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1 Oil Price Trend since 2008

Figure 1: Oil Price Trend (WTI)
Crude oil price has been falling since 2008 [1], both in terms of maxima (decrease: $ 6.5 / year) and mean
(decrease: $ 3.6 / year). The decline accelerated last year (2019 decrease: ~ $ 10 / year). This phenomenon is
neglected in the main media. It contradicts the general assumption that if there is a shortage of crude oil, its
price should become more expensive.
The effect is not caused by shale oil extraction, nor by Trump, nor by oversupply, but by physics. It is not
happening by chance, but is involving a natural law, the second law of thermodynamics.
If the price of oil falls below $ 30 / barrel and stays that low for a long time, oil wells will be closed on a large
scale. According to Figure 1, this can be expected in the years 2022 to 2025, in the period when the
continuations of the green and orange lines hit the $ 30 line.
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2 Oil Production and Thermodynamics

Figure 2: Oil field in Wietze near Celle, Germany, 1912
Crude oil is found in reservoirs at depths of several hundred to approximately 3000 meters. When a reservoir is
found and drilled, crude oil sometimes comes out of the earth on its own due to the pressure of gas at the top
of the reservoir and dissolved in the oil. After a relatively short time, the pressure has decreased and the oil
has to be pumped to the surface (Figure 2). The world's largest Ghawar oil field in Saudi Arabia has been
exploited since 1951, and gas was injected into the field from 1958 to maintain pressure. Later on, from 1965
onwards seawater has had to be injected into Ghawar to maintain field pressure (see Chapter 10).
For over 60 years, crude oil has not come from the earth on its own, but has been extracted using technology
and energy. As the fields gradually becomes exhausted, efforts to produce more oil increase.
When it comes to the energy cost of producing oil, many only think of the potential energy that is required to
bring oil from the oil reservoir to the surface. The first mistake often made is to think that, in theory, no
potential energy is necessary, because at the reservoir’s depth a water column presses down and pushes the
oil up the well. A second mistake two consist in thinking that since water has a higher density, it would even be
able to push oil all the way up out of the earth, that is, there would have to be a continuous flow of oil that
could even be used to generate energy. Not only that, since in the oil reservoir the oil is warmer than the
surface of the earth, one could use the oil’s heat as a second source for energy generation. However, in fact, in
most cases crude oil does not come up from earth reservoirs on its own. A considerable amount of energy is
required to produce oil, which ends up as waste heat.
Furthermore, oil production is not just moving oil upwards. Bringing oil to the surface has a second effect: the
temperature distribution of the earth's crust is altered. This temperature change requires a lot more energy
than merely moving a mass of oil from the reservoir to the surface.
This article is about the temperature change of the earth's crust due to oil production.
That is to say, this article is not just about the individual amounts of energy required in the production process,
their determination and addition. Instead it focuses on the total cost of producing oil and processing it into
usable forms, i.e. petroleum products by considering the temperature changes in the earth’s crust brought
about by the process of oil extraction. In this respect, technological advances that now make oil accessible
where previously it was not, and do so thanks to additional energy expenditure, have no influence on the
Why is the average Crude Oil Price decreasing since 2008 ?

Page

4/43

temperature distribution and should therefore not be considered separately as some researchers do.
From the point of view of thermodynamics, the oil production process can be seen as an irreversible process
(For a brief introduction to thermodynamics, see Fuchs in [3]). The first law of thermodynamics, energy
conservation, is not enough to describe this production process. In addition we must consider also waste heat,
friction losses and entropy increase as described in the second law (for the meaning of entropy and other
thermodynamics terms please refer to the Terms and Definitions section 10.9).
Since, in most instances, crude oil does not come from the earth on its own, it is clear that we are not dealing
here with a natural process. Natural processes are always linked to an increase in entropy without additional
external energy input. Instead here external energy must be supplied to bring oil to the surface. It is this extraneous input that increases entropy of the overall system. It is by focusing on this specific entropy increase that
we may get an overall estimate of the total energy cost of getting oil.

3 Thermodynamics: Temperature of the Earth Crust
A temperature equilibrium has established itself across the earth’s crust for millions of years [2]. That is to say,
there is a stable temperature gradient between the relative warm interior of the earth and the cold earth's
crust near the surface, i.e. as one goes deeper and deeper from the surface down, that temperature increases
progressively. In turn, when heat is brought up by the transportation of warm oil from a reservoir to the cold
surface, this stable gradient is altered and this change has consequences, as illustrated on Figure 3.
The surface of the earth heats up, the interior of the earth cools down by the supply of water into the reservoir
in replacement for the oil extracted. This cooling is due to the energy conservation law, because the
displacement of heat along with the movement of oil masses has to come from somewhere. No vacuum is
created in the interior of the earth as oil is extracted, water must flow in and is involved in cooling [18]. Energy
(more precisely exergy, i.e. an amount of usable energy) is necessary for the change [3] [4]. The amount of
exergy required corresponds exactly to the amount of heat being moved.
The second law of thermodynamics states that the energy required to achieve a temperature change must
be supplied from external sources. [6]
The more heat is displaced, the higher the corresponding exergy required. As reservoir depletion progresses,
exergy expenditure increases with each barrel extracted. If water is also extracted in addition to petroleum, as
is most often the case, the heat it carries requires additional expenditure of exergy. At some point, the total
exergy expenditure (corresponding to the oil plus water extracted) ends up being as high as the usable energy
content of the average oil barrel, or even higher.
The calculation of the production energy cost is presented in the appendix to this article.
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Figure 3: Left: temperature of the earth's crust in equilibrium, right after oil production, schematic
illustration. The local temperature distribution in the right image depends on the way of extraction and the
water supply. When water is injected, the temperature is only changed in the vicinity of the reservoir.

