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Abstract 

This paper compares the greenhouse gas (GHG) emissions attributed 

to driving a popular production vehicle powered by an internal 

combustion engine (ICE), as well as a hybrid electric vehicle (HEV), 

with GHG emissions associated with walking, running and bicycling. 

The purpose of this study is to offer a different perspective on the 

problem of global warming due to anthropogenic causes, specifically 

on transportation and eating patterns. In order to accurately estimate 

emissions, a full life cycle of food has been considered coupled with 

energy expenditures of the aforementioned activities obtained from 

several different sources and averaged for more reliable results. The 

GHG emissions were calculated for Sweden, the UK, and the US. 

Depending on the availability of certain data, the methodology for 

different countries was altered slightly. The question whether 

walking, running or taking a bicycle is better for the environment 

than driving a car cannot be answered uniquely. This study 

demonstrates that the answer depends on several factors, such as diet 

composition, the number of people commuting, vehicle powertrain, 

as well as the country analyzed. The conclusion is that if one has an 

eco-friendly diet and travels alone the preferred modes of transport 

would be bicycling, walking and running, the cleanest of which by far 

is bicycling. However, if the diet has a higher CO2 footprint, as in the 

case of diets containing a large amount of meat and/or imported 

products, then the preference shifts towards cars, among which the 

most environmentally friendly are hybrid electric vehicles. The same 

conclusion applies to the cases where the number of people 
commuting together exceeds two-three persons. 

Introduction 

Cars powered by internal combustion engines have long been 

associated with greenhouse gas emissions. It has been a subject 

undergoing intense study and a multitude of articles have been 

published encouraging the governments to ban ICE powered vehicles 

in favor of other means of transportation, such as battery-electric 

vehicles (BEVs), bicycles, or even walking/running [1-3]. However, 

the issue of environmental degradation due to anthropogenic causes is 

much more profound and has to be studied more thoroughly. In 

particular, the life-cycle GHG emissions of food needed to replenish 

calories burned while walking, running, bicycling and driving a car 

are rarely taken into account. This creates the misconception of the 

environmental consequences of different activities. The most typical 

assumption made when studying the benefits of human-powered 

modes of transportation is that they are almost or completely 

emission-free [4-6]. The benefits used to be described mainly in 

terms of the local emissions, such as carbon monoxide (CO), nitrogen 

oxides (NOx), and volatile organic compounds (VOCs). With the 

developments in engines and after-treatment system technologies in 

the automotive industry, the focus was shifted towards GHG 

emissions, the dominant of which is carbon dioxide (CO2).  This 

paper is aimed to put the GHG emissions attributed to the motorized 

and active transport into perspective, by comparing the amount of 

CO2e emitted per kilometer traveled walking, running, bicycling and 

driving a car. This is achieved by taking into account the energy 

expended by the human body performing the aforementioned 

activities, estimating the amount of food in the form of caloric 

content of different diets that need to be consumed in order to 

compensate for the energy loss associated with these activities, and 

the amount of GHG emitted in the production of the foods 

comprising the diets. The latter is calculated based on the Life Cycle 

Assessment (LCA) of the food. The caloric content of food in this 

study is taken from the USDA National Nutrient Database [7], which 

uses the Atwater Specific Factor System. This system already 

includes all the losses and inefficiencies associated with 

transformation of the total energy stored in the food into the form of 

energy used by human body to generate mechanical work. The details 

are given in the “Food Energy Content” section. 

 

The analysis described above enables the estimation of the amount of 

GHG (CO2e) emitted per distance traveled for different means of 

transportation, which allows a direct comparison of the emissions 

attributed to walking, running and bicycling with the emissions 

associated with driving a car, ICE powered or hybrid. The car 

emissions, in turn, are calculated based on the Well-to-Wheels 

(WTW) analysis, which can be assumed equivalent to LCA of foods 

in the context of the current paper. This assumption is justified later 

in the introduction. 

 

The following three countries are analyzed separately: (1) Sweden, 

(2) UK, (3) USA. The reason lies mainly in the drastically different 

GHG emissions associated with food production in different 

countries. The countries are selected based on the availability and 

reliability of the data needed for the analysis. It was also decided to 

develop different procedures of estimating GHG emissions of 

walking, bicycling, running and driving a car depending on the 

country it is applicable to. The reason for that was the scarcity of 

certain data for individual countries. On the other hand, this decision 

helped diversify the analysis. Methods used in this study are 

described in the “Methodology” section. 

 

In order to make a valid comparison between the emissions of 

human-powered transportation methods and the emissions 

concomitant with driving a car, the WTW emission values are taken 

for a vehicle with conventional powertrain (Opel Astra) and a hybrid 
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vehicle (Toyota Prius). WTW analysis evaluates: (1) GHG emissions, 

(2) Energy efficiency, (3) Industrial costs of different powertrains and 

fuels for automotive vehicles. It can further be split into two 

categories: (a) Well-to-Tank (WTT) analysis, and (b) Tank-to-

Wheels (TTW) analysis. 

