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Abstract: The main aim of this report is to reduce the retention period by adding microbes, pretreatment processes that is by 

Physical, Chemical and Biological like using the solar air heater with heat exchanger and this process ruptures the cell wall of 

sludge flow structure and facilitates release of intracellular matter into aqueous phase, improving biodegradability with lower 

retention time and higher biogas yield. Further, the residue of the Biogas plant can be treated as a manure to fertilise the Soil. 

After heating water up to 100
o
C in the solar water heater, maintaining the temperature of slurry taking heat capacity of both the 

fluids same. Gas yield of around 0.2-0.33 m
3
/m

3
 will be obtained compared to conventional biogas plant i.e., 0.05m

3
/m

3
. 
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I. INTRODUCTION  

Biogas plant is the space where biogas production takes place in anaerobic conditions i.e., oxygen free environment so that microbe 

formation can take place effectively and produce methane and traces of H2, CO2, etc.. Biogas plant can be of different shapes and 

size depending upon the requirement of self. Different types of digesters are available like floating drum type, fixed dome type, 

polyethylene tube digester, balloon plant, horizontal plant and earth pit plant[13]. In the present study, fixed dome type digester is 

used because of its design simplicity. Dry matter i.e., biomass slurry to be maintained inside the digester should be less than 12% 

otherwise microbes will die due to acidic environment. pH should be between 6.5 to 7.5. Raw material in the digester should be feed 

according to respective dry matter like for cow dung, it should be around 50 days otherwise it leads to wastage of organic matter. 

Continuous stirring should be done in order to maintain uniformity, minimize scum formation and prevent deposition of solid 

content at a single place.  

Temperature plays a very important role in order to produce methane gas as microbe nucleation starts in warmer conditions and in 

absence of oxygen. Temperature of 40oC should be maintained in order to produce gas without any stoppage. In winters or in colder 

region, due to very low temperatures it becomes necessary to use some mechanism for gas production.  

For the same, a heat exchanger design is proposed in order to maintain the warm temperature using water which would be pumped 

continuously. 

As pointed out by Chisom Emmanuel Aralu (1) that the production of biogas from a conventional plant is about 2.37 m3/day for a 

standard size of digester, to increase the production rate from the digester a heat exchanger is used to maintain the constant 

temperature inside the digester. In summers, the temperature itself inside the digester is high but the problem occurs during winter. 

The temperature drops very low which is not even sufficient to start the production of biogas as bacteria nucleation will not take 

place. Heat exchanger will help in effective transfer of heat form hot fluid to cold fluid.  

To heat slurry inside the digester, a solar flat plate collector can be employed which heat water inside the tubes and that water will 

pass through the heat exchanger coil present inside the digester to maintain the temperature. After trapping the solar energy with the 

help of a collector made of nickel chrome or fiber, heat will be transferred to the water flowing in the tubes joined with the collector 

through conduction, biomass slurry can be heated with that water. A motor of high power will also be required for pumping of water 

inside the digester and the flat plate collector. In order to maximize the production, it is mandatory to determine the area which will 

be required for optimum heat transfer. Determining the amount of monthly global average solar radiation at a specific place, size of 

flat plate collector can be determined and then temperature of water after heating will be known and will be used to heat the slurry 

inside the heat exchanger.  

Objective of our study is to determine the minimum area of heat exchanger that will be required to heat the biomass slurry inside the 

digester so that temperature will remain constant and gas yielding will not get affected. Different types of heat exchanger are also 

available, hence, try selecting the perfect type that will give maximum heat transfer and is also cost efficient. 
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II. METHODOLOGY  

For maximum yielding of gas from the digester, a temperature of around 39o C to 40o C is to be maintained. Temperature below and 

above this range will lead to death of microorganism responsible for biogas generation. So we need to design a heat exchanger 

which will maintain the temperature inside the digester as constant. 

 
Fig. 1 Fixed dome type biogas plant combined with panel of collector and heat exchanger 

Digester dimensions are : Base diameter = 2m, Height considered = 5m 

Volume occupied by slurry = 15.7 m3  

 

Here, we used solar water flat plate collector with heat exchanger for increasing the temperature of slurry to get the optimize output 

during winter days. Glazing: For the purpose of heating air we used flat plate collectors because it absorbs radiation in the form of 

thermal energy which is transferred to the air. Transparent structure known as glazing and the material used for glazing (or cover) is 

Tempered glass. The emissivity of this glass is 0.89
g
   (2). By using the anti-reflective coating on the outer surface which helps 

to reduce the reflection of incoming solar radiation.  

