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Abstract. The research paper presents theoretic analysis and simulation results of biogas specific heat capacity 
and density dependence on biogas content and temperature. The research results indicate that methane content 
has inverse impact on density – the density decreases by 16..19 % when the methane concentration increases 
from 50 % to 75 %. Specific heat capacity of biogas increases, when the methane concentration increases – by 
17 % when the methane concentration increases from 50 % to 75 %. When biogas is being upgraded using a 
passive drier – a heat exchanger, and water vapor is removed, both the density and specific heat capacity 
decrease. The knowledge gathered is important for designers calculating biogas heat exchangers and passive 
driers.  
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Introduction 

Biogas production is becoming a more and more important part of renewable resources based 
energy supply system, as it helps develop more independent economy and at the same time reduces 
environment pollution. The major biogas production systems are using the anaerobic mesophilic 
process [1] and different biomaterials, including wild growing (grass, reed [2]), specially grown 
(maize, sugar beet) and even waste, are being used as raw materials. At the same time biogas differs 
substantially from natural gas as it includes not only methane CH4 as the main component, but also 
carbon dioxide CO2, water vapor H2O, and minor components, which can be rather aggressive  (like 
H2S, SO2, NH3) [3].  

Removal of some contaminates is requested by further usage of gas, especially if it takes to be 
used for co-heating plants (CHP) using internal combustion engines (ICE) [4]. The process called 
biogas upgrading has lot of variations depending on the quality of the final product and components to 
be removed [5]. 

Major parts of all biogas upgrading processes require additional energy consumption, which at the 
end increase the overall costs, but there are solutions, which do not require additional energy to drive 
(so called passive biogas upgraders), rather just  investments in equipment and temperature difference 
between biogas and cooling environment, e.g., air, water or ground [6]. Such passive biogas upgrader 
(heat exchanger) allows to remove water vapor and decrease concentration of aggressive components 
H2S, SO2, NH3, as they dissolve at some extent in the water condensate.   

The aim of the research was to evaluate the thermal properties of biogas before it enters the 
passive biogas upgrader (PBU), with the biogas thermal properties after the PBU. Understanding the 
specific heat and density changes will allow to create optimized construction of PBU. 

Specific heat capacity concept 

Specific heat capacity c is is the amount of heat required to change a unit mass of a substance by one 
degree in temperature. It can be expressed as: 

 ,
Tm

Q
c

∆
=  (1) 

where:  c – particular substance specific heat capacity, J·kG-1·K-1 
 Q – amount of heat supplied to or removed from the substance, J; 
 m – mass of the substance, kG. 
 T∆  – temperature difference when cooling or heating the object, K. 

Biogas is a substance with variable concentration of the main components, and depends on 
numerous external factors, including the biomass type and preprocessing level, microbiological 
composition in the digester, technological process particularities (mixing intensity, temperature, etc.). 
In line with concentrations fluctuation, the thermodynamic properties of biogas are fluctuating, but 
this process is not linear as there are several components which change their volumes. 
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The additional challenge for passive biogas upgrader developers, which use temperature 
differences between biogas and outside environment, is related to the water vapor condensation within 
the heat exchanger of PBU. This process is the major for water vapor removal from biogas, and needs 
some energy, but at the same time decrease of water vapor and few additional component 
concentration in biogas changes the biogas specific heat capacity. 

Biogas at the exit of the digester has 100 % relative moisture content, and absolute moisture 
content depending on temperature (if the mesophilic biodegradation process is used, biogas 
temperature is around 38 ºC). With the decrease of biogas temperature instant water condensation 
takes place, and if only temperature is decreasing, at the exit of the PBU heat exchanger the relative 
moisture content is still 100 %, but the absolute moisture content decreases substantially.  Water 
content in the air is 46.1 g·m-3, when biogas temperature is +38 ºC, but decreases to  8.16 g·m-3, when 
biogas temperature decreases to +10 ºC (Fig.1, and (1) equation developed from [7], R2 = 0.9996). 

M = 0.0006T
3 + 0.0014T

2 + 0.3304T + 4.4721 ,  (2) 

where M – mass of water in the air, g·m-3; 
T – temperature,, ºC. 

 
Fig. 1. Content of water in the air with different temperatures (100 % relative moisture) 

Thus, when biogas is cooled from +38 ºC to +10 ºC, water condensate with the mass M = 46.1- 
-8.16 = 38.94 g is removed from each cubic meter of biogas. 

Biogas transfer through the heat exchanger cannot be described either as an adiabatic process, 
because water condensate is being removed instantly after it occurs, or a purely isochoric process, 
because the biogas volume after water condensation changes both the density and volume. In this 
research, the isochoric approach was explored. 

Specific heat capacity of biogas can be calculated using weighted average formula:  

 i

Vi

biogas

V CxC ∑= , (3) 

where  CV
biogas– specific heat capacity of biogas; 

 xi – volume fraction of each biogas component i; 
 CV

i – specific heat capacity of each biogas component i. 