(a) The WTT analysis estimates the energy required and GHGs 

emitted to deliver fuel to the on-board fuel tank of a vehicle. It covers 

all processes involved, including extracting, capturing or growing the 

primary fuel, its transportation, refinement into the road fuel, 

distribution and refueling of vehicles. Production costs and fuel 

availability are taken into account as well. 

(b) The TTW analysis estimates the energy required and GHGs 

emitted during the transformation of the fuel energy into mechanical 

energy in a vehicle in accordance with a reference driving cycle, which 

is the New European Driving Cycle (NEDC) [8] in this study. 

 

Particular emphasis should be put on the fact that WTW analysis is 

not the same as LCA of a vehicle, since it neglects the energy 

expenditure and GHG emissions associated with production of 

vehicles as well as construction of the factories and facilities 

involved, but focuses mainly on automotive fuels and powertrains. In 

the context of this study the LCA of foods and WTW analysis of 

vehicles are directly compared based on the fact that food can be 

viewed as a ”fuel” for a ”powertrain” that is human body. The final 

WTW GHG emissions obtained from this analysis are 151 gCO2e/km 

for a vehicle with a conventional powertrain (Opel Astra in this case) 

[9], 16% of which come from WTT emissions. For comparison, 

Toyota Prius is estimated to have WTW GHG emissions about 95 

gCO2e/km, which is 37% lower than that of Opel Astra [10]. WTT 

emissions of Prius still constitute about 16% of the total WTW 

emissions. The calculations are based on an adapted procedure 

suggested by the European Commission-Joint Research Center [11- 

12]. This procedure is presented in Appendix A. It should also be 

noted that the dietary CO2 emissions of the driver and the passengers 

were added to the WTW emissions of the vehicle itself. 

 

To accurately estimate the GHG emissions of an automobile with 

passengers the mass of the passengers is also considered. As the 

number of passengers increases the vehicle becomes heavier leading 

to a higher fuel consumption, which, in turn, results in higher CO2 

emissions. Relation between fuel consumption and the mass added to 

the vehicle was studied by Pagerit et al. at Argonne National 

Laboratory [13]. According to this study 10% increase in vehicle 

mass leads to 4.1% increase in fuel consumption (on a L/100km 

basis), while 20% increase in vehicle mass leads to 8.2 % increase in 

fuel consumption. The values were given for a midsize vehicle with 

conventional powertrain under the UDDS cycle (the driving cycle 

effect was minimal). In this study, the increase in the percentage of 

vehicle mass with every passenger added is calculated assuming the 

vehicle mass with a driver is 1544 kg and the mass of each passenger 

is 71 kg. The number of passengers is varied from 1 to 4. Then, the 

percentage increase in fuel consumption is obtained based on the 

values suggested by Pagerit et al. using linear interpolation, since the 

relation is approximately linear. 

 

Another aspect that influences the GHG emissions of a vehicle is the 

cold start. The vehicle fuel consumption, and hence, GHG emissions 

are higher when the engine is cold, due to higher friction losses and 

changes in equivalence ratio. The NEDC procedure begins with a 

cold start, hence, in the beginning of the test cycle when the engine is 

still warming up, the emissions are higher than usual. This introduces 

a non-linearity to the results. This effect was assumed negligible in 

this study. The NEDC covers approximately 11 km, consequently, 

the emission values presented are expected to be slightly 

underestimated if one drives a distance shorter than that. The opposite 

also applies. 

 

In this study, the carbon dioxide emissions attributed to breathing are 

also evaluated. The methods and results are presented in Appendix B. 

The respiratory carbon dioxide is proven to be significant, adding 10-

30% to the total emissions of a person commuting. However, it was 

decided not to add it to the total GHG emissions when making the 

comparison. The reason for that is the fact that people are a part of 

the natural carbon cycle, and the CO2 we expel will later be used by 

plants to produce oxygen. This is, however, not the case for the 

industrialized food production, which causes liberation of far more 

carbon than the environment can effectively process. 

 

Finally, given all the background information needed for comparison, 

the details of the methodology used to estimate the GHG emissions 

attributed to walking, running and bicycling are described in the 

subsequent section. 

 

 

Methodology 

The methodology used in the current study to estimate the GHG 

emissions of different means of transportation is summarized in 

Figure 1. Each step of the method is explained in the subsequent 

sections, starting from the “Energy Expenditure”, followed by the 

“Food Energy Content”, and finalized with the “Food Production 

GHGs” section. The ”Energy Expenditure” section is applicable to all 

three countries, while the ”Food Energy Content” section reports 

values for Sweden in kWh/kgfood, and for the US in kWh/day, as per 

the methodology described in Figure 1. The “Food Production 

GHGs” section contains the values for Sweden in gCO2e/kgfood, the 

US in gCO2e/day, and the UK in gCO2e/kWh. 

 

 
 
Figure 1. The flowchart of estimating GHG emissions of different 
transportation modes. 
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Energy Expenditure 

The first step in the calculation of GHG emissions of humans during 

different activities is the identification of the energy expenditure of 

the activities. The reported data varied substantially depending on the 

data source. To ensure the accuracy of the study, several different 

sources are analyzed to obtain the mean values and the Standard 

Error (SE). The data points are presented in Figure 2 as diamonds. 