Absorber plate: The main objective of this component is to absorb solar radiation hence it should possess high absorptivity for 

incoming solar radiation and secondly it must not emit long wavelength radiation. These surfaces must emits less radiation of its 

own and having the highest value of shorter wavelength. The thickness of this layer is less than 1 micrometer.  Material used for this 

purpose was Black chrome which is less expensive and the remaining thickness of absorber plate must possess high thermal 

conductivity so that it can conduct heat to water at faster rate. Therefore, material chosen for this is copper with the thermal 

conductivity of 398W/mK.  

Tubes: Tube material must have high thermal conductivity therefore, mostly copper tubes are used of size 1.5 to 2.5 cm in diameter. 

The fluid used in the tubes is water which is used for heat transfer purposes. 

Insulation: It must provide for reducing the heat losses from bottom and side. For this they have low thermal conductivity and 

stability must be high at high temperature. The material used for this purpose is Glass wool having the thermal conductivity of 

0.0343W/mK. Outer casing is made up of wood which is weather tight to prevent the flat plate collector from dust, moisture etc. 

For calculating extra-terrestrial solar radiation with the help of Duffie and Beckman equation: 

௫௧ܫ                                                        = ௦ܫ ቀ1 + ݏ0.033ܿ ଷேଷହ ቁܹ/ ݉ଶ                2.1      

Declination angle by cooper’s relation: ߜ = 23.45 sin ቀଷଷହ (284 + ܰ)ቁ                                                           2.2 

Hour angle for a location on Earth at any moment: ߱ = ܶܣܮ) − 12: 00)ℎݏݎݑ × 15/ ℎ2.3                           ݎݑ 

Angle of incidence: ߠ = cosିଵ[cos∅ cosߜ cos߱ + sin ∅ sin  2.4                                                                       [ߜ

Maximum duration of Sunshine: ݐௗ =
ଶୡ୭ୱషభ(ି ୲ୟ୬∅ ୲ୟ୬ ఋ)ଵହ  ℎݏݎݑ/  2.5                                                               ݕܽ݀

Amount of Solar radiation received on cover plate: ܫ = ௫௧ܫ cosߠ                                                                   2.6 

Using the Energy balance equation,  

                                                               
ூ =

்ೢ ି்ೌ భೌା భାഃೖାቀೝమ ೝభൗ ቁమഏೖಽ ൩                                                                       2.7     
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assuming convection and radiation heat transfer is negligible between water and tubes  

 Thermal performance of water flat plate collector: 

Temperature of cover: ܶ = ܶ + ℎି.ଽ଼(0.567ߝ − 0.403 +
்ସଶଽ ) ( ܶ − ܶ)                                                    2.8 

Heat flux lost from the top of the absorber plate:  

,,௧ݍ                                  =
 = ℎ൫ ܶ − ܶ൯ +

ఙ൫ ்ర ି்ೌర൯భഄା భഄିଵ = ℎ( ܶ− ܶ) + ൫ߪߝ ܶସ − ܶସ൯                             2.9                                              

Top loss coefficient: ௧ܷ =
,,൫ ்ି்ೌ ൯                                                                                                                     2.10 

Bottom loss coefficient: ܷ =
ఋ್                                                                                                                         2.11 

Side loss coefficient: ௦ܷ =
(భାమ)యఋೞ(భమ)

                                                                                                                 2.12 

Overall loss heat transfer coefficient: ܷ = ௧ܷ + ௦ܷ+ ܷ 

Types of heat exchangers available are – 

        - Direct transfer type HE 

        - Direct contact type HE 

        - Regenerative type HE 

Since heat exchanger being a steady slow open system, writing steady flow energy equation – 

                                                            Q – W = ΔH + ΔK.E + ΔP.E 

ASSUMPTIONS – 

- Hot fluid considered is atmospheric air. 

Heat capacity rate of biomass slurry and air is assumed to be equal. 

Only convective heat transfer is considered. 

Heat transfer through conduction is neglected as its value is very small. 

Changes in Kinetic energy and potential energy are neglected. 

Work done by the system is also assumed to be zero. 

Adiabatic system is assumed 

Hence,                                                                       ΔHHE = 0 

                                                                  ΔHHot fluid + ΔHCold fluid = 0 

                                                                - (ΔHHot fluid) = ΔHCold fluid 

i.e., rate of decrease in enthalpy of hot fluid equals rate of increase in enthalpy of cold fluid. 

                                                      mcCPc (TCe – TCi) = mhCPh (THi – THe)                                                            2.13 

                                                           (THi – THe) = (TCe – TCi)    (because heat capacity assumed same)           2.14 

For any ambient temperature, the biomass slurry temperature varies as follows : 

 
Fig. 2  Source (3) 
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                                                                    Ts = 0.6221 Ta + 9.4007 = TCi                                                           2.15 

To determine the area of heat exchanger, now calculate the Logarithmic mean temperature difference. 

                                                                              ΔTm = 
୧ ି ୣ୪୬ (

 )
                                                                       2.16 

After selecting desired dimensions for the digester, mass flow rate for the biomass slurry was calculated for the 7 hours period i.e., 

during the maximum sunshine hours during winter days in Delhi, India. Mass flow rate varies with respect to sunshine hours. 

