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The following “research literature-based assessment” is based Justesen et al. Water-Sweden 
(2019) 11, 2431. It will show us a practical application of gas collection over fluids, its 
environmentally friendly contribution to energy generation, and how the basic knowledge about 
gas laws can still help scientist come up with simple and useful innovations. 

Let’s start by defining and understanding the concepts and terms that has been frequently used in 
this article. 

1. Developing techniques for obtaining methane from biological sources has gained a lot of 
importance in recent years. Considering the sustainability of the resources on earth, why do you 
think it is an important branch of research?

2. With some external research on your own, find what anaerobic digestion means, and give an
example of an anaerobic digestion process. (You should find the definition in a book, textbook, or a
published primary research article, and cite your resource.

3. What is the biochemical methane potential (BMP)? What kinds of substrates could produce
methane via anaerobic digestion?
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4. Authors of the article talk about previous techniques to measure biochemical methane 
potential.  
 
a. How is volumetric measurement of BMP described? 
 
 
 
 
 
 
 
 
 
 
 
 
b. For the explanation of the volumetric measurement, can you draw a simple diagram to show 
the set-up to another person? Annotate your drawing to explain what is what.  
You can add/draw what is necessary to complete the image of methane producing substrate flask below:  
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
c. Which of the simple gas law relationships you learned (in classes or in the relevant chapter/s of 
your textbook) can be used to mathematically describe the volumetric measurement? Explain 
your choice. 
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d. How is manometric measurement of BMP described?  
 
 

 
 
 
 
 
 
e. For the explanation of the manometric measurement, can you draw a simple diagram to show 
the set-up to another person? Annotate your drawing to explain what is what.  
You can add/draw what is necessary to complete the image of methane producing substrate flask below:  
 
 
 
 
 
 
 
 
 
 

 
 
 
f. Which of the simple gas law relationships you learned (in classes or in the relevant chapter/s of 
your textbook) can be used to mathematically describe the volumetric measurement? Explain 
your choice. 
 
 
 
 
 

 
 
 

 
 
5. How does the gas density-based method (GD-BMP) propose to determine the biogas 
composition and differentiate between methane and carbon dioxide? Just briefly explain their 
plan in 3-4 sentences.  
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6. Using the set-up in Figure-1 of the “Justesen et al. Water-Sweden (2019) 11, 2431” answer the 
questions about the GD-BMP method below. 

 
a. What kind of substrates do you think the liquid in the bottle includes in the pre-incubation step 
(a)? Give a couple examples. (This may not be in the article, so try to give your own thoughts.)  
 
 
 
 
 
b. Why is incubation necessary before starting the measurement steps? (This may not be in the article, 
so try to give your own thoughts.)  
 
 
 
 
 
c. What do you think is the purpose of the mixing step 1 prior to gas release? (This may not be in the 
article, so try to give your own thoughts.)  
 

 
 

 
 

d. It seems that the mass of the bottle did not change in step 2, but there must be some chemical 
changes in the contents of the bottle. What fundamental principle of chemistry does this 
observation illustrate? (Hint: This may be covered in the very beginning chapters of the general chemistry 
textbooks, where the composition of the matter and the total balancing of the reactions are considered.)  
 

 
 
 
 

 
 
e. In step 3, what do you think is the driving force for the air above the liquid to vent into the 
syringe under the atmospheric pressure? Explain the process. 

 
 
 
 
 
 
 
f. The loss of which component/s cause the mass drop in step 4?  
 

 
 
 
 

 

Preparation step (a) Preparation step (b) 
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In Equation (2), Ths is the bottle headspace temperature at the time of venting (�C). Assuming
bottles are removed from an incubator for measurement, Ths will be between incubation and room
temperatures. The concentration of water present in vented biogas (cH2O, g mL�1, dry standardized
biogas volume basis) is then calculated from this value, water molar mass (MH2O = 18.02 g mol�1),
pressure of biogas in the bottle headspace just prior to venting (Phs, kPa), and the molar volume of
biogas at standard conditions (vb, assumed to be 22300 mL mol�1 [5]):

cH2O = MH2O·
pH2O

phs � pH2O
· 1
vb

. (3)

Equation (3) is the only expression where bottle headspace temperature and pressure must be
considered. As with the gravimetric method, variation in headspace temperature and pressure have
only minor e↵ects [5]. Pressure can be approximated from the volume of vented biogas (ratio of vented
biogas volume to headspace volume times ambient pressure, plus ambient pressure). Temperature
can be measured in a representative bottle containing water, or approximated, e.g., as 5 �C below
incubator temperature. For both pressure and temperature, a single, fixed value for all observations is
su�cient [6]. The molar mass of biogas (Mb, g mol�1) is then obtained from biogas density:

Mb = ⇢b·vb. (4)

Finally, the mole fraction of CH4 in biogas (xCH4, dimensionless) normalized for CH4 and CO2
(xCH4+ xCO2= 1) is calculated from molar masses of CO2, CH4, and biogas (MCO2 = 44.01 g mol�1,
MCH4 = 16.04 g mol�1):

xCH4 =
MCO2 �Mb

MCO2 �MCH4

. (5)

From Equation (5), the content of CH4 in the biogas is known and can be used for calculation of
BMP as with gravimetric or volumetric methods. Equation (5) is based on the assumption that biogas
contains only CH4 and CO2. The presence of flushing gas will have a small e↵ect (usually <5%). When
N2 is used as a flushing gas (recommended for the GD-BMP method), error will be negligible when
xCH4 is ca. 0.58, because biogas has the same density as N2 in this case (1.25 mg mL�1). The use of other
gases or mixtures complicates this issue. In particular the high density of N2/CO2 mixtures inflates this
source of error, and also adds uncertainty about the fate of flushing gas (vented or in solution). As long
as nearly all flushing gas has been removed by the end of a trial, this source of error can be addressed
by simply subtracting the flushing gas mass from Dmb and volume from Vb using Equations (6) and (7).

V0b = Vb �V f . (6)

Dm0b = Dmb � d f ·V f . (7)

In Equations (6) and (7), V f is the standardized volume of flushing gas in the bottle headspace
prior to any venting, and d f is the density of flushing gas under standard conditions. Corrected
measurements V0b and Dm0b can be used in Equation (1) to correct for the flushing gas error. In this
work, for simplicity and because N2 was used as the flushing gas, this correction was not applied
universally, but was explored for ethanol as substrate, which resulted in the highest value of xCH4

(and so the highest expected error). This complication also applies to the gravimetric method, and was
described previously [5].

2.1.3. Variations on GD-BMP Application (GDt, GDi, and GDv)

Mass loss (Dmb) and biogas volume (Vb) used in Equation (1) may be from a single measurement
interval or the sum (volume) or di↵erence (mass) over multiple intervals (Figure 2). With low resolution
in gravimetric measurements and compensation among interval errors in mass, the use of multiple

7. The removed gas sample in step 3 of Figure 1 contains a mixture of gases. When the density (rb) 
of the biogas sample is calculated, authors correct for the water vapor density (cH2O).  
 
a. Using the equation (3) in the article, first define and familiarize yourself with each term, then 
explain why the density of the water vapor is not simply calculated by the [mass/volume] ratio, 
but rather requires adjustments of partial pressure as shown below. 
 
 

 
 
 

 
 
 
 

 
Explanation: 
 
 

 
 
 
 
b. First estimate the value in of molar water vapor pressure (PH2O) at 30°C and report in kPa. 
Compare it to a reliable reported value from a book or an online database. Cite your resources.  
 

 
 

 
 
 
 
8. A case study: Calculate the density (rb) of the biogas sample in a hypothetical set-up similar to 
Figure 1 in the article with the following parameters:  

- Pressure in the headspace (volume over the liquid) is assumed 101kPa. 
- Molar volume for water vapor is assumed to be 22.3L. 
- Mass difference is shown as gravimetric measurement on the left. 
- Volume in the headspace is approximately 300mL. 
- All other parameters such as molar masses can be found in the article. 
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(2) Weigh the bottle and record the pre-venting mass;
(3) Remove biogas with a syringe and record vented biogas volume at atmospheric pressure;
(4) Weigh the bottle and record post-venting mass.
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(1)� Mix the bottle by swirling, avoiding contact between the slurry and the septum; 
(2)� Weigh the bottle and record the pre-venting mass; 
(3)� Remove biogas with a syringe and record vented biogas volume at atmospheric pressure; 
(4)� Weigh the bottle and record post-venting mass. 

 
Figure 1. The data collection steps required for gas density-based BMP (GD-BMP) measurements. 
Step numbers match those listed in the text, and are repeated for each sampling event. 