4 Continuous Increase in the Energy Cost of Crude Oil
Extraction
Figure 4 shows the thermodynamically calculated energy required to extract the oil as a curve. The detailed
calculation are shown in the appendix. This energy cost curve does not correspond to the general view. The
latter only considers the potential energy required to lift the oil to the surface. However, much more energy is
required overall.
As we stressed earlier, the amount of energy used per kg (or barrel) mined increases over time. In or about
2022 it will be as big as the practically usable energy content of petroleum. In 2029, it will be as large as the
theoretically usable energy content. 87% of crude oil products are fuels and are only used as energy carriers
[6]. If the energy cost of getting oil becomes roughly the same as the energy content of the barrel, oil
production becomes pointless since there is no net usable energy left out of the extraction process. The global
economy will then stop using oil and the price of the barrel will approach $ 0.0 [7].
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Figure 4: Thermodynamical calculated production energy for crude oil extraction

The exact time to reach zero net energy delivered by the whole oil industry cannot be calculated because it is
influenced by the use of other forms of energy (coal, gas) [8] [9], the total water content of what comes out of
the wells is unknown, the depth of the borehole varies, etc.
However, the end of the oil age can be estimated from the real price curve per barrel.
The real price curve, has been falling since 2008, let us anticipate the end sometimes during the 2022 to
2025 period.
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5 Check of Plausibility
Anyone who sees Figure 4 for the first time would be surprised with the large energy costs of oil production
that we are presently reaching. However, one has to take into account that this amount of energy applies to
the entire production process, from exploration to production, refining, storage and distribution at petrol
stations.
It is anything but easy to determine all the energy cost (input energy) for oil production. A huge amount of data
is required. Most of that data cannot even be estimated and/or is confidential to individual companies. For
example, how much of the energy cost of training a steel worker who makes pipeline pipes has to be taken into
account?

Figure 5: Schematic display of industrial sectors involved in oil production
The operating space of the petroleum production system (PPS) can be divided as follows:
a) Oil exploration
b) Oil drilling and production
c) Transport, storage
d) Refining
e) Delivery
f) Supporting industries
A rough, self-made estimate for the energy expenditure of the PPS in 2015 is as follows:
a) Oil exploration: No access to data; can be discounted to zero by oil producers in case of financial difficulties.
Assumption: 1%
b) Oil drilling and extraction: From the energy return on energy investment (EROI) estimate of 9: 1 ([16] Hall) it
follows that about 11% of the (thermal) energy of the crude oil was used for oil extraction in 2015.
c) Transport, storage: No access to data; Assumption 1%
d) Refineries:
Data from the US EIA provides an indication of the energy loss [16] - Energy of the mass flows input and
output: 13% loss
Biofuels, blenders, hydrogen have a higher input value than the pure calorific value: additional 3% loss
Bitumen and plastic raw material (naphtha) do not count as energy output: 13% loss
Personnel, maintenance and waste disposal costs (assumption): 2%
e) Delivery: No access to data. Assumption: 5%
f) Supporting industries: No access to data. Assumption: 4%
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According to the above estimates, the total of the energy waste heat included in ETP in figure 4 is at least in the
order of 1% + 1% + 11% + 31% + 5% + 4% = 53% of the gross energy in the oil extracted. That is, already in
2015 we were close to the 62% limit for the amount of usable energy in crude oil. The thermodynamically
determined curve in Figure 4 is therefore plausible.

