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Abstract: The global transition to cleaner energy requires strategies that reduce carbon dioxide emissions while 

maintaining reliable energy supply. This study developed and validated mathematical models to predict the calorific value 

and CO₂ emissions of natural gas–dimethyl ether (DME) mixtures across compositions ranging from 0% to 100% DME. 

Using ideal gas thermodynamics and differential carbon accounting, the models were implemented in Microsoft Excel for 

accessibility and practical application. Results show that DME blending increases volumetric energy density almost 

linearly, with each 10% DME addition raising energy density by about 3.8% and achieving a 38% increase at 100% DME 

compared to pure natural gas. This reduces volumetric flow requirements, offering advantages over hydrogen blending. 

The CO₂ model, based on lifecycle assessment, indicates that emissions depend primarily on the DME production pathway. 

Renewable Power-to-X routes using offshore wind can reduce emissions to 8.1 gCO₂eq/MJ—an 85% reduction relative to 

natural gas—while fossil-based routes may exceed 200 gCO₂eq/MJ. Although experimental validation is still needed, the 

models align with thermodynamic theory and literature benchmarks. Overall, natural gas–DME blending represents a 

viable, low carbon fuel bridge technology for lowering emissions, particularly when supported by renewable production 

pathways and effective policy frameworks. 
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I. INTRODUCTION 

 

The global energy system faces the dual challenge of 

meeting increasing energy demands while reducing 

catastrophic climate change. Natural gas consumption hit a 

record 4,166 billion cubic meters (bcm) in 2024, growing by 

2.9%, mainly driven by China, Russia, and the United States, 
which together accounted for nearly 60% of the additional 

demand [1]. Although natural gas is the cleanest-burning 

fossil fuel, it still significantly contributes to greenhouse gas 

emissions, with the energy sector responsible for about 75% 

of global emissions [2]. Dimethyl ether (DME) has become a 

promising alternative fuel with strong potential to lower 

emissions and support energy transition. The global DME 

market, valued at USD 9.41 billion in 2023, is expected to 

reach USD 20.32 billion by 2032, growing at a compound 

annual rate of 9.0%, with Asia-Pacific holding 64.4% of the 

market share [3]. Blending DME with natural gas offers an 
innovative decarbonization path that exploits their 

complementary fuel qualities. Studies show that DME 

combustion can cut CO₂ emissions by 5.2–18.3% for pure 

applications, with well-to-wheel emissions as low as 67.7 g 

CO₂/MJ compared to 90.0 g CO₂/MJ for diesel [4]. 

Calorific value, which quantifies the energy released 

upon complete combustion of a fuel, serves as a fundamental 

parameter for assessing fuel performance and designing 

energy systems. Understanding how this property behaves in 

fuel blends is essential for optimizing energy output, ensuring 

system compatibility, and predicting operational 

requirements. Similarly, accurate prediction of carbon dioxide 
emissions from these mixtures requires approaches that 

account for both direct combustion emissions and lifecycle 

considerations, particularly given the diverse production 

pathways available for dimethyl ether synthesis. 

 

Natural gas and dimethyl ether possess distinct chemical 

and physical properties that directly influence their 

combustion behavior and emission profiles. Natural gas, 

predominantly composed of methane with varying 

proportions of higher hydrocarbons, exhibits calorific values 

typically ranging from 34 to 52 megajoules per cubic meter, 
depending on composition, producer quality, and regional 

characteristics. This variability reflects the heterogeneous 

nature of natural gas sources worldwide [5, 6]. In addition, the 

combustion of natural gas produces carbon dioxide emissions 
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at rates ranging from 0.05 to 0.0567 kilograms of carbon 
dioxide per megajoule of energy released, [7 – 9]. 

 

Dimethyl ether, with the chemical formula C₂H₆O, 

presents different combustion characteristics that make it 

attractive for blending applications. Its volumetric calorific 

value ranges from 59.2 to 59.4 megajoules per cubic meter, 

notably higher than natural gas on a volumetric basis. A study 

by Pamungkas et al. [10] established that dimethyl ether 

combustion produces near-zero soot emissions, distinguishing 
it as a clean-burning fuel. However, according to Styring et al. 