Mean and SE are illustrated in the form of horizontal lines and error 

bars, respectively. 

 

 

Figure 2. Energy expenditure of different activities in Wh/km. The horizontal 

lines indicate mean values, and the error bars indicate standard error. The 
diamonds represent data points [14, 15, 16, 17, 18, 19, 20, 21, 22]. 

The values summarized in this study were reported by several authors 

and were estimated using different techniques. Some are based on 

recording the time spent in each of the various activities and 

measuring their energy cost by indirect calorimetry [14]. Others are 

based on the measurement of peak aerobic power (VȮ2peak) and 

converting it to kilojoules assuming that 1 mL of oxygen consumed 

produces 20.1 joules of energy [15, 17, 23, 24, 25, 26]. There is a 

multitude of models used to predict VȮ2peak. Some of them are 

listed in Appendix C. VȮ2peak can then be multiplied by the amount 

of energy produced per ml of oxygen consumed by the human body 

and the body weight to get the energy expenditure per unit time. For 

this study, these values were divided by the speed to obtain the 
energy consumption per unit distance. 

 

Another way of estimating the energy consumption of humans during 

different activities extensively used in this study is the method 

developed by the University of Colorado Hospital [16]. The 

prediction is made by using the following equation: 

 𝑬𝒏𝒆𝒓𝒈𝒚𝑪𝒐𝒏𝒔. [
𝒌𝒄𝒂𝒍

𝒎𝒊𝒏
] = 𝟎. 𝟎𝟏𝟕𝟓 × 𝑴𝑬𝑻 × 𝑾 (1) 

where W - body mass [kg],  

MET - metabolic equivalent of task. 

Metabolic equivalent represents the amount of energy expended and 

oxygen consumed while performing a specific activity. One MET is 

equivalent to the amount of energy expended while sitting still. 

During exercise, the MET level increases as the result of higher 

energy and oxygen demand of the working muscles. METs are 

retrieved from the charts by different sources, including Jette et al. 
[18] as well as the University of Colorado Hospital [16]. 

 

The human energy expenditure is usually recorded at steady state, 

hence, the speed variations during walking, running, and bicycling 

are not taken into account. The average walking, running, and 

bicycling speeds are assumed to be 4.8 km/h, 9.7 km/h, and 16.0 

km/h, respectively. These are the average values taken from the 

sources of the energy expenditure data. The car speed is assumed to 

be 60 km/h. As seen from Figure 2, running is the most energy-

intensive activity out of all physical activities considered. Next comes 

walking, then bicycling. It can also be observed that the least energy-

intensive activities considered are driving a car and sitting still (as a 

passenger), accounting for only 3.6% and 2% of the energy 
consumption of running, respectively. 

 

 

Food Energy Content 

The analysis of food energy content was done for 3 countries and 

several different diets. Details are described below: 

1. Swedish diets: 

(a) Beef-only diet 

(b) Diet A 

(c) Diet B 

(d) Diet C 

2. The US standard diet 

3. The UK diets: 

(a) Beef-only diet 

(b) Vegetarian diet 

(c) Medium-meat diet 

(d) High-meat diet 

It should be noted that, even though the assumption of a regular diet 

consisting only of beef is not reasonable, the beef-only diet is still 

considered in this article to account for all occasions when a person 

opts to replenish the calories lost commuting by eating meat. In 

addition, analyzing this diet helps to show the crucial role of meat in 

the total emissions of regular diets. 

Sweden 

Table 1 lists the constituents of the three Swedish diets and their 

caloric ratings. 
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Table 1. The composition of the diets A, B and C, the mass and caloric 

content of each constituent [7, 27]. 

Diet composition 

Edible 

weight 

[kg] 

Caloric 

content 

[kcal/100g] 

Diet A 

Carrots: domestic, fresh, raw 0.10 41 

Whole wheat: domestic, cooked 0.10 62 

Soybeans: overseas by boat, cooked 0.25 141 

Apples: domestic, fresh, raw 0.10 52 

Diet B 

Green beans: EU, boiled 0.10 35 

Potatoes: cooked 0.30 166 

Pork meat: cooked 0.10 273 

Orange: overseas by boat 0.10 47 

Diet C 

Vegetables: frozen, cooked 0.10 60 

Rice: overseas by boat, cooked 0.20 130 

Beef: domestic, fresh, cooked 0.10 206 

Tropical fruits: by plane, raw 0.10 86 

 
 

Meal A has a total of 1.07 kWh/kg energy, Meal B - 1.65 kWh/kg 

and Meal C - 1.42 kWh/kg, while beef has 2.18 kWh/kg [7]. For 

comparison, the energy content of gasoline is 12.22 kWh/kg and 

diesel - 12 kWh/kg [28]. Losses during all stages of the food 

production, including preparation and consumption, were taken into 
account. 