6 Crude Oil Price and Crude Oil Production

Figure 6: Crude oil price and crude oil production. Here the Crude & Condensate production is shown, which
in contrast to "All Liquids" statistics contains no NGPL, no biofuels and no refinery Gain [26].
Oil production peaked in November 2018 (blue line in Figure 6) and has been falling since then. The oil price
trend is also falling. Even the attack on the Saudi oil facilities and the subsequent production restrictions only
raised the oil price for a short time, as well as the assassination of the Iranian general. The rising energy and
financial costs of oil production can no longer be paid for by the global economy. That is, the fall in the ability
of the global economy to make money with rapidly declining net energy per barrel means that the global
economy can less and less afford ever increasing production costs. The overall pressure on prices is down [26].
The falling oil price trend lead to doubt that oil production can reach the previous maximum value again. The
global recession pressures and the fear of the new corona virus are further depressing oil prices. Low oil prices
are pressurising oil producers to cut investment and capital expenditure, thus reinforcing the downward
trends.
In contrast, oil producing countries depending primarily on oil for their income need high prices. For example,
to finance its state budget, Saudi Arabia needs an oil price of around $ 80 / barrel [10]. To try and achieve this
price level, Saudi Arabia is pushed to persuade OPEC + to reduce oil production [11]. See also figure 8 and
remark [26].
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7 The ETP Model
The Hills Group first recognised the importance of thermodynamics for oil production. This association of
consultants for the oil industry has created the original ETP model [12]. The author's website is no longer
accessible.
The ETP model was never respected, especially by the oil industry, given the shadows that it cast on its future.
Likewise, many supporters of the climate movement had counter-arguments, largely based on preconceptions
and for fear of political discussion [13].
Presently, with my current level of knowledge, I consider even more that the ETP model is correct.
The model leads to two key statements based on the second law of thermodynamics:
The average oil price has to follow a downward trend.
The drop in oil prices will lead to the cessation of oil production in a few years (bar the oil industry
accessing a viable new source of energy, not oil-derived, enabling it to resume delivering net energy from oil,
which is for now highly unlikely).
A global wave of bankruptcy from oil producers has not yet occurred [15]. The industry appears to be presently
suspended between two worlds, temporarily protected by the global economy incurring for ever increasing
total debt.
The declining prices trend is clear, albeit with a delay of about two years from the originally projected price
curve. In my opinion, the main reason for this is the use of other lower cost energy sources for oil production.
However, since the energy mix used for funding the industry has hardly changed over many years, only a short
delay for the price decline is possible.
The reduction in the quantities delivered can be seen today (see Figure 6). Two lines are drawn on this figure:
the dashed green line connects the oil price maxima, the dashed blue line the minima. The green line is
indicative of the maximum prices that the world economy can pay for crude oil. The blue line is indicative of
the prices that oil producers absolutely need to cover their costs. Both lines meet around April 2020. From that
point on, OPEC + is likely to enter a very difficult period when its survival will be at stake. It will be under
pressure to close wells and greatly reduce oil production, if my interpretation is correct.
The ETP model shows that oil production does not end when there is no more oil, but when oil production is
no longer energetically worthwhile. It is not geology that ends the oil age, but thermodynamics. At that point
the matter becomes noticeable for the global economy as an economic or financial problem. Economists will
later say that the oil age ended because oil production was no longer financially viable.
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8 All drops: Oil Price, Oil Production, Car Production
As a result of the increasing energy cost of the PPS, economic problems can be expected in particular for the
oil-consuming infrastructure, i.e. first for the car industry. The problems already exist, as the following diagrams
show.
Figures 7,9 and 10 have the following structure:
The x-axis is the product of the monthly mean value of the oil price (Brent) with the monthly world oil
production (Crude and Condensate) [14]. That is an estimate of the total cost the world pays for oil. The y-axis
represents the mean value of car sales/production over the past 12 months. The mean value was chosen
because car sales and production fluctuate greatly from month to month. Figure 8 is similar, but since there are
only annual figures from Saudi Arabia, the averaging is omitted.
Car sales in China (Figure 7) clearly show how sales increase in times of low oil prices and collapse when oil
prices are high. The slump started in early 2018 and continues to this day. The chart for Saudi Arabia shows
how car sales there increase with high oil prices, and fewer cars are sold with low oil prices. The trend is the
exact opposite of China. Saudi Arabia is also in economic difficulties. China is in trouble because crude oil is too
expensive, Saudi Arabia because oil is too cheap.
Besides China , there are similar declines in car sales in India, Mexico, Argentina, Brazil and other countries.
German car production began to collapse in mid-2018 (Figure 9). Interestingly, the sales figures for cars in
Germany have not been affected by the crisis to date (Figure 10).
We can observe the same in the USA. There are similar declines in car sales apart from China in: India, Mexico,
Argentina, Brazil and others.
In China, electric cars sale have been in decline even more than those with combustion engines following the
removal of tax breaks in autumn 2019. The problem for car production is not with the fuel but regarding the
overall energy costs. The time of energetically inefficient transportation is over.
Diagrams 7, 9 and 10 show that not only oil producers are affected, but also the oil-consuming
infrastructure.
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Figure 7: Car sales in china, including February 2020. Source: CEICDATA

Figure 8: Car sales in Saudi Arabia, Source CEICDATA
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Figure 9: Car production in Germany, including February 2020. Source: VDA

Figure 10: New car registration in Germany, including February 2020. Source: VDA
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9 Consequences
The thermodynamic calculation to estimate the PPS energy cost is based on the following:
• The earth's crust was in a stable temperature gradient equilibrium before oil production.
• Oil production destroys that equilibrium.
• External energy must be supplied to destroy the temperature equilibrium.
The thermodynamic calculation shows that the energy expenditure for oil production is increasing. The effect is
irreversible. The global economy's ability to pay for oil will go to zero if there is no net energy left over from oil
production with which it could generate wealth. Nobody will pay for something which has no benefit for them.
The oil price has been falling since 2008 because the energy expenditure for oil production is increasing. A
limit will soon be reached when the total energy production effort is as large as the total energy content of
the oil produced. Then the global economy will no longer spend money on oil.
In peak oil discussions to date, two points were seen as possible triggers for the peak:
• Geology will determine the peak because the oil reserves are limited.
• Economics will determine the end, because at some point oil production will become too expensive.
Today it is clear that the second argument is valid in that the economics of oil production are
thermodynamically driven.
The 2008 beginning of the recession is the logical consequence, which currently does not affect so much the
richer countries. Less developed countries are already suffering from the recession. The recession can only end
when energy from oil has become a niche product, subject to oil being replaced with something else.
We must expect the following:
• Oil-producing countries increasingly face economic difficulties.
• Countries that manufacture oil-consuming infrastructure increasingly face economic difficulties.
• The worsening process to happen swiftly (over a few years, as a Seneca cliff, that is, an abrupt fall
following a long period of growth, named after the Roman philosopher who first identified this kind of
pattern).