[4], Uddin et al. [11], and Lu et al. [12] the complete 

environmental profile of dimethyl ether depends critically on 

its production pathway, which can range from conventional 

fossil-based synthesis to renewable power-to-X technologies 

utilizing captured carbon dioxide and green hydrogen. 

 

Table 1 compares natural gas and dimethyl ether properties. 

 

Table 1 Comparison of Natural Gas and Dimethyl Ether Properties 

 Natural Gas (NG) / Methane (CH₄) Dimethyl Ether (DME) Source 

Chemical Formula CH₄ CH₃–O–CH₃  

Molecular Weight 16 46  

Oxygen Content  ~34.8% Of Its Mass [12] 

Carbon-Carbon (C-C) Bonds Present Absent  

Oxygen-To-Carbon (O/C) Ratio Lower High  

Particulate Emissions Higher Significantly Reduced [12] 

Reactivity  Highly Reactive [13] 

CO₂ Emissions Per Mole 1 Mole CO₂ 2 Moles CO₂  

Lower Heating Value (LHV) ~50-55 MJ/Kg (Gross Heating Value) ~28 MJ/Kg [6] 

Energy Density on Mass Basis Higher Lower  

Production Feedstocks Fossil Fuel Natural Gas, Coal, Biomass, CO₂  

 

Despite growing recognition of DME's potential and 
widespread natural gas utilization, significant knowledge gaps 

persist regarding fundamental properties and environmental 

performance of natural gas-DME fuel mixtures, creating 

substantial barriers to optimization, commercialization, and 

policy support. Insufficient quantitative understanding exists 

regarding how calorific values vary across the full range of 

blending ratios. While pure component properties are well-

documented, non-ideal thermodynamic interactions between 

natural gas constituents and DME molecules remain 

inadequately characterized. The absence of validated 

predictive models represents a significant impediment to fuel 
development. The relationship between blend composition 

and carbon dioxide emissions during combustion has not been 

comprehensively modeled. Although studies demonstrate that 

pure DME produces lower CO₂ emissions than conventional 

fuels [4], the emissions profile of mixed fuels depends on 

complex combustion chemistry. Predictive models accounting 

for these variables are absent, creating uncertainty in 

environmental assessments. Critical questions regarding 

optimal blending ratios require answers grounded in accurate 

property predictions. 

 
Hence the focus of this study is to develop and validate 

comprehensive mathematical models for predicting the 

calorific values and carbon dioxide emissions of natural gas 

and dimethyl ether mixtures across varying composition 

ranges, providing essential tools for fuel characterization, 

environmental assessment, and optimization supporting global 

energy transition. 

 

II. MATERIALS AND METHODS 

 

The predictive model for calorific values and carbon 

dioxide (CO2) emissions of natural gas and dimethyl ether 
(DME) mixtures developed in this study is based on an 

integrated theoretical framework. The first component is the 
assumption of an ideal gas mixture for calculating volumetric 

calorific value. This is in line with the thermodynamic 

principles of an ideal gas mixture. According to Balmer [14], 

if the components of the mixture behave as an ideal gas, or 

the whole mixture behaves as an ideal gas, then all extensive 

properties are additive, and the partial specific properties 

reduce to the component-specific properties which then help 

produces simple working equations for all the intensive 

properties (v, u, h, and s) of the mixture. 

 

The Second component is the use of a differential 
carbon accounting framework. For natural gas, the model 

assumes direct combustion emission, which is consistent with 

the U.S Environmental Protection Agency (EPA) standard 

for natural gas emission factor. While for DME, the model 

incorporates net carbon dioxide (CO2) emissions based on the 

carbon footprint lifecycle i.e., the carbon dioxide used and 

emitted in its production process, and end-usage emissions. 

This lifecycle assessment of DME has been established by 

multiple literatures on the utilization of CO2 for DME 

production [4]. 

 
The model was implemented in MS Excel for its 

accessibility and ease of deployment. Comparisons were 

done conceptually with the work of Zacepins et al. [15] 

although not directly applicable to DME, as gas mixture 

analysis. Their work on the economic modeling of natural 

gas and hydrogen gas mixture, includes the prediction for 

calorific values of the mixture and carbon reduction due to 

%volume of hydrogen added to the natural gas fuel system. 