 

The caloric contents of the foods are taken from the USDA National 

Nutrient Database [7]. These values were estimated using the Atwater 

specific factor system [29], which is a refinement based on a 

reexamination of the Atwater general factor system introduced in 

1896 by W.O. Atwater and his colleagues at the United States 

Department of Agriculture (USDA). The original system was based 

on the estimation of the heat of combustion of carbohydrates, 

proteins, and fats using bomb calorimetry. This was then adjusted for 

losses in digestion, absorption, and urinary excretion. It yielded a 

single factor for each substrate: 4 kcal/g for proteins, 9 kcal/g for fats 

and 4 kcal/g for carbohydrates. This method has been widely used 

due to its apparent simplicity. The refined Atwater specific factor 

system introduced by Merrill and Watt in 1955 [29] instead of using 

average factors, derived different factors for proteins, fats, and 

carbohydrates, depending on the foods in which they are found. Both 

methods are based on Metabolizable Energy (ME), which is defined 
as follows: 

𝑀𝐸 = 𝐺𝐸 − (𝐹𝐸 + 𝐺𝑎𝐸 + 𝑈𝐸 + 𝑆𝐸) 

where GE - Gross energy of food, 

FE - Faecal energy, 

GaE - Combustible gas (from fermentation), UE - Urinary energy, 

SE - Surface energy. 

 

The complete human body energy balance is presented in the 

schematics given in Appendix D [30]. 

 

It should be noted that the Atwater system has been criticized in the 

literature for its inaccuracy in predicting the caloric content of certain 

foods [31], however, no real alternatives have been proposed. There 

are few other systems in the literature, such as Net Metabolizable 

Energy System which is based on NME rather than ME. NME values 

resulted from further accounting for heat generated due to microbial 

fermentation, as well as obligatory thermogenesis, which is the 

energy that cannot be used for the production of the Adenosine 

Triphosphate (ATP), i.e. the molecule known for storing and 

transporting chemical energy. However, in the current study, the 

Atwater specific factor system is used as the most standardized and 

widely used system available for the time being, while still offering a 
reasonable accuracy. 

 

USA 

The analysis for the US is done only for a standard US diet. Average 

caloric intake in the US, including losses, is estimated to be 2534 

calories or 2.95 kWh per day. It was obtained from the Loss-Adjusted 

Food Availability dataset in the USDA Food Availability (Per Capita) 

Data System [32]. As was described in the ”Methodology” section, 

the GHG emissions of this diet is given in the next section, which 

then will be divided by the average daily energy consumption to 

obtain the average amount of CO2e emitted per kWh of food energy. 

This can be coupled with the energy expenditure of the transportation 

methods to arrive at GHG emissions per distance. 

Food Production GHGs 

The life-cycle greenhouse gas emissions estimation is quite a 

challenging task. Methodologies for estimating the carbon footprint 

have many issues and are still evolving [33]. They are based on Life 

Cycle Assessment (LCA) guidelines such as ISO 14040 [34] and 

PAS2050 [35]. These are usually used in conjunction with procedures 

recommended by the Intergovernmental Panel on Climate Change 

(IPCC) [36]. 

 

CO2 is not the only gas causing the global warming. Gases like 

methane and nitrous oxide are also considered to be GHGs. It is a 

common practice to represent the quantities of other GHGs in the 

equivalent quantity of CO2, which is called equivalent carbon 

dioxide (CO2e). This convention was used in the current study. CO2e 

is a quantity of CO2 that has the same global warming potential 

(GWP) as a given type and amount of greenhouse gas. GWP is a 

measure of the ability of a greenhouse gas to cause radiative forcing, 

or simply how much heat it traps in the atmosphere. 

 

Depending on the country of origin the amount of CO2e emitted 

while producing a particular type of food can vary substantially. 

Figure 3 puts the amount of CO2e released while producing one 

kilogram of beef in different countries into perspective. 
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Figure 3. Amount of GHGs emitted per mass of beef produced in different 

countries [37, 38, 39, 40, 41]. 
* California Angus beef; 

** Kobe beef. 

 

Evidently, the values can differ by a factor of two compelling the 

analysis to be done on a country-by-country basis. The reason behind 

such dramatic difference lies in many aspects of agricultural and beef 

production systems of different countries. For example, the fattening 

of beef cows in Japan requires much higher energy investments than 

in Sweden (169 MJ/kgbeef [41] vs 25.9 MJ/kgbeef [38], respectively). 

 

Sweden 

The CO2e emissions from the Swedish diets are presented in the 

Figure 4.

Figure 4. CO2e emissions per kg of different diets in Sweden [27, 38]. 

Meal A is the most environmentally friendly out of the three 

contributing only about 0.8 kgCO2e/kgfood, Meal B contributes 

almost three times as much, while Meal C emits almost 12 times 

more compared to Meal A [27]. Such a big discrepancy can be 

explained by the fact that some foods are produced domestically, 

while others are brought from abroad by ships and airplanes. 

Moreover, environmental burdens of production of different foods 

can vary drastically. 