What to do:
Personal: make ourselves as independent of oil and oil-dependent infrastructure as we can - short distances to
work and shops, use of train / bike, low-energy house.
State: remove subsidies for the car and oil industries, promoting alternative means of transportation, making
infrastructure independent of cars. Promote renewable energies that ensure food and medical care.
Many of the measures are the same as are necessary to combat the climate emergency. However, there is still
less time available regarding the oil impending emergency than to combat the climate crisis. Personal
measures should be tackled quickly by everyone, and state measures are likely to come late.
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Appendix
10.1
10.1.1

Oil Fields
Ghawar

The following text is copied from: https://en.wikipedia.org/wiki/Ghawar_Field. Links on this website point to
additional information.
Ghawar is an oil field located in Al-Ahsa Governorate, Eastern Province, Saudi Arabia. Measuring 280 by 30 km
(174 by 19 mi), it is by far the largest conventional oil field in the world, and accounts for roughly a third of the
cumulative oil production of Saudi Arabia as of 2018.
Ghawar is entirely owned and operated by Saudi Aramco, the state run Saudi oil company. In April 2019, the
company first published its profit figures since its nationalization nearly 40 years ago in context of issuing a
bond to international markets. The bond prospectus revealed that Ghawar is able to pump a maximum of 3.8
million barrels a day—well below the more than 5 million that had become conventional wisdom in the
market.
Geology
Ghawar occupies an anticline above a basement fault block dating to Carboniferous time, about 320 million
years ago; Cretaceous tectonic activity, as the northeast margin of Africa began to impinge on southwest Asia,
enhanced the structure. Reservoir rocks are Jurassic Arab-D limestones with exceptional porosity (as much as
35% of the rock in places), which is about 280 feet thick and occurs 6,000-7,000 feet beneath the surface.
Source rock is the Jurassic Hanifa formation, a marine shelf deposit of mud and lime with as much as 5%
organic material (1% to 7% is considered good oil source rock). The seal is an evaporitic package of rocks
including impermeable anhydrite.
History
In the early 1940s, Max Steineke, Thomas Barger and Ernie Berg noted a bend in the Wadi Al-Sahbah dry river
bed. Measurements confirmed that the area had undergone geologic uplift, an indication that an oil reservoir
may be trapped underneath. Oil was indeed found, in what turned out to be the southern reaches of Ghawar.
Historically, Ghawar has been subdivided into five production areas, from north to south: 'Ain Dar and
Shedgum, 'Uthmaniyah, Hawiyah and Haradh. The major oasis of Al-Ahsa and the city of Al-Hofuf are located
on Ghawar's east flank, corresponding to the 'Uthmaniyah production area. Ghawar was discovered in 1948
and put on stream in 1951.Some sources claim that Ghawar peaked in 2005, though this is denied by the field
operators. Saudi Aramco reported in mid-2008 that Ghawar had produced 48% of its proven reserves.
Production
Approximately 60–65% of all Saudi oil produced between 1948 and 2000 came from Ghawar. Cumulative
production through early 2010 has exceeded 65 billion barrels (1.03×10 10 m3). In 2009, it was estimated that
Ghawar produced about 5 million barrels (790,000 m 3) of oil a day (6.25% of global production), a figure which
was later shown to be substantially overestimated.
As of 31 December 2018, a total of 58.32 billion reserves of oil equivalent including 48.25 billion barrels of
liquid reserves have been confirmed by Saudi Aramco. Average daily production was 3,800,000 barrels per day.
Ghawar also produces approximately 2 billion cubic feet (57,000,000 m 3) of natural gas per day.
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The operators stimulate production by waterflooding, using seawater at a rate said to be around 7 million
gal/day. Water flooding is said to have begun in 1965. The water cut was about 32% in 2003, and ranged from
about 27% to 38% from 1993 to 2003. By 2006, North Uthmaniyah's water cut was about 46%.
Reserves
In April 2010, Saad al-Tureiki, Vice-President for Operations at Aramco, stated, in a news conference reported
in Saudi media, that over 65 billion barrels (10.3 km 3) have been produced from the field since 1951. Tureiki
further stated that the total reserves of the field had originally exceeded 100 billion barrels (16 km 3).
The International Energy Agency in its 2008 World Energy Outlook stated that the oil production from Ghawar
reached 66 Bbo in 2007, and that the remaining reserves are 74 Bbo.
Matthew Simmons, in his 2005 book Twilight in the Desert, suggested that production from the Ghawar field
and Saudi Arabia may soon peak.
When appraised in the 1970s, the field was assessed to have 170 billion barrels (27 km 3) of original oil in place
(OOIP), with about 60 billion barrels (9.5 km 3) recoverable (1975 Aramco estimate quoted by Matt Simmons).
The second figure, at least, was understated, since that production figure has already been exceeded.
Numbers for Ghawar:
Discovery:
1948/49
Begin of extraction:
1951
Begin of gas injection:
1958
Begin of water injection:
1965
Depth:
ca. 2000 m
Current crude oil production:
ca. 3.8 Mio. Barrel /day
Water injection:
ca. 8 Mio. Barrel/day
Water cut: ~4 Mio. Barrel / 4 Mio. Barrel = ~50 Vol % = ~54 % percent of weight (calculated using the difference
of water injection und production)
Oil quality (Gravity):
34-38 API

Figure 11: Position of the oil field Ghawar in Saudi
Arabia.
Why is the average Crude Oil Price decreasing since 2008 ?