This helps to provide the concept, in which the mathematical 

framework for the predictive model of this study for calorific 

values and CO2 emissions of natural gas-DME mixture is 

formulated. For this study, the net CO2 emission factor or 
well-to-wheel carbon footprint of DME data was adapted 
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from the study by Styring et al. [4] which provides specific 
data points for the well-to-wheel carbon footprint of DME 

produced from different pathways. Tables 2 and 3 show the 
CO2 emission factors of natural gas and DME.  

 

Table 2 Range of CO2 Emission Factors of Natural Gas 

 

Table 3 Net CO2 Emissions Factor of DME When it is Produced Using Different Pathways 

Electricity 

source for DME 

production 

Heat source 

for DME 

production 

CO2 source WTW footprint 

(EU grid for CO2 

capture) 

[gCO2eq/MJ] 

Reduction 

over fossil 

comparator 

WTW footprint 

(renewables for 

CO2capture) 

[gCO2eq/MJ] 

Reduction 

over fossil 

comparator 

Offshore wind Steam Bioethanol 21.2 77% 17.8 81% 

Offshore wind Steam DAC 44.7 53% 18.5 80% 

Photovoltaic Steam Bioethanol 51.4 45% 48.0 49% 

GB electricity Steam Bioethanol 124.9 Increased 121.6 Increased 

Gb electricity Steam DAC 148.4 Increased 122.2 Increased 

NL electricity Steam Bioethanol 204.1 Increased 200.8 Increased 

FR electricity Steam Bioethanol 38.9 59% 35.5 62% 

BE electricity Steam Bioethanol 95.1 Increased 91.8 2% 

Offshore wind Natural gas Bioethanol 18.2 81% 14.8 84% 

Offshore wind MWI Bioethanol 11.4 88% 8.1 91% 

Source: Styring et.al, [4] 

 

The mathematical framework for the model was 

conceptually adapted from [4] with an assumption of ideal 

gas fuel mixing principles and some modifications which 

were made to be applicable for natural gas and dimethyl ether 

(DME) mixture. The equations are as follows: 
 

The volume of the pure components in the blend is 

calculated based on the total blend volume, which is a 

function of time (t) and consumption speed (V): 

 

                                                               (1) 

 

                     (2) 

 

                                              (3) 

 

Where: 

 

Vblend = Volume of mixture/blend (m3); t = time of fuel 

consumption (hours); 

 

V = Consumption speed (m3/s); XNatural gas = amount of 

natural gas in the blend (%); 

 
XDME = amount of DME in the blend (%); VNatural gas = 

Volume of natural gas in the blend (m3); VDME = Volume of 

DME in the blend (m3). 

 

The calorific value of the blend (CVblend) is calculated 

using a linear additive rule based on the volumetric fractions. 

 

(4) 

 

Where: 

 

CVblend = calorific value of the blend/mixture (MJ/m3); 

 
CVNatural gas = calorific value of natural gas (MJ/m3); 

 

CVDME = calorific value of DME (MJ/m3) 

 

The CO2 emissions model is formulated based on the 

differential carbon accounting framework. The total 

emissions of the blend (CO2blend) are a summation of the 

contributions from each component 

 

  (5) 

 

Where: 

 
CO2 Fuel mixture = Combustion emission of gas blend/mixture (g 

CO2e); 

 

CO2 Natural gas combustion = Direct combustion emission from 

natural gas (gCO2e); 

 

Emission factor (kg CO2 per MJ) Sources 

0.05 [7] 

0.0564 [8] 

0.0561 [9] 

0.056 [16] 

0.055 [17] 
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CO2 DME, = net lifecycle emission from DME (gCO2e). This 
value can be negative 

 

For comparative analysis, the model also calculates the 

potential calorific value and CO2 emissions if only pure 

natural gas were used, as well as the resulting changes from 

blending. 