These measurements are sufficient for determining biogas volume, CH4 volume, and biogas 
leakage. Room temperature, or the temperature at which biogas volume is measured, should be 
measured as well for volume standardization. Sampling time for each set of triplicates was ca. 1–3 
min per bottle in the experiments described below (Section 2.2). Assuming 12 sampling events for 18 
bottles (three inoculum-only, three cellulose, three different substrates, and three water controls) time 
required for biogas measurements would be 4–11 h plus time for bottle transfer and other necessary 
tasks. Accurate weighing is essential, and scales should be initially checked with a weight set, and a 
stable response confirmed by weighing water-only control bottles (in triplicate) during each sampling 
event, as in the gravimetric method [5]. It is important that changes in bottle mass are due only to the 
loss of biogas, and not, e.g., the loss of reacting material through a needle, the presence of water on 
the bottle surface, or addition or removal of tape or a label, all of which should be avoided. 

2.1.2. GD-BMP Method Calculations 

In the GD-BMP method, measured mass loss and vented biogas volume from one or more 
sampling events are used to determine biogas density, and from that, biogas composition (i.e., CH4 
content). The resulting estimates of CH4 content are then used with either mass loss or measured 
volume to determine CH4 production. 

Biogas density under standard conditions of 101.325 kPa and 0 °C (ߩb, g mLƺ1) is calculated from 
bottle mass loss (̇mb, g) and standardized biogas volume (Vb, mL), with a correction for the water 
vapor content of vented biogas (cH2O, g mLƺ1). Standardized biogas volume is determined from the 
measured vented volume (step 3 above) by correcting for moisture, temperature, and pressure [5,12]. 
Mass loss is determined from changes in post-venting bottle mass between sampling events (step 4, 
above) or the change in bottle mass during venting (step 2 minus step 4, above): 
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Water vapor pressure (pH2O, kPa) can be calculated following Alduchov and Eskridge [13], 
assuming saturation: 
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Figure 1. The data collection steps required for gas density-based BMP (GD-BMP) measurements. Step
numbers match those listed in the text, and are repeated for each sampling event.

These measurements are su�cient for determining biogas volume, CH4 volume, and biogas
leakage. Room temperature, or the temperature at which biogas volume is measured, should be
measured as well for volume standardization. Sampling time for each set of triplicates was ca. 1–3 min
per bottle in the experiments described below (Section 2.2). Assuming 12 sampling events for 18 bottles
(three inoculum-only, three cellulose, three di↵erent substrates, and three water controls) time required
for biogas measurements would be 4–11 h plus time for bottle transfer and other necessary tasks.
Accurate weighing is essential, and scales should be initially checked with a weight set, and a stable
response confirmed by weighing water-only control bottles (in triplicate) during each sampling event,
as in the gravimetric method [5]. It is important that changes in bottle mass are due only to the loss of
biogas, and not, e.g., the loss of reacting material through a needle, the presence of water on the bottle
surface, or addition or removal of tape or a label, all of which should be avoided.

2.1.2. GD-BMP Method Calculations

In the GD-BMP method, measured mass loss and vented biogas volume from one or more
sampling events are used to determine biogas density, and from that, biogas composition (i.e., CH4
content). The resulting estimates of CH4 content are then used with either mass loss or measured
volume to determine CH4 production.

Biogas density under standard conditions of 101.325 kPa and 0 �C (⇢b, g mL�1) is calculated from
bottle mass loss (Dmb, g) and standardized biogas volume (Vb, mL), with a correction for the water
vapor content of vented biogas (cH2O, g mL�1). Standardized biogas volume is determined from the
measured vented volume (step 3 above) by correcting for moisture, temperature, and pressure [5,12].
Mass loss is determined from changes in post-venting bottle mass between sampling events (step 4,
above) or the change in bottle mass during venting (step 2 minus step 4, above):

⇢b =
Dmb

Vb

� cH2O. (1)

Water vapor pressure (pH2O, kPa) can be calculated following Alduchov and Eskridge [13],
assuming saturation:

pH2O = 0.61094 · e
17.625·T

hs

243.04+T
hs . (2)
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(2) Weigh the bottle and record the pre-venting mass;
(3) Remove biogas with a syringe and record vented biogas volume at atmospheric pressure;
(4) Weigh the bottle and record post-venting mass.

Water 2019, 11, 2431 3 of 17 

�

(1)� Mix the bottle by swirling, avoiding contact between the slurry and the septum; 
(2)� Weigh the bottle and record the pre-venting mass; 
(3)� Remove biogas with a syringe and record vented biogas volume at atmospheric pressure; 
(4)� Weigh the bottle and record post-venting mass. 

 
Figure 1. The data collection steps required for gas density-based BMP (GD-BMP) measurements. 
Step numbers match those listed in the text, and are repeated for each sampling event. 