Page

16/43

10.1.2

Bakken Formation

The following text is copied from: https://en.wikipedia.org/wiki/Bakken_Formation. This website contains links
to additional information.
The Bakken Formation is a rock unit from the Late Devonian to Early Mississippian age occupying about
200,000 square miles (520,000 km 2) of the subsurface of the Williston Basin, underlying parts of Montana,
North Dakota, Saskatchewan and Manitoba. The formation was initially described by geologist J.W. Nordquist in
1953. The formation is entirely in the subsurface, and has no surface outcrop. It is named after Henry Bakken, a
farmer in Tioga, North Dakota, who owned the land where the formation was initially discovered while drilling
for oil.
Besides the Bakken formation being a widespread prolific source rock for oil when thermally mature,
significant producible oil reserves exist within the rock unit itself. Oil was first discovered within the Bakken in
1951, but past efforts to produce it have faced technical difficulties.
In April 2008, a USGS report estimated the amount of recoverable oil using technology readily available at the
end of 2007 within the Bakken Formation at 3.0 to 4.3 billion barrels (680,000,000 m 3), with a mean of 3.65
billion. Simultaneously the state of North Dakota released a report with a lower estimate of 2.1 billion barrels
(330,000,000 m3) of technically recoverable oil in the Bakken. Various other estimates place the total reserves,
recoverable and non-recoverable with today's technology, at up to 24 billion barrels. A recent estimate places
the figure at 18 billion barrels. In April 2013, the U.S. Geological Survey released a new figure for expected
ultimate recovery of 7.4 billion barrels of oil.
The application of hydraulic fracturing and horizontal drilling technologies has caused a boom in Bakken oil
production since 2000. By the end of 2010, oil production rates had reached 458,000 barrels (72,800 m 3) per
day, thereby outstripping the pipeline capacity to ship oil out of the Bakken. There is some controversy over
the safety of shipping this crude oil by rail due to its volatility.
This was illustrated by the 2013 Lac-Mégantic rail disaster, in which a unit train carrying 77 tank cars full of
highly volatile Bakken oil through Quebec from North Dakota to the Irving Oil Refinery in New Brunswick
derailed and exploded in the town centre of Lac-Mégantic. It destroyed 30 buildings (half the downtown core)
and killed 47 people. The explosion was estimated to have a one-kilometre (0.62 mi) blast radius.
As of January 2015, estimates varied on the break-even oil price for drilling Bakken wells. The North Dakota
Department of Natural Resources estimated overall break-even to be just below US$40 per barrel. An analyst
for Wood McKenzie said that the overall break-even price was US$62/barrel, but in high-productivity areas
such as Sanish Field and Parshall Oil Field, the break-even price was US$38-US$40 per barrel.
Geology
The rock formation consists of three members: lower shale, middle dolomite, and upper shale. The shales were
deposited in relatively deep anoxic marine conditions, and the dolomite was deposited as a coastal carbonate
bank during a time of shallower, well-oxygenated water. The middle dolomite member is the principal oil
reservoir, roughly two miles (3 km) below the surface. Both the upper and lower shale members are organicrich marine shale.
Oil and gas
The Bakken formation has emerged in recent years as one of the most important sources of new oil production
in the United States. Most Bakken drilling and production has been in North Dakota, although the formation
also extends into Montana and the Canadian provinces of Saskatchewan and Manitoba. As of 2013, the Bakken
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was the source of more than ten percent of all US oil production. By April 2014, Bakken production in North
Dakota and Montana exceeded 1 million barrels per day (160,000 m 3/d). As a result of increased production
from the Bakken, and long-term production declines in Alaska and California, North Dakota as of 2014 was the
second-largest oil-producing state in the US, behind only Texas in volume of oil produced.
Bakken production has also increased in Canada, although to a lesser degree than in the US, since the 2004
discovery of the Viewfield Oil Field in Saskatchewan. The same techniques of horizontal drilling and multi-stage
massive hydraulic fracturing are used. In December 2012, 2,357 Bakken wells in Saskatchewan produced a
record high of 71,000 barrels per day (11,000 3/d). The Bakken Formation also produces in Manitoba, but the
yield is small, averaging less than 2,000 barrels per day (300 m 3/d) in 2012.
Drilling and completion
Most Bakken wells are drilled and completed in the middle member. Many wells are now being drilled and
completed in the basal Sanish/Pronghorn member and in the underlying Three Forks Formation, which the
North Dakota Department of Mineral Resources treats as part of the Bakken for oil production statistical
purposes….
...Increased US oil production from hydraulically fractured tight oil wells in formations such as the Bakken was
mostly responsible for the decrease in US oil imports since 2005. The US imported 52% of its oil in 2011, down
from 65% in 2005. Hydraulically fractured wells in the Bakken, Eagle Ford, and other tight oil targets enabled
US crude oil production to rise in September 2013 to the highest output since 1989.
History of Bakken oil resource estimates
Oil in place
A research paper by USGS geochemist Leigh Price in 1999 estimated the total amount of oil contained in the
Bakken shale ranged from 271 to 503 billion barrels (43.1 to 80.0 billion cubic metres), with a mean of 413
billion barrels (65.7 billion cubic metres). While others before him had begun to realize that the oil generated
by the Bakken shales had remained within the Bakken, it was Price, who had spent much of his career studying
the Bakken, who particularly stressed this point. If he was right, the large amounts of oil remaining in this
formation would make it a prime oil exploration target. Price died in 2000 before his research could be peerreviewed and published. The drilling and production successes in much of the Bakken beginning with the Elm
Coulee Oil Field discovery in 2000 have proven correct his claim that the oil generated by the Bakken shale was
there. In April 2008, a report issued by the state of North Dakota Department of Mineral Resources estimated
that the North Dakota portion of the Bakken contained 167 billion barrels (26.6 billion cubic metres) of oil in
place.
Recoverable oil
Although the amount of oil in place is a very large oil resource, the percentage that can be extracted with
current technology is another matter. Estimates of the Bakken's recovery factor have ranged from as low as 1%
—because the Bakken shale has generally low porosity and low permeability, making the oil difficult to extract
—to Leigh Price's estimate of 50% recoverable. Reports issued by both the USGS and the state of North Dakota
in April 2013 estimated up to 7.4 billion barrels of oil can be recovered from the Bakken and Three Forks
formations in the Dakotas and Montana, using current technology....
...The Energy Information Administration (EIA), the statistics service of the Department of Energy, estimated in
2013 that there were 1.6 billion barrels and 2.2 trillion cubic feet (tcf) of technically recoverable oil and natural
gas in the Canadian portion of the Bakken formation. Crescent Point Energy and other operators are
implementing waterfloods in the Bakken Formation of the Viewfield Oil Field in Saskatchewan. Some believe
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that waterflooding can raise the recovery factor at Viewfield from 19 percent to more than 30 percent, adding
1.5 to two billion barrels of additional oil.