 

USA 

Heller et al. [42] claims that the standard American diet including all 

the losses during food production and consumption, emits about 5 

kgCO2e per capita per day, 1.4 kgCO2e of which comes from food 

wasted in the production and at the retail. Dividing the amount of 

CO2e per day by the average energy consumption per day gives the 

average amount of CO2e emitted per kWh of food energy for the 

standard US diet. This value is approximately equal to 1.7 

kgCO2e/kWh. It is shown later in the article that the environmental 

impact of this diet lies somewhere between that of the Swedish Meal 

B and the British medium-meat diet. 

UK 

As was mentioned previously, the methodology implemented for the 

UK differs from that for Sweden or the US. Instead of considering the 

GHG per kg of food and caloric content of food separately, the 

amount of CO2e per energy content of food is directly taken from the 

paper by Scarborough et al. [43]. This paper reported the GHG 

emissions for a number of diet types, out of which three most popular 

were selected: vegetarian (0 gmeat/day), medium meat (50-99 

gmeat/day), and high meat (≥ 100 gmeat/day) diet. The values for beef-

eaters are obtained in the same way as in the analysis for Sweden, 

with gCO2e per gbeef  taken from the paper by Williams et al [37]. In 

his study, Scarborough estimated the energy content of food using a 

modified Atwater system. The values of the GHG emissions per diet 

type are summarized in Figure 5. 

Figure 5. CO2e emissions per energy content of different diets in the UK [37, 
43]. 

Again, beef accounted for the highest GHG emissions, and the 

environmental impact of each diet was decreasing with the reduction 

in the amount of meat in the diet. 

Results 

The results are presented on a country-by-country basis, first, for one 

and five persons separately, then for varying number of persons 

commuting. The values are grouped according to diet type and 

transportation method. For purposes of comparison, the emissions of 

the vehicles in all three countries are based on the NEDC. 
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Sweden 

Figure 6 shows that, if a person decides to eat meat to replace the 

calories lost commuting, the amount of GHGs that this person emits 

driving a conventional ICE vehicle are two to five times lower than 

those emitted walking, running or bicycling. This difference is even 

bigger when comparing to the more efficient Toyota Prius (HEV). If 

five people take a car (Figure 7), the amount of GHGs emitted is up 

to 22 times less than if they had chosen the other means of 

transportation and compensated for lost calories by eating meat. 

 

 
Figure 6. CO2e emissions of one person per km by diet type and 

transportation method in Sweden. 

 

When more balanced diets are considered, the results become 

ambiguous. First, comparing environmentally friendly diet A to either 

conventional vehicle or HEV, it is apparent that, irrespective of 

whether a person was bicycling, walking or running, the CO2e 

emissions of cars are two to seven times higher. However, a more 

popular diet B has emission levels comparable to that of cars. Even 

though it is considerably lower than that for ICE cars, it turns out to 

be quite close to the emissions of HEV: bicycling and walking being 

60% and 20% lower, respectively, while running being 14% higher. 

When five people commute, as seen from Figure 7, even the most 

environmentally friendly diet A emits same or higher amount of 

CO2e as cars, while diet C emits tremendous 2850 gCO2e/km for 

running - 17 times more than driving a hybrid car. 
 

 
Figure 7. CO2e emissions of five persons per km by diet type and 

transportation method in Sweden. 

Figure 8 presents GHG emissions of different means of transportation 

as a function of the number of people commuting if they choose the 

balanced diet B. It can be observed that the borderline, above which 

hybrid cars like Prius start having lower CO2 footprint, is 3 persons.  

 

 
Figure 8. CO2e emissions per km by the number of persons and transportation 

method in Sweden for diet B. 

 

This borderline for less efficient conventional cars is 4 persons. 

Bicycling is the most eco-friendly option, being quite far below 

walking and running. If bicycling is excluded from the comparison, 

the borderline where cars become more eco-friendly is 2 persons 

traveling. 

 

If a person is less eco-conscious, meaning one does not pay much 

attention to the origins of the food he/she consumes, the carbon 

footprint of such a person might easily end up close or even above the 

values reported for diet C (Figure 9). As shown previously, even if 

there is only one person in the car the amount of GHGs emitted by 

this person and a car is less than that from one person bicycling. Five 

people bicycling, on the other hand, are emitting 1056 CO2e/km, 

which is 4.6 and 6.3 times more than a conventional car and a hybrid, 

respectively. The effect of diet C was presented in more details in 

Figure 9 as a function of the number of people commuting. 
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Figure 9. CO2e emissions per km by the number of persons and transportation 

method in Sweden for diet C. 

It is also interesting to break down the emissions of a car with five 

people inside by the sources. The importance of the choice of food 

can easily be appreciated based on the difference between emission 

distributions in Figures 10 and 11. If the driver and the passengers ate 

steak, together they account for almost 40% of the total emissions. 

However, if they choose the environmentally friendly diet A, this 

fraction is only 4%. Another factor to be considered is the mass of the 

people in the car. The increase in the fuel consumption of the car 

owing to added mass results in 7-8% higher CO2e emissions. 