 

                   (6) 

 

 

   (7) 

 

             (8) 

 

           (9) 

 

   (10) 

 

(11) 

 

 (12) 

 

(13) 

 

Where: 

 

CVpotential = Potential heating value without DME in the blend 

(MJ/m3); 

 

Potential CO2 from natural gas combustion = Potential CO2 emissions 
of fuel mixture without DME (gCO2e); 

 

CVgained = Gained heat value by addition of DME (MJ/m3); 

 

Amountreduced = Reduced fuel mixture volume required to 

compensate for the gain of heat value (%); 

 

Volumereduced = Reduced fuel mixture volume required to 

compensate for the gain of heat value (m3); 

 

CO2 fuel mixture reduced = Reduced fuel mixture CO2 emission to 
compensate for volume of gas blend reduced (gCO2e) 

 

CO2 Potential of Fuel Mixture = potential fuel mixture CO2 emission 

of the same energy output as natural gas (gCO2e); 

 

CO2 Emission reduction = Amount of CO2 emission reduction due 

to (%) DME addition. 

 

The model relies on defined input parameters that were 

sourced from multiple studies. The model was implemented 

in MS Excel for ease of computation. The model input 

parameters are summarized in Table 4. 
 

 

 

Table 4 Range of CO2 Emission Factors of Natural Gas 

PROPERTY SYMBOL Range/Values 

Amount of Natural Gas in the Gas Blend (%) ANG 0-100 

Amount of DME in the Gas Blend (%) ADME 0-100 

Time of Combustion (s) t 21600 (6 hours) 

Consumption Speed (m3/s) V 0.00005 

Natural Gas Heat Value (MJ/m3) HVNG 34 - 52 

DME Heat Value (MJ/m3) HVDME 59.2 – 59.4 

Natural gas combustion CO2 emission (gCO2eq/MJ) NGC02 50-56.7 

DME net CO2 emission (gCO2eq/MJ) DMECO2 8.1 – 204.1 

 

With all input data entered, the next step was to 

calculate the calorific values and CO2 emissions of the fuel 
mixture, and other properties (established in the 

mathematical formulation) using the input data. Furthermore, 

a comparative analysis was done to evaluate the differences 

in calorific values between natural gas and natural gas-DME 

blend. 

 

Finally, a comparative analysis was conducted to 

evaluate the CO2 emissions of the fuel mixture based on 

DME production pathways. This was done by varying the 

concentrations of DME in the blend while selecting different 
production pathways. 

 

III. RESULTS AND DISCUSSION 

 

For the presentation of calculations and predictive 

model results, an Excel interface was developed. This 

interface allows users to change several parameters, such as: 

amount of DME in the fuel mixture, consumption speed of the 
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fuel mixture, calorific values, CO2 emission factor, and DME 
production pathways. Figure 1. illustrates the User input. 

Figure 2 shows the model result for 20% of DME in the fuel 

mixture using the mid-range values of 43 MJ/m³ for natural 

gas and 59.3 MJ/m³ for DME, when the DME production 

pathways is: Solar photovoltaic as electricity source for DME 
production plant, steam as heat source for DME production, 

EU grid as electricity source for carbon capture technology, 

and Bioethanol plant as the source of bulk CO2. 

 

 
Fig 1 User Input Interface 

 

 
Fig 2 Result Interface for the Model 
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 Impact of Natural Gas and DME Blending on Calorific Value 
Figure 3 shows that the calorific values of the fuel mixture (gas blend) increase with an increase in the percentage of DME. 

 

 
Fig 3 Impact of Varying % DME on Calorific Value. 

 

The modeling results demonstrate a clear positive linear 

relationship between DME concentration and the volumetric 

calorific value of the fuel mixture (gas blend), as illustrated in 

Figure 3. This trend is consistent with fundamental 

thermodynamic principles governing ideal gas mixtures and is 

due to the substantial difference in volumetric energy 

densities between the two fuel components. With natural gas 

exhibiting a calorific value range of 34-52 MJ/m³ and DME 
ranging from 59.2-59.4 MJ/m³, the addition of DME 

systematically elevates the energy content per unit volume of 

the blend. 