Proved reserves
The US EIA reported that proved reserves in the Bakken/Three Forks were 2.00 billion barrels of oil as of 2011.

Typical data of a fracking well in the Bakken formation [23]:
Vertical Depth:
10000 Feet (=3300 m)
Horizontal length:
9000 Feet (=3000 m)
Fracking-pressure:
100 MPa (when breaking up the rock layer)
Fluid- flow at fracking:
10000 liter/min
Fracking-Fluid per Well:
1000 to Proppant (sand or ceramics)
40000 barrel x-link gel (chemicals)
2.6 Mio Gallons of water (=7000m³-20000 m³, or 50000 - 15000 Barrel)
Oil quality (Gravity):
40-43 API

Figure 12: Schematic drawing of a fracking well [23]

10.2

Properties of the Earth Crust

Physical properties of the earth's crust differ locally, just like the properties of oil wells and boreholes. Spans for
the relevant physical quantities are given below, and a typical value is selected for the further calculations. The
use of a single value is completely sufficient to understand the ETP equation.
Density of earth material:
ρ =1700. .2700 kg /m3 ,2000 kg / m3 is used
Heat capacity of earth material:
c=0.22..0.43 Wh/kgK , 0.43Wh/ kgK is used
Typical heat conductivity of earth material:
λ =0.47 ..2.1W / mK , 2.1 W / mK is used
Well depths: used is d=1000 m
Conventional Crude oil is typically produced out of a depth of 500m to 3000m.
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10.2.1

Thermal Relaxation Time

The thermal relaxation time for an earth layer can be determined with the help of the above material values.
The thermal relaxation time is the time it takes for a temperature difference to even out through an insulation
layer.

T (t)=T 0 exp(

−t
)
TR

Eq. 2.1

T0 is the initial temperature difference, and T (t) is the temperature as a function of time.
The relaxation time is calculated using the following formula:

T R=

2

d ⋅ρ⋅c
λ

Eq. 2.2

With the material values from above the time constant for the 1000m thick layer of earth results:

T R=

2

1000 ⋅2000⋅0.43 2 m⋅K kg W⋅h
m
2.1
W m3 kg⋅K

T R≈4.1⋅10 8 h=47000 Years

of

10.2.2

Eq. 2.3

Vertical Temperature Distribution in the Earth Crust

The earth's core has an estimated temperature of 5500-6000 ºK. Heat flows continuously from the earth's core
to the earth's surface and is emitted into space by infrared radiation. This amount of heat is approx. 50 mW /
m².
A linear temperature gradient was determined using deep drilling in Germany. The interior of the earth
becomes about 33 ºK warmer per 1000 m.
Sun exposure causes daily and seasonal fluctuations in the temperature on the earth's surface. However, these
fluctuations have only a small depth of penetration into the earth. Already at a depth of 20 m there is an
almost constant temperature in most places that is not subject to seasonal fluctuations. In Germany, the typical
temperature at a depth of 20 m is approx. 11 ° C.
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Figure 13: Temperature increase with depth. The colored lines
show the course of some geothermal power plants [24].
The temperature gradient has been (at least locally) unchanged for hundreds of thousands of years, even
millions of years. In particular, all heat flows apart from the heat current coming from the earth's core have
balanced out over the years. There is a gradient balance that would last for hundred thousand years without
human intervention. Oil production disturbs this situation.
Let’s note that geothermal power plants are built at locations where the earth's temperature is significantly
higher than the normal gradient. Power plants located near the straight gradient line would be uneconomical
(in other words: energetically inefficient).

10.2.3

Reservoir Temperatures

The reservoir temperature is determined by the depth of the borehole. HG evaluated the EIA data for US oil
wells against time, entered it in a diagram and fitted it with a straight line. The following diagram in figure 14
shows the fit. As with the following diagrams, the fit is extrapolated into the future. (See Jean Laherrère
comments [25] for the depth and temperature distribution.)
The temperature gradient in the earth is approx. 33 ºK per 1000 m. This results in the curve in Figure 15. It
shows the mean temperature difference to the standard reference ambient temperature of 11 ° C (= 284 K) at
the bottom of the drill holes.
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Figure 14: Well depths for conventional oil in USA as a function of time. Source: EIA

Figure 15: Average increase in temperature differences (borehole bottom about 11 C
at 20 m depth) of boreholes in the USA as a function of time, derived from the fit
curve of the previous diagram [25].
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10.3

Crude Oil Production

10.3.1

World Oil Production

The worldwide production of crude oil as a function of time is a very well documented. For example in the EIA
database. The HG uses a fit to this data (skewed parabola simulation). The fit only contains the data from
conventional oil. Unconventional types of oil or other liquids: shale oil, tar sand, deep sea oil, bioethanol, etc.
are not considered. The maximum of this fitted curve is around 2003 (while total liquids production continued
to grow beyond this date).