 

 
Figure 10. Emissions distribution for five persons riding a car in Sweden if 

they choose beef diet. 

Figure 11. Emissions distribution for five persons riding a car in Sweden if 
they choose the environmentally friendly diet A. 

UK 

The beef eaters in the UK, once again, cause the biggest impact on 

the environment when they run, accounting for almost 624 

gCO2e/km, which is 3.6 times more than a conventional car and over 

5 times more than HEV, as seen from Figure 12. Bicycling, as 

previously, while being the least harmful of the physical activities 

considered, still has significantly higher emissions than both the ICE 

vehicle and the hybrid. 

 

 
Figure 12. CO2e emissions per km by diet type and transportation method in 

the UK for one person commuting. 

Among the more normal diets the most eco-friendly one is the 

vegetarian diet. It causes similar GHG emission for walking and 

driving a hybrid car, as well as for running and driving a conventional 

car (the latter are only 9% apart). Bicycling, however, is the cleanest 

transportation method and accounts for only 52 gCO2e/km. 

Medium-meat diet has approximately 50% greater impact than 

vegetarian, resulting in nearly same emissions for walking and 

driving a normal car. Running has a significantly higher impact while 

bicycling has lower.  
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High-meat diet (≥ 100 gmeat/day) has even higher CO2 footprint, 

resulting in 99 gCO2e/km even for the most environmentally friendly 

method of transport that is bicycling. This is very close to the 

emissions from HEV, though, considerably lower than those of an 

average car. Walking and running result in up to 2.5 times more 

emissions than cars. 

 

The results of analysis of five people commuting are unambiguous. 

Figure 13 demonstrates that the emissions of five people walking, 

running and even bicycling are drastically higher than those of both 

conventional vehicles and hybrids. 

 

 

 
 
Figure 13. CO2e emissions per km by diet type and transportation method in 
the UK for five persons commuting. 

Figure 14 presents the GHG emissions associated with medium-meat 

diet as a function of the number of people commuting. It can be seen 

that two or more people commuting in the same car emit less CO2e 

than two or more people walking or running. If the people prefer 

bicycling, however, the borderline shifts to three people traveling. 

Furthermore, the borderline for the UK is one person below than that 

for Sweden, which is mostly due to higher GHG emissions associated 

with non-meat products in the UK. This comes from the fact that the 

meat production in the UK has lower CO2 footprint than in Sweden, 

as was shown previously in the paper.  

As an extreme case, five people running were found to be emitting 

1045 gCO2e/km, about 8 times the emissions of the people riding 

Toyota Prius (HEV). 

 

 
Figure 14. CO2e emissions per km by the number of persons and 

transportation method in the UK for the medium-meat diet. 

USA 

As was mentioned previously, the analysis for the US differs from 

that for Sweden and the UK. The fundamental difference is that a 

standard diet is chosen based on the statistical analysis of the US 

market, meaning the use of basic food commodities was estimated by 

tracking their depletion in the marketplace. As a result, instead of 

calculating emissions for several different diets, one common diet 

prevailing among the US citizens was chosen. The resulting 

emissions are visualized in Figure 15. It can be concluded that the 

standard US diet’s CO2 intensity can be positioned in between the 

Swedish diet B and the British medium-meat diet. It should be noted 

that the dark chequered segments on top of each bar of the graph 

indicate the losses associated with food production and consumption 

in the US and are given as a complementary insight into how much 

more GHGs are emitted because of food waste. It causes roughly 

30% of the total emissions in the case of walking, bicycling and 

running, but is much less significant in case of driving a car - only 1-

4%. The figure should be compared to the previous figures with the 

chequered areas included, since the CO2 analysis in the context of 

other countries encompassed such losses. 

 

The results indicate that the GHG emissions attributed to one person 

walking in the US are almost the same as driving a hybrid vehicle 

like Toyota Prius, and approximately equal 103 gCO2e/km. Running 

emits 43% more CO2, i.e., 147 gCO2e/km, which is very close to the 

emissions of a conventional vehicle. Bicycling is still significantly 

cleaner, at 54 gCO2e/km. The borderline above which cars become a 

better option in terms of emissions is three to four persons 

commuting, if bicycling is included in the comparison, and drops 

down to two persons if bicycling is not an option. 
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Figure 15. CO2e emissions per km with the standard diet as a function of the 

number of persons and transportation method in the US. The dark chequered 

segments on top of each bar indicate emissions attributed to the losses in 

production and consumption of food. 

 

Summary/Conclusions 

This study compares the amount of greenhouse gas emitted per 

distance traveled walking, running, bicycling, and driving a car. The 

well-to-wheels analysis is employed to estimate emissions of 

vehicles. The active modes of transport are evaluated on the basis of 

the life cycle assessment of food and the estimation of the energy 

expenditure associated with the aforementioned activities. The 

conclusions of the study are summarized as follows:  

1. If a person has a diet high in meat products (>100g of beef per 

meal), and/or the diet contains many products imported from 

abroad, it is generally better in terms of GHG emissions to 

take a car than walking, bicycling or running. 