Calculating the water i.e., hot fluid exit temperature, logarithmic mean temperature difference was calculated. Value of U is 

calculated by taking water concentration in the digester as 90 to 92% and rest slurry due to which biogas formation is optimised 

                                        Q = mcCPc (TCe – TCi) = mhCPh (THi – THe) = ( U x A x ΔTm )                                     2.17 

                                                      CPc = 1.9925 J/kg-k and CPh = 4.18 J/kg-k 

1ܷ =
1

H1
+  

2ܪ1
 

                                                                             U = 475 W/m2k (4) 

For calculating mass flow rate of slurry, density will also be required which is calculated using the formulation, 

                   ρ = 16.02 (20.41 – 0.3648 S + 0.01972 S2 + 0.00001036 S3 – 0.000001304 S4 ) (5)                      2.18 

Heat transfer rate through the heat exchanger is calculated using steady flow energy equation and then area that will be required for 

maximum heat transfer is known. Through that area, dimensions for the heat exchanger pipe can be selected and number of turns 

can also be calculated for heat exchanger. 

                                                                         A = ߨ x D x L  

                                                                    m = ߩ x A x V x n x p 

Number of pass (p) being 1,                           m =  ߩ x A x V x n                                                                       2.19 

Effectiveness of heat exchanger = 
௧௨ ௧ ௧௦ ௧ ௫௨ ௧ ௧௦ ௦௦.

  = 
୫ୡ େୡ (େୣ – େ୧)  

(୫େ)୫୧୬.(୦୧ – ୡ୧)  
 

Table 1. Considering the data for a single cow along with the amount of energy it yields 

Cow dung produced 10 kg/cow/day 

Percent of cow dung that can be reached per day 70% (Remaining lost during grazing) 

Solid content in cow dung About 18% 

Gas yield 0.34 m3 per kg of dry matter 

Biogas required for cooking 0.227 m3/person/day 

Biogas required for lighting 100 candle power 

mantle lamp 

0.126 m3/hour 

Density of slurry Varies with water content (~ 1090 kg/m3) 

Retention time Around 50 days 

Biogas plant producing 2m3/day could replace Fuel equivalent of 26kg of LPG 

  

III. RESULTS AND DISCUSSION 

Required temperature inside the digester is about 39
o
C to 40

o
C for maximum biogas productivity which is maintained with the help 

of heat exchanger. The inlet temperature during winter condition drops down to about 70C in New Delhi. According to the latitude 

and longitude of New Delhi angle of declination came out to be -23.05o using the cooper’s relation, hour angle was 63.71o (eq. 2.3) 

and the extra-terrestrial intensity was 1409.19 W/m2 by using the solar constant value 1367W/m2. The angle of incidence is 80.2 

degree by using the geometry. At sunrise and at sunset, rays of the sun are parallel to the horizontal surface of any location on the 

earth therefore, the angle is of 90 degree. The maximum duration of sunshine during the day is 10.21 hours/ days during the winter 

season. Amount of solar radiation falls on the glazing during the winter season was approximately 240 W/m2 (eq. 2.6).   
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Using the energy balance equation, the temperature of water comes out to be 100oC and the overall loss in heat transfer coefficient is 

1.5309 W/m2K in which the top loss coefficient, side loss coefficient and bottom loss coefficient is 1.312 W/m2K (eq. 2.10), 0.0686 

W/m2K (eq. 2.12) and 0.15 W/m2K (eq. 2.11) respectively. Temperature of cover is 21.9oC (eq. 2.8). 

Hence, the temperature achieved from the solar water heater is 100
o
 C which used to heat the biomass slurry. The exit temperature 

of hot water after heat transfer comes out to be 67oC (eq. 2.14) when heat capacity of both the fluids was equal. 

The value of overall heat transfer coefficient for biomass slurry and hot air atmospheric pressure varies from 400 to 550 W/m2k . 

This variation is due to variation in amount of water present in the digester. If the amount of water per kg of biomass is increased, 

then overall heat transfer coefficient will increase which tends to a value of 475 W/m
2
k. If water content is still increased further, 

then biogas formation will reduce because growth of bacteria responsible for biogas formation will reduce and our purpose will be 

dissolved. Also, if water content is also too less, the slurry will become acidic due to accumulation of biomass and hence, bacteria 

will die. For a Parallel flow HE, Logarithmic mean temperature difference comes out to be 53.365oC (eq. 2.16) using LMTD 

method in heat transfer. Using this value, area for heat exchanger was calculated as 1.7943 m
2
 (eq. 2.17). Mass of water required for 

the period of bright sunshine hours will be 4170.238 Kg (eq. 2.19). Hence, for standard diameter pipe for heat exchanger of 50.8 

mm, the length of pipe required comes out to be 11.248 m and number of turns required will be 183. 