These measurements are sufficient for determining biogas volume, CH4 volume, and biogas 
leakage. Room temperature, or the temperature at which biogas volume is measured, should be 
measured as well for volume standardization. Sampling time for each set of triplicates was ca. 1–3 
min per bottle in the experiments described below (Section 2.2). Assuming 12 sampling events for 18 
bottles (three inoculum-only, three cellulose, three different substrates, and three water controls) time 
required for biogas measurements would be 4–11 h plus time for bottle transfer and other necessary 
tasks. Accurate weighing is essential, and scales should be initially checked with a weight set, and a 
stable response confirmed by weighing water-only control bottles (in triplicate) during each sampling 
event, as in the gravimetric method [5]. It is important that changes in bottle mass are due only to the 
loss of biogas, and not, e.g., the loss of reacting material through a needle, the presence of water on 
the bottle surface, or addition or removal of tape or a label, all of which should be avoided. 

2.1.2. GD-BMP Method Calculations 

In the GD-BMP method, measured mass loss and vented biogas volume from one or more 
sampling events are used to determine biogas density, and from that, biogas composition (i.e., CH4 
content). The resulting estimates of CH4 content are then used with either mass loss or measured 
volume to determine CH4 production. 

Biogas density under standard conditions of 101.325 kPa and 0 °C (ߩb, g mLƺ1) is calculated from 
bottle mass loss (̇mb, g) and standardized biogas volume (Vb, mL), with a correction for the water 
vapor content of vented biogas (cH2O, g mLƺ1). Standardized biogas volume is determined from the 
measured vented volume (step 3 above) by correcting for moisture, temperature, and pressure [5,12]. 
Mass loss is determined from changes in post-venting bottle mass between sampling events (step 4, 
above) or the change in bottle mass during venting (step 2 minus step 4, above): 

௕ߩ ൌ
௱௠್
௏್

െ ܿୌమ୓. (1) 

Water vapor pressure (pH2O, kPa) can be calculated following Alduchov and Eskridge [13], 
assuming saturation: 

ୌమ୓݌ ൌ ͲǤ͸ͳͲͻͶ ڄ ݁
భళǤలమఱڄ೅೓ೞ
మరయǤబరశ೅೓ೞ. (2) 

Figure 1. The data collection steps required for gas density-based BMP (GD-BMP) measurements. Step
numbers match those listed in the text, and are repeated for each sampling event.

These measurements are su�cient for determining biogas volume, CH4 volume, and biogas
leakage. Room temperature, or the temperature at which biogas volume is measured, should be
measured as well for volume standardization. Sampling time for each set of triplicates was ca. 1–3 min
per bottle in the experiments described below (Section 2.2). Assuming 12 sampling events for 18 bottles
(three inoculum-only, three cellulose, three di↵erent substrates, and three water controls) time required
for biogas measurements would be 4–11 h plus time for bottle transfer and other necessary tasks.
Accurate weighing is essential, and scales should be initially checked with a weight set, and a stable
response confirmed by weighing water-only control bottles (in triplicate) during each sampling event,
as in the gravimetric method [5]. It is important that changes in bottle mass are due only to the loss of
biogas, and not, e.g., the loss of reacting material through a needle, the presence of water on the bottle
surface, or addition or removal of tape or a label, all of which should be avoided.

2.1.2. GD-BMP Method Calculations

In the GD-BMP method, measured mass loss and vented biogas volume from one or more
sampling events are used to determine biogas density, and from that, biogas composition (i.e., CH4
content). The resulting estimates of CH4 content are then used with either mass loss or measured
volume to determine CH4 production.

Biogas density under standard conditions of 101.325 kPa and 0 �C (⇢b, g mL�1) is calculated from
bottle mass loss (Dmb, g) and standardized biogas volume (Vb, mL), with a correction for the water
vapor content of vented biogas (cH2O, g mL�1). Standardized biogas volume is determined from the
measured vented volume (step 3 above) by correcting for moisture, temperature, and pressure [5,12].
Mass loss is determined from changes in post-venting bottle mass between sampling events (step 4,
above) or the change in bottle mass during venting (step 2 minus step 4, above):

⇢b =
Dmb

Vb

� cH2O. (1)

Water vapor pressure (pH2O, kPa) can be calculated following Alduchov and Eskridge [13],
assuming saturation:

pH2O = 0.61094 · e
17.625·T

hs

243.04+T
hs . (2)