2. For people choosing only foods with low carbon footprint, as 

well as vegetarians, it is better to walk or take a bicycle than 

driving a car. Running, depending on circumstances, can be 

either better or worse than driving. 

3. If three or more people commute together, it is generally better 

in terms of GHG emissions to take a car (the threshold may 

vary from two to four depending on the country). 

4. A person having a diet with a medium amount of meat emits 

approximately the same CO2e/km walking, as driving a 

hybrid car. Depending on the country this value can be either 

higher or lower. However, if the car has a conventional 

powertrain, it is better for the environment if the person walks 

or rides a bicycle. For running it is the opposite. 

5. Out of all the human-powered modes of transportation the 

most environmentally friendly one is bicycling, while the least 

eco-friendly is running. 

6. About 40% of the vehicle CO2 emissions come from the driver 

and the passengers if there are five beef-eaters in the car. If the 

people are very environmentally conscious, this percentage 

can reduce down to 4%. 

7. Approximately 20% of the GHG emissions of a person are due 

to respiration. However, these emissions should not be 

considered climate changing as they are a part of the natural 

carbon cycle. 
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Definitions/Abbreviations 

GHG   Greenhouse Gas 

ICE   Internal Combustion Engine 

HEV   Hybrid Electric Vehicle 

BEV   Battery Electric Vehicle 

LCA   Life Cycle Assessment 

CO2e   equivalent carbon dioxide 

WTW   Well-to-Wheels 

WTT   Well-to-Tank 

TTW   Tank-to-Wheels 

NEDC   New European Driving Cycle 

𝐕�̇�𝟐𝐩𝐞𝐚𝐤  peak aerobic power 

MET   Metabolic Equivalent of Task 

ME   Metabolizable Energy 

ATP   Adenosine Triphosphate 
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Appendix 

Appendix A 

Well-to-Wheels Analysis 

𝐹𝐶 [
𝑔𝑓

𝑘𝑚
] =

𝐹𝐶 [
𝐿

100𝑘𝑚
]

100
× 𝜌𝑓 [

𝑔𝑓

𝐿
] 

𝑇𝑇𝑊 𝐺𝐻𝐺 [
𝑔𝐶𝑂2

𝑘𝑚
] = 𝑇𝑇𝑊 𝐺𝐻𝐺 [

𝑔𝐶𝑂2

𝑔𝑓
] × 𝐹𝐶 [

𝑔𝑓

𝑘𝑚
] 

𝑊𝑇𝑇 𝐺𝐻𝐺 [
𝑔𝐶𝑂2𝑒

𝑔𝑓
] = 𝑊𝑇𝑇 𝐺𝐻𝐺 [

𝑔𝐶𝑂2𝑒

𝑀𝐽𝑓
] × 𝐿𝐻𝑉 [

𝑀𝐽𝑓

𝑔𝑓
] 

𝑊𝑇𝑇 𝐺𝐻𝐺 [
𝑔𝐶𝑂2𝑒

𝑘𝑚
] = 𝑊𝑇𝑇 𝐺𝐻𝐺 [

𝑔𝐶𝑂2𝑒

𝑔𝑓
] × 𝐹𝐶 [

𝑔𝑓

𝑘𝑚
] 

𝑊𝑇𝑊 𝐺𝐻𝐺 [
𝑔𝐶𝑂2𝑒

𝑘𝑚
] = 𝑇𝑇𝑊 𝐺𝐻𝐺 [

𝑔𝐶𝑂2𝑒

𝑘𝑚
] + 𝑊𝑇𝑇 𝐺𝐻𝐺 [

𝑔𝐶𝑂2𝑒

𝑘𝑚
] 

Where: 𝐹𝐶 [
𝐿

100𝑘𝑚
] – NEDC fuel consumption of a vehicle [28], 

 𝑇𝑇𝑊 𝐺𝐻𝐺 [
𝑔𝐶𝑂2

𝑔𝑓
] – Amount of CO2 emitted per amount of fuel burned estimated based on the stoichiometric gasoline combustion reaction, 

𝑊𝑇𝑇 𝐺𝐻𝐺 [
𝑔𝐶𝑂2𝑒

𝑀𝐽𝑓
] – Well-to-tank GHGs emitted on a fuel energy basis [12], 

 

Appendix B 

Respiratory Carbon Dioxide Emissions 

Human respiratory system obtains oxygen for use by body cells and expels carbon dioxide produced by the cells. The primary respiration reaction 

occurs between glucose and oxygen producing water, ATP and carbon dioxide. According to Jette et al. walking, bicycling and running can be 

considered light-, moderate-, and very heavy-intensity physical activities, respectively [18]. The workload associated with these activities were 

summarized in the second column of Table 2. 

 

A study done by Richard Casaburi and his colleagues at Harbor-UCLA Medical Center explored the influence of workload on human gas exchange 

characteristics and suggests the human volumetric carbon dioxide output for the aforementioned activities listed in the third column of Table 2 [44]. 

