loss rate and capital 
cost. 
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 Elazığ is a city in turkey that has sunny weather for most of the year. Moreover Elazığ has a big manure 
potential. By using this energy source, Elazığ could cover some part of its energy demands.  

 
Notation 
Ac     m2     Absorber area of the collector, 
Cp     kJ/kgK    Heat capacity of the fluid,  
Ev.c     kJ     Energy of the control volume,  
Ex,chemical    kW     Chemical exergy, 
Ex,charge pcm    kW     Exergy of the phase change material, 
Ex,discharge pcm    kW     Exergy of the discharge phase change material, 
Ex,solar    kW     Solar radiation exergy, 
Ex,u     kW     Useful exergy, 
G     kJ     Gibbs free energy, 
H     kJ/kgK    Enthalpy of the fluid,  
I      kJ     Reversibility, 
M     kg/s     Fluid mass flow, 
N     kmol    Mole fraction of the products and reactants, 
Sgen     kJ/K     Entropy generated of the system, 
t           Time 
Tin     K      Inlet temperature of the fluid, 
Tout     K      Outlet temperature of the fluid,  
To     K      Surrounding temperature,  
Tp     K      Solar plate temperature,  
Tr     K      Temperature of the reactor,  
Ts     K      Solar temperature,  
UL     kW/ m2K    Overall heat transfer coefficient,  
Qs     kJ      Solar radiation energy, 
Qu     kJ      Useful energy of the working fluid,  
 

REFERENCES 
 

Bejan, A., 1988. Advanced engineering thermodynamics. New York: Willey İnterscience. 
Çengel, YA., MA. Boles, 1994. Thermodynamics: an engineering approach. Newyork: McGraw-Hill. 
Koroneus, C., T. Spachos, N. Moussiopoulos, 2003. Exergy analysis of renewable energy sources. 

Renewable Energy, 28(5): 295-310. 
Moran, MJ.. 1988. Availability analysis : a guide to efficient energy use. Revised ed. New York. American 

society of mechanical engineers. 
Pahl, M., J. Lunze, 1998. Dynamic modeling of a biogas tower reactor. Chemical Engineering Science., 

53(5): 995-1007. 
Rosen, MA., 1999. Second law analysis: approaches and implications. Int. J. Energy., 23: 415-429. 
Rosen, MA., 2001. The exergy of stratified thermal energy storages. Solar Energy., 71(3): 173-185. 
Torres-Reyes, E., JJ. Navarrete-Gonzalez, A. Zaleta-Aguilar, JG. Cervantes-de-Gortari, 2003. Optimal 

process of solar to thermal energy conversion and design of irreversible flat-plate solar collectors. Energy, 
28(2): 99-113. 

Valero, A., 1995. On the energy costs of present day society. Thermodynamics and the design, analysis and 
improvement on energy systems. New York: American Society of Mechanical Engineers., 35: 1-7. 

Zhong, C., C.J. Peters, J. Arons, 2002. Thermodynamic modeling of biomass conversion processes. Fluid 
Phase Equilibria., 196: 805-815. 