(Figure was adapted and modified 
from Justesen et al. Water-Sweden 
(2019) 11, 2431 to provide an easy 
visual for this question.) 
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In Equation (2), Ths is the bottle headspace temperature at the time of venting (�C). Assuming
bottles are removed from an incubator for measurement, Ths will be between incubation and room
temperatures. The concentration of water present in vented biogas (cH2O, g mL�1, dry standardized
biogas volume basis) is then calculated from this value, water molar mass (MH2O = 18.02 g mol�1),
pressure of biogas in the bottle headspace just prior to venting (Phs, kPa), and the molar volume of
biogas at standard conditions (vb, assumed to be 22300 mL mol�1 [5]):

cH2O = MH2O·
pH2O

phs � pH2O
· 1
vb

. (3)

Equation (3) is the only expression where bottle headspace temperature and pressure must be
considered. As with the gravimetric method, variation in headspace temperature and pressure have
only minor e↵ects [5]. Pressure can be approximated from the volume of vented biogas (ratio of vented
biogas volume to headspace volume times ambient pressure, plus ambient pressure). Temperature
can be measured in a representative bottle containing water, or approximated, e.g., as 5 �C below
incubator temperature. For both pressure and temperature, a single, fixed value for all observations is
su�cient [6]. The molar mass of biogas (Mb, g mol�1) is then obtained from biogas density:

Mb = ⇢b·vb. (4)

Finally, the mole fraction of CH4 in biogas (xCH4, dimensionless) normalized for CH4 and CO2
(xCH4+ xCO2= 1) is calculated from molar masses of CO2, CH4, and biogas (MCO2 = 44.01 g mol�1,
MCH4 = 16.04 g mol�1):

xCH4 =
MCO2 �Mb

MCO2 �MCH4

. (5)

From Equation (5), the content of CH4 in the biogas is known and can be used for calculation of
BMP as with gravimetric or volumetric methods. Equation (5) is based on the assumption that biogas
contains only CH4 and CO2. The presence of flushing gas will have a small e↵ect (usually <5%). When
N2 is used as a flushing gas (recommended for the GD-BMP method), error will be negligible when
xCH4 is ca. 0.58, because biogas has the same density as N2 in this case (1.25 mg mL�1). The use of other
gases or mixtures complicates this issue. In particular the high density of N2/CO2 mixtures inflates this
source of error, and also adds uncertainty about the fate of flushing gas (vented or in solution). As long
as nearly all flushing gas has been removed by the end of a trial, this source of error can be addressed
by simply subtracting the flushing gas mass from Dmb and volume from Vb using Equations (6) and (7).

V0b = Vb �V f . (6)

Dm0b = Dmb � d f ·V f . (7)

In Equations (6) and (7), V f is the standardized volume of flushing gas in the bottle headspace
prior to any venting, and d f is the density of flushing gas under standard conditions. Corrected
measurements V0b and Dm0b can be used in Equation (1) to correct for the flushing gas error. In this
work, for simplicity and because N2 was used as the flushing gas, this correction was not applied
universally, but was explored for ethanol as substrate, which resulted in the highest value of xCH4

(and so the highest expected error). This complication also applies to the gravimetric method, and was
described previously [5].

2.1.3. Variations on GD-BMP Application (GDt, GDi, and GDv)

Mass loss (Dmb) and biogas volume (Vb) used in Equation (1) may be from a single measurement
interval or the sum (volume) or di↵erence (mass) over multiple intervals (Figure 2). With low resolution
in gravimetric measurements and compensation among interval errors in mass, the use of multiple

9. Compare your result from question 8 to relevant part of the table 2 shown below. According to 
your theoretical calculation, which substrate (cellulose, ethanol, or the animal feed (FI1)) might 
have been used for the experimental set-up used in Figure-1? Explain your answer.  
 

  
 
 
 
 
 
 

10. The overall density (rb) of the biogas sample belongs to two main gases present in the 
sample, but it is crucial to make the distinction of how much of each exists. 
 
a. Do authors of the study have to remove carbon dioxide from the gas mixture to assess 
methane production? 
 
 
 
 
 
 
b. Using the proper equations (including equations 4 & 5 from the paper - also shown below) first 
explain how this study theoretically proposes to calculate the relative ratios of methane and 
carbon dioxide in the biogas mixture. Be sure to make sense of the terms first.  
 