Assuming the speed of walking, bicycling and running to be 4.8 km/h, 16 km/h and 9.7 km/h, respectively, and taking the density of CO2 as 1842 

g/m3, the average amount of CO2 per unit distance was estimated and given in the fourth column of Table 2. 

 
Table 2. Workload and carbon dioxide emissions attributed to human breathing [18, 44]. 

 Workload CO2 emitted 

[W] [L/min] [gCO2/km] 

Walking 28-69 1 22.9 

Bicycling 70-104 1.5 10.4 

Running 140-174 2.5 28.6 

 

It can be concluded that the respiratory CO2 emissions add approximately 20% to the total GHG emissions of an average person in the US, regardless 

of whether the person was walking, bicycling or running. In Sweden, this ratio is a little higher at 25-29%, for Diet B. In the UK, however, it is a 

little lower at 10-14%, for the medium-meat diet. 
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Knowing the concentration of CO2 in the exhaled air, the “equivalence ratio” of a human body can also be estimated. The calculations are presented 

in Appendix E. 

 

Appendix C 

Peak Aerobic Power Calculations 

Running 

1. Leger et al. [17]: 

𝑉�̇�2𝑝𝑒𝑎𝑘 [
𝑚𝑙

𝑘𝑔 × 𝑚𝑖𝑛
] = 2.209 + 3.1633 𝑣 

 

2. Van der Walt et al. [45]: 

𝑉�̇�2𝑝𝑒𝑎𝑘 [
𝐿

𝑚𝑖𝑛
] = −0.419 + 0.03257 𝑚 + 0.000117 𝑚𝑣2 

 

3. American College of Sports Medicine [46]: 

𝑉�̇�2𝑝𝑒𝑎𝑘 [
𝑚𝑙

𝑘𝑔 × 𝑚𝑖𝑛
] = 0.2 [

𝑚

𝑠
] + 0.9 [

𝑚

𝑠
]  𝐹 + 3.5 

Walking 

4. Van der Walt et al. [45]: 

𝑉�̇�2𝑝𝑒𝑎𝑘 [
𝐿

𝑚𝑖𝑛
] = 0.00599 𝑚 + 0.000366 𝑚𝑣2 

 

5. American College of Sports Medicine [46]: 

𝑉�̇�2𝑝𝑒𝑎𝑘 [
𝑚𝑙

𝑘𝑔 × 𝑚𝑖𝑛
] = 0.1 [

𝑚

𝑠
] + 1.8 [

𝑚

𝑠
]  𝐹 + 3.5 

Where: v – Speed [km/h], 

m – Body mass [kg], 

F – Fractional grade. 
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Appendix D 

 

Figure 16. Human body energy balance [30]. 

 

Appendix E 

Human Equivalence Ratio 

Knowing the CO2 emissions associated with breathing, the air-fuel equivalence ratio (λ) of humans can also be estimated with the following 

assumptions:  

1. Breakdown of glucose is complete 

2. Concentration of carbon monoxide is negligible 

3. Nitrogen in air does not participate in the reaction. 

Then the global chemical equation of cellular respiration becomes: 

𝐶𝑎𝐻𝑏𝑂𝑐 + 𝜆 (𝑎 +
𝑏

4
−

𝑐

2
) (𝑂2 + 3.773 𝑁2) ⇌ 𝑎 𝐶𝑂2 +

𝑏

2
𝐻2𝑂 + (𝜆 − 1) (𝑎 +

𝑏

4
−

𝑐

2
)  𝑂2 + 3.773 𝜆 (𝑎 +

𝑏

4
−

𝑐

2
) 𝑁2 + 𝐴𝑇𝑃   (E.1) 

Where, a=6, b=12, c=6. 

The wet concentration of carbon dioxide in the exhaled air is approximately 4% [47]. The Ventilatory Equivalent for Carbon Dioxide (VE/VCO2), 

which refers to the number of liters of ventilation per liter of CO2 output, is typically 25 and remains at or near this level in healthy individuals with 

progressive exercise. This indicates that the concentration of carbon dioxide in the expelled air normally does not vary much until the ventilatory 

threshold is reached [48]. 

 

Consequently, defining the concentration of CO2 from equation (E.1) as follows: 

𝑋𝐶𝑂2
=

𝑎

𝑎+
𝑏

2
+(𝜆−1)(𝑎+

𝑏

4
−

𝑐

2
)+3.773 𝜆(𝑎+

𝑏

4
−

𝑐

2
)
  (E.2), 

𝜆 can be calculated according to: 

𝜆 =
𝑎−(

𝑏

4
+

𝑐

2
)𝑋𝐶𝑂2

4.773 (𝑎+
𝑏

4
−

𝑐

2
)𝑋𝐶𝑂2

 (E.3),  
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yielding λ ≈ 5. 

 

It should be emphasized that reaction (E.1) does not describe the actual process of the breakdown of glucose. This is rather a summary (global) 

reaction, since the actual process of cellular respiration involves many steps. However, the chemical kinetics are not important in the context of this 

study as only the final equilibrium product concentrations are needed for the calculation of λ. 

 

 

 