 

The rate of calorific value increase, represented by the 

slope of the relationship in Figure 3, is directly proportional to 

the differential between the selected natural gas and DME 

calorific values. For instance, when using mid-range values 

(43 MJ/m³ for natural gas and 59.3 MJ/m³ for DME), each 

10% volumetric addition of DME increases the blend’s 

calorific value by approximately 1.63 MJ/m³. This translates 

to a 3.8% improvement in volumetric energy density for every 
10% DME substitution. At maximum DME concentration 

(100%), the energy density increases by approximately 38% 

compared to pure natural gas at these reference values. 

 

This quantitative enhancement has profound 

implications for fuel consumption efficiency. Achieving 

equivalent energy delivery with the natural gas – DME (NG-

DME) blend requires a proportionally reduced volumetric 

flow rate. For a 20% DME blend under the specified 

conditions, the model predicts a volume reduction of 

approximately 7.6% to deliver the same total energy as pure 
natural gas. This phenomenon is contrary to natural gas-

hydrogen blending, where hydrogen’s lower volumetric 

energy density (approximately 12.3 MJ/m³) necessitates 

increased flow rates to maintain equivalent energy output 

[15]. 

 

DME blending offers notable volumetric efficiency 

benefits but also poses infrastructure challenges. Reduced 

flow rates for the same energy output can: 
 

 Ease pressure on transmission networks, extending 

capacity. 

 Boost storage energy density, improving energy security. 

 Lower volumetric fuel use in end applications, enhancing 

efficiency. 

 

However, existing natural gas systems are designed for 

methane’s combustion behavior. DME’s higher cetane 

number, different air-fuel ratios, and altered flame 

characteristics require system adjustments [18]. A thorough 
infrastructure assessment should include experimental tests 

for combustion stability, efficiency across blend ratios, safety 

evaluations, and cost–benefit analyses—especially for large-

scale industrial and power generation systems where 

reliability is critical. 

 

 Impact of DME Blending on Carbon Dioxide Emissions 

The analysis of CO₂ emissions from NG-DME blends 

reveals a critically important finding: the environmental 

performance of these fuel mixtures is not inherently 

determined by the DME component itself, but rather is 

fundamentally contingent upon the production pathway 
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employed for DME synthesis. This conclusion, supported by 
the comparative analysis presented in Figure 4, demonstrates 

that the relationship between DME concentration and net 

carbon emissions can be either strongly negative (indicating 

substantial emissions reductions) or strongly positive 

(indicating emissions increases) depending exclusively on the 

carbon intensity of the DME production process. 

 

For DME produced via renewable energy-based Power-

to-X pathways, the model predicts significant and progressive 

emissions reductions as DME concentration increases: 

 

 Offshore Wind + Microwave Irradiation (MWI):  

This pathway, with a well-to-wheel carbon footprint of 

only 8.1 gCO₂eq/MJ (as reported by Styring et al., 2022), 

represents the most environmentally favorable production 

route. At 20% DME concentration, this pathway achieves 

approximately 17% CO₂ emissions reduction compared to 

pure natural gas. At 50% DME, emissions reductions exceed 

42%, and at 100% DME (representing complete displacement 

of natural gas), emissions are reduced by approximately 85% 

relative to pure natural gas combustion. 

 

 Offshore Wind + Natural Gas Heat and Offshore Wind + 

Steam:  

These pathways, with carbon footprints of 14.8 and 17.8 

gCO₂eq/MJ respectively, also deliver substantial emissions 

reductions, though somewhat less dramatic than the MWI 

pathway. For a 50% blend, these pathways achieve 

approximately 35-40% emissions reductions. 

 

 Solar Photovoltaic + Steam:  
This pathway (48.0 gCO₂eq/MJ) provides moderate 

emissions reductions, with a 50% blend achieving 

approximately 14-16% reduction compared to pure natural 

gas. Conversely, DME produced using carbon-intensive 

electricity grids results in emissions increases rather than 

reductions: 

 

 GB (Great Britain) Electricity + Steam:  

With a carbon footprint of 121.6 gCO₂eq/MJ, this 

pathway produces net emissions significantly higher than 

natural gas combustion (approximately 50-56 gCO₂eq/MJ). A 
50% blend using this DME production pathway would result 

in approximately 55% higher emissions compared to pure 

natural gas. 