 

   
 

 
 
 
 
 
 
 
 
 
 
Explanation: 
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3.1. Experiments 1A and 1B: Method Development and Initial Testing

3.1.1. Measurements Made without Biogas Leakage

BMP values calculated with the GD method (GDt, based on complete, total mass loss) in Experiment
1A were similar to gravimetric, manometric, and volumetric estimates (Table 2). The largest di↵erence
was for ethanol, for which the GD estimate was 9% below the gravimetric result. Biogas from ethanol
had a high xCH4 as expected (volume-weighted average of 0.72 from GC measurements) and, therefore,
the error due to the e↵ect of flushing gas on overall density was expected to be the highest. Including
the correction presented in Equations (6) and (7) resulted in a higher BMP value (730 mL g�1) and
significantly less error (< 1%). Both this value and estimates from all three non-GD methods were
virtually identical (< 1% higher) to the theoretical maximum (728 mL g�1). The di↵erence between GDt
and gravimetric results was 7% for cellulose and below 5% for the three feed ingredients. The overall
mean di↵erence between GDt and gravimetric results was -21 mL g�1 (GDt lower) but there was
insu�cient evidence to conclude there was any systematic error (p= 0.24 from Dunnett’s test). However,
random error was clearly higher for the GD results. Average relative standard deviation (RSD) was
13% for GDt vs. < 4% for the other methods. This RSD value was higher than the maximum of 5%
recommended by [10] for homogenous substrates.

Table 2. Gas density, gravimetric, manometric, and volumetric estimates of BMP (all in mL g�1) for
five substrates from Experiment 1A. The duration was 31 days for all bottles, and n = 3 bottles except
for cellulose and inoculum-only (n = 2) where one bottle from each was excluded because of leakage.

Substrate
Gravimetric Manometric Volumetric Gas density (GDt)

Mean * SD † Mean SD Mean SD Mean SD

Cellulose 362 13.3 368 12.6 367 15.5 386 56.2
Ethanol 734 30.9 736 20.7 734 28.5 664 81.5

FI1 379 8.6 381 10.7 389 9.7 375 33.1
FI2 381 9.8 378 7.6 382 12.7 364 57.1
FI3 522 15.3 498 35.2 537 26.2 496 80.4

* Mean BMP estimate (mL g�1). † Standard deviation (mL g�1).

All SMP curves followed the typical pattern over time [22], and GDt and gravimetric curves were
similar (not shown). The GDt approach provides a single estimate of biogas composition for each
bottle, which is then applied over the duration of a BMP trial (see Section 2). These composition
estimates were generally close to GC-based values, with di↵erences ranging from �0.07 to +0.04 (mole
fraction), excluding a single inoculum-only bottle with a di↵erence of 0.14 (Figure 3).

Estimates of composition based on interval data, as in GDi, show why summation of mass loss and
biogas volume (i.e., the use of “complete” measurements) is important for precision: interval estimates
had very high random error (Figure 3). This error is due to limited precision when weighing small
di↵erences between two large masses. Error in interval measurements of mass loss was undoubtedly
high in this experiment. The most common interval mass loss estimate was 0.1 g, and the median value
was 0.2 g, both with only a single significant digit. Somewhat counterintuitively, these measurements
were su�cient for estimating BMP with a higher degree of relative precision. Due to the non-additive
nature of bottle mass loss estimates (when using total mass loss), these errors will tend to cancel or
compensate over time, so BMP estimates may still be accurate even with clearly inaccurate interval
estimates of composition and CH4 volume. In this experiment, complete mass loss (over the entire
incubation, see Section 2) was > 1.0 g (with two significant digits) for all bottles except those with
inoculum only. For FI1, for example, all GDi BMP estimates were within 7% of GDt values. However,
lower relative error in complete mass loss estimates makes for more precise GDt estimates of xCH4,
which were generally within 10% of GC results in this experiment (Figure 3). Incorporation of the
initial headspace correction (Equations (6) and (7)) improved the accuracy of GDt estimates for ethanol,

Water 2019, 11, 2431 10 of 17

3.1. Experiments 1A and 1B: Method Development and Initial Testing

3.1.1. Measurements Made without Biogas Leakage

BMP values calculated with the GD method (GDt, based on complete, total mass loss) in Experiment
1A were similar to gravimetric, manometric, and volumetric estimates (Table 2). The largest di↵erence
was for ethanol, for which the GD estimate was 9% below the gravimetric result. Biogas from ethanol
had a high xCH4 as expected (volume-weighted average of 0.72 from GC measurements) and, therefore,
the error due to the e↵ect of flushing gas on overall density was expected to be the highest. Including
the correction presented in Equations (6) and (7) resulted in a higher BMP value (730 mL g�1) and
significantly less error (< 1%). Both this value and estimates from all three non-GD methods were
virtually identical (< 1% higher) to the theoretical maximum (728 mL g�1). The di↵erence between GDt
and gravimetric results was 7% for cellulose and below 5% for the three feed ingredients. The overall
mean di↵erence between GDt and gravimetric results was -21 mL g�1 (GDt lower) but there was
insu�cient evidence to conclude there was any systematic error (p= 0.24 from Dunnett’s test). However,
random error was clearly higher for the GD results. Average relative standard deviation (RSD) was
13% for GDt vs. < 4% for the other methods. This RSD value was higher than the maximum of 5%
recommended by [10] for homogenous substrates.