Figure 16: World crude oil production, including a parabolic simulation for
conventional oil production.

Figure 17: Cumulative global oil production, conventional crude oil.
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The reason for the omission of the unconventional oils is that on the one hand they are extracted significantly
differently and on the other hand that their extraction requires even more energy than conventional oil (see
example shale oil).

10.3.2

Water Cut of Oil Production

"Water cut" is the percentage of water that comes out of the well together with the crude oil. (See [19] and
Chapter 10.1.1.) Because water has a higher mass density and heat capacity, it transports significantly more
heat than the same volume of oil.
The water fraction is calculated by HG using the Buckley-Leverett equation of fluid mechanics. The resulting
function is balanced so that the “water cut” was 54% in 2005.
The proportion of water as a function of time is much more difficult to determine than the production curve.
There is a function of the water content as a function of the degree of depletion (in the script of the HG); but
the average depletion of the fields as a function of time is unknown. In addition, the curve of the water content
as a function of depletion is not linear. By evaluating a considerable amount of data about oil fields, the HG
determined the average water content in 2012 to be about 47%. The oil producers state the percentage of
water as a percentage from liters of water to liters of oil. To determine the mass flow, the proportion in kg
water per kg oil is to be calculated. Since the density of water is higher than that of oil, a little more than one
kg of water per kg of oil is extracted at a water cut of 47%. A curve determined from the depletion curve, which
has a volume fraction of 47% water in 2012, is shown in the following diagram.

Figure 18: Surface water cut as a function of extraction
A conversion of the water percentage as a function of time has been used for the ETP curve Figure 27 below.
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10.4

Thermodynamics

The ETP equation is determined at the end of this chapter; parameters necessary for deriving the equation are
defined beforehand.

10.4.1

Temperature Equilibrium and Entropy

Imagine two pots of water:
Each pot contains one litre of water at a temperature of 50 ° C. They are in thermal equilibrium in a closed
system. After some time, one is at 51 ° C, the other at 49 ° C. This cannot happen by itself, since this state has a
lower entropy than the equilibrium state.

Figure 19: Temperature change of an equilibrium resulting in lower
entropy.
Conclusion: The energy for heating one pot and cooling the other must have been supplied by an external
energy source. It doesn't matter how the change took place, the result tells us: "External energy was
necessary".
The formula for calculating the entropy change in water due to the temperature change from T₁ → T₂ is:

ΔS=m⋅c⋅ln

T2
T1

Eq. 4.1

With the data:
m = 1 kg,
c: specific heat capacity H₂O = 4.19 kJ / (kg * K)
it is possible to determine the change of entropy from the left to the right system:

ΔS=m⋅c⋅ln
ΔS=m⋅c⋅(ln

273+49
273+51
+m⋅c⋅ln
273+50
273+50

322
324
+ln
)=−0.9585e-5⋅m⋅c
323
323

ΔS=−0.9585e-5⋅1 kg⋅4.19 kJ/(kg⋅K )
The entropy change is negative:

ΔS=−4.0e-5 kJ /K

Eq. 4.2
A change to negative entropy can never happen on its own, it requires the supply of external energy.
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Figure 20: Second temperature change resulting in a higher difference.
20 shows a second temperature change T2 → T3. The entropy change is also calculated for this.

ΔS=m⋅c⋅ln
ΔS=m⋅c⋅(ln

273+48
273+52
+m⋅c⋅ln
273+49
273+51

321
325
+ln
)=−2.8756e-5⋅m⋅c
322
324

ΔS=−2.8756e-5⋅1kg⋅4.19kJ /(kg⋅K )
Eq. 4.3
ΔS=−12.05e-5 kJ /K
Just a degree more, but a change in entropy three times as high! This process requires 3 times more external
energy and heat input than the first change.

10.4.2

Amount of Work for Temperature Change

The work involved in changing the temperature can be determined in the same way as the work for charging a
capacitor.
Charging the capacitor with a charge qe leads to an increase in the voltage U = U1-U2. An increasing voltage U
of the capacitor requires an increasing work W for further voltage increases.

Figure 21: Plate capacitor with isolated
plates.

dW =U ( qe )⋅dq e

Eq. 4.4

The work required to charge the capacitor to a voltage U is W:
Qe

Qe

0

0

W =∫ U (q e )dq e =∫

2

qe
1 Qe 1
2
dq e =
= CU
C
2 C 2
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The work of charging a capacitor is not a linear but a quadratic function of the voltage.
A 1000 m thick layer of earth has a typical thermal relaxation time in the order of 47,000 years (see above). The
surface of the earth and the interior of the earth can be compared to two plates of a capacitor that are isolated
by the layer of earth.
A constant heat flow of oil from the interior of the earth, which flows into the earth's surface with the heat
capacity m * c, leads to a constant rise in temperature T. The higher the temperature, the greater the work W
in order to achieve additional temperature increases.

Figure 22: Earth's surface and oil reservoir are like two
plates separated by an insulation layer.

The work necessary dW to overcome the temperature difference dT is:

dW =−m⋅c⋅dT

The work dW is determined in the next chapters.