Materials and methods 

Theoretic analysis using available information about specific heat capacity of different gases was 
carried out. Simulation of specific heat capacity and specific weight for different biogas compositions, 
where the main changing components are methane and carbon dioxide, as well as water vapor 
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variation due to condensation, was provided. Two main measurement points – the first before biogas 
enters the passive dryer – heat exchanger, and the second at the exit of the heat exchanger, were set. 
Biogas is entering and exiting the heat exchanger with 100 % relative moisture content, entrance 
temperature +38 ºC, exit temperature +10 ºC. 

Biogas composition and densities of each component used in the simulations are presented in 
Table 1. 

Table 1 
Biogas components, volume, % 

volume in biogas, % 
Component 

min max 
Density, 

kG·m
-3

 

Methane CH4 50 75 0.688 
Carbon dioxide CO2 25 45 1.842 

Water vapor H2O 2 7 0.0463 
Oxygen O2 1 2 1.33 
Nitrogen N2 1 2 1.165 

Ammonia NH3 0.5 1 17.031 
Hydrogen H2 0.5 1 2.016 

Hydrogen sulfide H2S 0.5 1 34.076 
 

Specific heat capacity calculation formulas for the major biogas components were obtained. 
Methane specific heat capacity can be calculated, using the equation [7]: 
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where  TK – critical temperature for methane, TK = 190.65 K; 
 T – methane temperature, K. 

Specific heat capacity for water vapor can be calculated, using the equation [8]: 

 ,18/)6989.3751.8254.18305.143( 5.025.0
2 θθθ ⋅−⋅+⋅−=OHC  (5) 

where  θ – critical temperature coefficient, θ = T / 100. 

Specific heat capacity for carbon dioxide can be calculated, using the equation [8]: 

 44/)024198.01034.4529.307357.3( 25.0
2 θθθ ⋅+⋅−⋅+−=OC  (6) 

Specific heat capacity for oxygen can be calculated, using the equation [8]: 

 32/)88.23657.178020102.0432.37( 25.15.1
2

−− ⋅+⋅−⋅+= θθθOC  (7) 

Specific heat capacity for nitrogen can be calculated, using the equation [8]: 

 28/)4.8207.107279.51206.39( 325.1
2

−−− ⋅−⋅+⋅−= θθθNC  (8) 

Specific heat capacities of other minor components will be used as constant values, not depending 
on temperature, thus CNH3 = 2.19 kJ·kG-1·K-1, CH2 = 14.32 kJ·kG-1·K-1, and CH2S = 1 kJ·kG-1·K-1. 

Results and discussion 

The simulation results of biogas density in two measurement points and different methane 
concentrations are presented in Fig. 2.  

The chart shows that biogas density strongly depends on the methane concentration – with 
methane share in the biogas increase from 50 % to 75 % biogas density decreases by 16.8 % at the 
heat exchanger entrance, and by 19.5 % at the heat exchanger exit. The difference between the two 
numbers is because of water condensation within the heat exchanger and partial soluble gases removal 
together with water. The observation also shows that the density of biogas with a higher methane 
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concentration is decreasing by larger extent – by 16.68 %, if the methane concentration is 75 % in 
comparison with 13.87 % for biogas with 50 % methane concentration. 

 
Fig. 2 Biogas density dependence on methane concentration at dryer entrance and exit 

The simulation results of the specific heat capacity of biogas with different methane 
concentrations are presented in Fig. 3. 

 
Fig. 3 Biogas specific heat capacity dependence on methane concentration  

at dryer entrance and exit 

The simulation results show that biogas specific heat capacity strongly depends on the methane 
concentration – with methane share in the biogas increase from 50 % to 75 % the biogas specific heat 
capacity increases by 16.99 % at the heat exchanger entrance, and by 17.61 % at the heat exchanger 
exit. Biogas at the entrance from the dryer has by 6..7 % higher specific heat capacity than at the exit – 
so it will take less energy to heat up the biogas after the passive dryer before entering other steps of the 
upgrading system. 
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Raw biogas coming out from the digester is denser and with higher specific heat capacity – it has 
higher overall enthalpy. Processing using a simple heat exchanger, which upgrades biogas – reduces 
water vapor content and contamination with soluble aggressive gases, reduces also the specific heat 
capacity of biogas. Even a small multistage heat exchanger installed on the exit of the biodigester can 
remove substantial amounts of water vapor if condensed water is being removed. 

As the described biogas upgrading process is close to isochoric, biogas pressure after heat 
exchanger decreases, and power requirements for biogas pumps decrease as the density decreases also. 
These are very important factors to take into account when biogas heat exchangers are designed. 

Conclusions 

1. Biogas density depends on the methane concentration – it is inversely proportional to the methane 
amount in biogas. When water vapor is removed, the biogas density decreases also – by 13..16 %, 
if biogas is being cooled from +38 ºC to +10 ºC. 

2. Specific heat capacity of biogas is calculated as weighted average of all component specific heat 
capacities, which are non-linearly depending on biogas temperature. With temperature decrease 
from +38 ºC to +10 ºC, the specific capacity decreases by 6..7 %, thus in line with water vapor 
removal the energy needed to heat biogas up will decrease. 

3. Biogas density and specific heat capacity changes must be taken into account when passive biogas 
upgraders – heat exchangers are being designed. 
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