Table 2. Gas density, gravimetric, manometric, and volumetric estimates of BMP (all in mL g�1) for
five substrates from Experiment 1A. The duration was 31 days for all bottles, and n = 3 bottles except
for cellulose and inoculum-only (n = 2) where one bottle from each was excluded because of leakage.

Substrate
Gravimetric Manometric Volumetric Gas density (GDt)

Mean * SD † Mean SD Mean SD Mean SD

Cellulose 362 13.3 368 12.6 367 15.5 386 56.2
Ethanol 734 30.9 736 20.7 734 28.5 664 81.5

FI1 379 8.6 381 10.7 389 9.7 375 33.1
FI2 381 9.8 378 7.6 382 12.7 364 57.1
FI3 522 15.3 498 35.2 537 26.2 496 80.4

* Mean BMP estimate (mL g�1). † Standard deviation (mL g�1).

All SMP curves followed the typical pattern over time [22], and GDt and gravimetric curves were
similar (not shown). The GDt approach provides a single estimate of biogas composition for each
bottle, which is then applied over the duration of a BMP trial (see Section 2). These composition
estimates were generally close to GC-based values, with di↵erences ranging from �0.07 to +0.04 (mole
fraction), excluding a single inoculum-only bottle with a di↵erence of 0.14 (Figure 3).

Estimates of composition based on interval data, as in GDi, show why summation of mass loss and
biogas volume (i.e., the use of “complete” measurements) is important for precision: interval estimates
had very high random error (Figure 3). This error is due to limited precision when weighing small
di↵erences between two large masses. Error in interval measurements of mass loss was undoubtedly
high in this experiment. The most common interval mass loss estimate was 0.1 g, and the median value
was 0.2 g, both with only a single significant digit. Somewhat counterintuitively, these measurements
were su�cient for estimating BMP with a higher degree of relative precision. Due to the non-additive
nature of bottle mass loss estimates (when using total mass loss), these errors will tend to cancel or
compensate over time, so BMP estimates may still be accurate even with clearly inaccurate interval
estimates of composition and CH4 volume. In this experiment, complete mass loss (over the entire
incubation, see Section 2) was > 1.0 g (with two significant digits) for all bottles except those with
inoculum only. For FI1, for example, all GDi BMP estimates were within 7% of GDt values. However,
lower relative error in complete mass loss estimates makes for more precise GDt estimates of xCH4,
which were generally within 10% of GC results in this experiment (Figure 3). Incorporation of the
initial headspace correction (Equations (6) and (7)) improved the accuracy of GDt estimates for ethanol,
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In Equation (2), Ths is the bottle headspace temperature at the time of venting (�C). Assuming
bottles are removed from an incubator for measurement, Ths will be between incubation and room
temperatures. The concentration of water present in vented biogas (cH2O, g mL�1, dry standardized
biogas volume basis) is then calculated from this value, water molar mass (MH2O = 18.02 g mol�1),
pressure of biogas in the bottle headspace just prior to venting (Phs, kPa), and the molar volume of
biogas at standard conditions (vb, assumed to be 22300 mL mol�1 [5]):

cH2O = MH2O·
pH2O

phs � pH2O
· 1
vb

. (3)

Equation (3) is the only expression where bottle headspace temperature and pressure must be
considered. As with the gravimetric method, variation in headspace temperature and pressure have
only minor e↵ects [5]. Pressure can be approximated from the volume of vented biogas (ratio of vented
biogas volume to headspace volume times ambient pressure, plus ambient pressure). Temperature
can be measured in a representative bottle containing water, or approximated, e.g., as 5 �C below
incubator temperature. For both pressure and temperature, a single, fixed value for all observations is
su�cient [6]. The molar mass of biogas (Mb, g mol�1) is then obtained from biogas density:

Mb = ⇢b·vb. (4)

Finally, the mole fraction of CH4 in biogas (xCH4, dimensionless) normalized for CH4 and CO2
(xCH4+ xCO2= 1) is calculated from molar masses of CO2, CH4, and biogas (MCO2 = 44.01 g mol�1,
MCH4 = 16.04 g mol�1):

xCH4 =
MCO2 �Mb

MCO2 �MCH4

. (5)