 
Fig. 3: Variation of Area of parallel flow heat exchanger with respect to water content in digester 

For a Counter flow HE, Logarithmic mean temperature difference comes out to be 60oC (eq. 2.16) using LMTD method in heat 

transfer. Using this value, area for heat exchanger was calculated as 1.5959 m
2. Mass of water required for the period of bright 

sunshine hours will be 4170.238 Kg (eq. 2.19). Hence, for standard diameter pipe for heat exchanger of 50.8 mm, the length of pipe 

required comes out to be 10 m and number of turns required will be 206. 

 
Fig. 4 Variation of Area of counter flow heat exchanger with respect to water content in digester 

Effectiveness of the heat exchanger comes out to be 35.48 % for same heat capacity rate. 
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IV. CONCLUSION 

Following conclusions can be made from the above study – 

By using solar air heater combined with heat exchanger, temperature of digester increased to an optimized value in the steady state 

condition. This method was very helpful in winter season to increase the temperature of the digester. The temperature of water came 

from water heater is of 100 degree celcius helps the heat exchanger to reduce the retention time of Biogas. During nights, ambient 

temperature of water decreased to 0oC therefore, some anti-freeze mixture is used like ethylene glycol. Using a counter flow heat 

exchanger instead of a parallel flow heat exchanger will decrease the area of heat exchanger and will make it more economical.  

If a temperature of around 39o C or 40o C is maintained, then it will lead to production of maximum amount of biogas for same mass 

flow rate of organic matter. ph between 6.5 to 7.5 should be maintained in order to avoid death of bacteria as too acidic will cause 

bacteria to die and too basic will delay the nucleation of bacteria. Continuous stirring in the digester should be done otherwise 

bacteria will stick at a single place and gas formation will decrease and will also to wastage of slurry. Organic matter should be 

added only after the completion of retention period of specific compound. In order to decrease the area for heat exchanger, the 

overall heat transfer coefficient should be increased which for the same mass flow rate of organic matter because if water content is 

increased the heat transfer coefficient will increase but if increased more than a limit, it will decrease the methane formation rate. 

Hence, a value of around 475 W/m2k is suggested. 
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VI. NOMENCLATURE 

A = area of heat transfer of heat exchanger (m2) 

Ap= area of absorber plate 

H1 = convective heat transfer coefficient of hot air (W/m2k) 

H2 = convective heat transfer coefficient of hot biomass slurry (W/m2k) 

hac= overall heat transfer coefficient between atmosphere and glazing 

hcp= overall heat transfer coefficient between cover and absorbing plate 

Iext= extra-terestial Radiation 

Io= amount of solar radiation fall on cover (glazing) 

Isc= solar constant 

ki= thermal conductivity of insulation 

kp= thermal conductivity of plate 

kt= thermal conductivity of tube 

L= length of water tubes 

L1XL2XL3= dimension of absorber plate 

LAT= solar time or local apparent time 

mc = mass flow rate of cold fluid i.e., biomass slurry (kg/sec) 

mh = mass flow rate of hot fluid i.e., water (kg/sec) 

m = mass of water required for heat transfer 

N= number of days from 1st January 

n = number of turns of heat exchanger pipe 

p = number of passes  

Q = heat transfer rate (W) ݍ௧= heat lost from top of collector ݍ௧,,= heat flux from the top of absorber plate 
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r1= inner radius of tube 

r2= outer radius of tube 

S = percentage of water content inside the digester (%) 

Ta = ambient temperature ܶ= temperature of cover plate 

Tci = initial temperature of cold fluid i.e., biomass slurry 

Tce = final temperature of cold fluid 

Thi = initial temperature of hot fluid i.e., atmospheric air 

The = final temperature of hot fluid ܶ= average temperature of atmosphere and absorbing plate 

Tw=temperature of water in tube 

td= maximum duration of sun hours per day 

U = overall heat transfer coefficient between biomass slurry and hot air (W/m2k) ܷ= Bottom loss heat transfer coefficient ௦ܷ= side loss heat transfer coefficient ௧ܷ= top loss heat transfer coefficient ߪ= Stefan’s Boltzmann constant  

δ= Angle of Declination 

δb= thickness of bottom insulation of flat plate collector 

δp= thickness of absorber plate 

δs= thickness of side insulation material of flat plate collector ߝ= emissivity of plate ߝ= emissivity of glass 

φ= Angle of Latitude 

ω=Hour angle 

θi= angle of incidence 

ρ = density of biomass slurry (kg/m3) 

ΔTm = Logarithmic mean temperature difference (oC) 

ΔK.E = change in kinetic energy 

ΔP.E = change in potential energy 

ΔH = change in enthalpy 
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