 

 NL (Netherlands) Electricity + Steam:  

This represents the most carbon-intensive pathway 

examined (200.8 gCO₂eq/MJ), with 50% blending resulting in 

emissions increases exceeding 100% compared to pure natural 

gas baseline. 

 

These findings conclusively demonstrate that the 
descriptor “clean” or “green” for DME is misleading without 

explicit specification of production pathway. The 25-fold 

variation in well-to-wheel carbon footprints (from 8.1 to 204.1 

gCO₂eq/MJ) across different production routes indicates that 

production methodology, rather than fuel chemistry alone, 

determines environmental outcomes. 

 
Fig 4 Comparison of Fuel Mixture Emission Based on DME Production Pathways 
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 Comparison of Fuel Mixture to Natural Gas-Hydrogen 
Mixture Based on the Amount of Energy Released 

The model’s result in Figure 2 shows a reduction in the 

fuel mixture volume if the same energy output, i.e., the 

potential calorific value of 100% natural gas fuel, is to be 

considered. Figure 5 shows the comparison for the same 

energy output between a natural gas-hydrogen fuel mixture 

(the values were adapted from the model built by Zacepins et 

al. [15] and a natural gas-dimethyl ether (DME) mixture in 
this study. The blue bar represents the volume of 100% 

natural gas, while the yellow bar shows the resulting volume 

after adding either hydrogen or DME. Notably, hydrogen 

addition increases the volume, whereas DME addition 

decreases it, reflecting their differing energy release 

characteristics compared to pure natural gas. 

 

 
Fig 5 Comparison of Volume Used Based on the Amount of Energy Released 

 

 Model Validation and Comparison with Published  

Literature 

Although no experimental data currently exist for 

natural gas–DME mixtures, the model’s predictions align with 
thermodynamic theory and observed behavior in similar fuel 

systems, supporting its validity. The linear relationship 

between blend composition and calorific value reflects the 

additive nature of energy in ideal gas mixtures [14]. 

Comparison with the natural gas–hydrogen model by 

Zacepins et al. [15] shows consistent similarities and 

relationships, with differences in volumetric flow reflecting 

the distinct energy densities of hydrogen and DME—further 

reinforcing the model in this study theoretical basis. 

 

The emissions model in this study aligns closely with 
empirical lifecycle data, using pathway-specific carbon 

footprints from Styring et al. [4] who conducted detailed well-

to-wheel analyses for nine DME production routes. Similar 

studies by Lu et al. [12] and Issayev et al. [13] further confirm 

DME’s high reactivity, strong energy contribution, and 

efficient combustion—reinforcing the reliability of this study. 

Furthermore, the predicted CO₂ reductions for renewable 

DME match findings by Kim and Boehman [19] who reported 

about 50% lower emissions for DME-glycerol blends, and 

Rossi et al. [20] who observed similar benefits in LPG/DME-

fueled Euro 6 vehicles. 

 

IV. CONCLUSION 

 

This study developed and validated mathematical 

models for predicting the calorific value and CO₂ emissions of 
natural gas–DME mixtures across different blend ratios. The 

models fill key gaps in existing research and provide useful 

tools for evaluating fuel performance and environmental 

impact in the context of global energy transition goals. 

 

Results show that DME blending increases the heating 

value of natural gas in a nearly linear pattern—each 10% 

DME addition raises energy density by about 3.8%, and a 

100% DME blend provides roughly 38% more energy per unit 

volume than pure natural gas. This means less gas volume is 

needed to deliver the same energy, unlike hydrogen blends, 
which increase flow requirements. 

 

The CO₂ emissions model, based on lifecycle 

assessment, demonstrates that environmental outcomes 

depend heavily on how DME is produced. Renewable Power-

to-X routes using wind energy can cut emissions by over 

85%, while fossil-based electricity sources may raise them. 

This underscores the fact that production pathway and not just 

fuel chemistry play a critical role in determining true 

environmental impact. 
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Though direct experimental validation is still lacking, 

the models align well with thermodynamic theory and 

comparable fuel systems, making them reliable theoretical 
tools. Their insights support fuel design, infrastructure 

planning, and policy development, while also guiding future 

experimental studies. 
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