From Equation (5), the content of CH4 in the biogas is known and can be used for calculation of
BMP as with gravimetric or volumetric methods. Equation (5) is based on the assumption that biogas
contains only CH4 and CO2. The presence of flushing gas will have a small e↵ect (usually <5%). When
N2 is used as a flushing gas (recommended for the GD-BMP method), error will be negligible when
xCH4 is ca. 0.58, because biogas has the same density as N2 in this case (1.25 mg mL�1). The use of other
gases or mixtures complicates this issue. In particular the high density of N2/CO2 mixtures inflates this
source of error, and also adds uncertainty about the fate of flushing gas (vented or in solution). As long
as nearly all flushing gas has been removed by the end of a trial, this source of error can be addressed
by simply subtracting the flushing gas mass from Dmb and volume from Vb using Equations (6) and (7).

V0b = Vb �V f . (6)

Dm0b = Dmb � d f ·V f . (7)

In Equations (6) and (7), V f is the standardized volume of flushing gas in the bottle headspace
prior to any venting, and d f is the density of flushing gas under standard conditions. Corrected
measurements V0b and Dm0b can be used in Equation (1) to correct for the flushing gas error. In this
work, for simplicity and because N2 was used as the flushing gas, this correction was not applied
universally, but was explored for ethanol as substrate, which resulted in the highest value of xCH4

(and so the highest expected error). This complication also applies to the gravimetric method, and was
described previously [5].

2.1.3. Variations on GD-BMP Application (GDt, GDi, and GDv)

Mass loss (Dmb) and biogas volume (Vb) used in Equation (1) may be from a single measurement
interval or the sum (volume) or di↵erence (mass) over multiple intervals (Figure 2). With low resolution
in gravimetric measurements and compensation among interval errors in mass, the use of multiple
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(Data table was adapted from Justesen 
et al. Water-Sweden (2019) 11, 2431 to 
simplify the calculations for this question.) 
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11. Using the same parameters as in Q8, and your answer for the biogas density (rb), calculate 
the mole fraction of methane (cCH4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
12. In order to prove that the gas density-based method (GD-BMP) is a practical and a reliable 
technique compared to other high-tech methods, authors cross-checked their results with a gas 
chromatography instrument, as shown in Figure-3 of Justesen et al. Water-Sweden (2019) 11, 2431. 
 
Gas chromatography (GC) technique can accurately separate and identify the components of 
a gas mixture. In this case it shows exactly what fraction of the biogas sample is methane. In the 
graph shown in Figure-3, if the fraction of the methane obtained from the new gas density-based 
method (GD-BMP)GC matches the result from a GC instrument, they should meet in the mid-solid 
line. A close match confirms the reliability of this method. 
 
According to this graph and after your close analysis of multiple measurements made for each 
digest, which substrate digest gave the most accurate results with the new method? 

 
(Plotting symbols for the figure are as follows: triangles for ethanol, crossed squares for cellulose, 

solid squares for the animal feed FI1, plus signs for animal feed FI2.) 
 

Explain your answer: 
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Note to the students: 
 

Please note that we did not go into extensive details of trouble shooting that was done by the 
authors in these experiments. Scientists often come across unexpected obstacles along their 
experiments, and as you can see form this paper, there are a lot of hindsight corrections to their 
initial plan. Nevertheless, persistence and creative solutions lead to successful innovations. 
 
As Thomas Edison once said: “I have not failed! I have found a thousand ways that won’t work”.  
 
This exam and the literature should be a hopeful look to future about how we are dealing with our 
waste. As a chemistry student, the knowledge you are gaining now is the foundation for the ideas 
you will be forming throughout your career. If you choose a discipline other than chemistry, then 
you will be an informed citizen who reads and understands the current progress in science. 
 
This article is a proof of principle for making the methane detection easier. But of course, using 
methane as the energy source requires purification steps after detection. For those of you who 
are interested, here is an article for another practical chemical approach to purify and collect 
the methane gas. 

 
“Three-Dimensional Printable Sodium Carbonate Composite Sorbents for Efficient Biogas 

Upgrading” 
 

By Murialdo et al.  Environmental Science & Technology 2020 54 (11), 6900-6907 
DOI: 10.1021/acs.est.0c01755 

https://pubs.acs.org/doi/10.1021/acs.est.0c01755?fig=abs1&ref=pdf 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 