10.5

Eq. 4.6

Oil Production and Entropy Change

Processes in which entropy decreases can never take place on its own. They always require external energy.
If the temperature of a material changes from T₁ → T₂, for example of earth material, the entropy changes by:

ΔS=m⋅c⋅ln

with:

m:
c:

T2
T1

Eq. 5.1

Mass of Earth material (kg)
Heat of earth material (J/(kg · K))

Consider a thought experiment: A large amount of oil is transported from a reservoir to the surface of the
earth. The mass and thermal capacity of the quantities of material involved on the earth's surface and in the
reservoir are the same, but unknown. The thermal energy of the oil causes a temperature change of +0.1 ºK at
the surface and -0.1º K at the reservoir.
For the example values: reservoir temperature of 330 ºK, an earth surface temperature of 284 ºK at a depth of
20 m. A reservoir depth of 1400 m and a gradient of 33 ºK / 1000 m results in:
Eliminating the temperature difference caused by the gradient leads to a “gradient-free” reservoir temperature
of 323ºK -49ºK = 284ºK, which leads to a change in entropy. The entropy change S caused by oil production is
negative:
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ΔS=m⋅c⋅ln

283.9
284.1
+m⋅c⋅ln
284
284

Eq. 5.2

ΔS=−1.23e-7⋅m⋅c
Oil extraction requires the supply of external energy and heat.
If the same amount of oil is transported to the surface again, the final temperatures are 284.2ºK at the surface
and 339.8ºK or "gradient-free" 239.8ºK at the reservoir..

ΔS=m⋅c⋅ln

283.8
284.2
+m⋅c⋅ln
283,9
284,1

Eq. 5.3

ΔS=−3.72e-7⋅m⋅c
The second oil transport requires about three times as much entropy or energy.
With oil production, every barrel of oil transports some heat to the surface of the earth. This changes the
existing temperature balance of the earth's crust.
Assumption: Every year the same mass of oil and water is extracted from the earth. At the same time, water
flows into the oil reservoir.
Year 0: Oil production warms the surface of the earth by a small temperature amount (and cools the reservoir),
there is no need to overcome a temperature difference.
Year 1: Oil production heats the earth's surface by a second small temperature amount (and cools the
reservoir), the first small temperature difference has to be overcome with low energy consumption.
Year 2: Oil production warms the surface of the earth by a third small temperature amount (and cools the
reservoir), two small temperature differences have to be overcome, which require twice as much energy.
Year n: Oil production has increased the surface of the earth by n temperature amounts (and cooled the
reservoir). All small differences n have to be overcome and require a lot of energy.
The same amount of oil is produced every year, but the energy required per unit of oil is increasing. At some
point the energy requirement per kg of oil will be greater than the energy content!
=> then oil production becomes pointless.

10.6

The ETP Equation

With oil production, masses mi (t) (crude oil and water) with a total heat content q (t) are transported to the
earth's surface.
The heat transport from the earth's interior leads to a slight rise in temperature in relation to the equilibrium
between the earth's surface and the earth's interior.
The heat transport as a function of time is:

q̇(t)=(T R−T 0 )⋅∑ ṁi (t)⋅c i
i

Eq. 6.1

With the mass flows of oil and water:

∑i ṁi (t )⋅ci = ṁC (t)⋅c C + m˙W (t )⋅cW

Eq. 6.2

Index C: Crude oil
Index W: water
Index S: Surface
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c: specific heat capacity [J / kg / K]
TR: average reservoir temperature [K]
T0: average ambient temperature ~ 25 ° C [= 298.15 K]
For an oil well, the total heat Q (tE) transported from the start of oil production (= 0) to time t E is:
tE

tE

0

0

Q(t E )=∫ q̇(t) dt=∫ (T R−T 0 )[ ∑ ṁi (t )⋅c i ] dt
i

Eq. 6.3

The temperature increase is transported heat divided by the heat capacity of the earth. The total temperature
increase is:

δ T (t E )=

Q(t E )
mS⋅c S

Eq. 6.4

Since the mass of the earth's surface is very large, the temperature rise is very small and difficult to measure. If
the warming is viewed inaccurately, it can be assumed that the increase is even zero. This inaccurate
consideration is certainly one of the reasons why the thermodynamic effects of oil production have so far been
overlooked.
At another point in time t E + δ t , an additional amount of heat has flowed:
δt

δ q(t E +δ t )=∫ (T R−T 0 )[∑ ṁi (t)⋅c i ] dt
tE

Eq. 6.5

i

and causes an additional temperature increase:

δ q(t E +δ t)
mS⋅c S
The total temperature increase up to the time t E + δ t is:
δ T (t E +δ t )=

T (t E + δ t )=

Q(t E ) δ q(t Ek +δ t) Q(t E +δ t)
+
=
mS⋅c S
mS⋅c S
mS⋅c S

Eq. 6.6

Eq. 6.7

The work δ W in the time span δ t for generating the additional temperature change is to be calculated
from the temperature difference times the heat capacity of the earth's surface (Eq.4.6).

δ W =mS⋅c S⋅T (t E +δ t )

Eq. 6.8

Replacement using Eq. 5.9 gives:

Q(t +δ t )
δ W =mS⋅c S⋅ E
=Q(t E +δ t )
mS⋅c S

Eq. 6.9

The heat capacities of the earth masses involved acancel each other! It doesn't matter how big they are, the
workload to overcome the temperature difference is always constant and anything but negligible. This is the
workload to generate an additional temperature difference in the time span δ t .
The total amount of work involved in producing all crude oil from 0 to t is therefore:
t

W TP (t )=∫ (T R −T 0 )[ m˙ C (t)⋅c C + m˙W (t )⋅cW ] dt

Eq. 6.10

0

It is equal to the sum of all heat quantities of the materials being lifted.
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δ t is:

The amount of oil produced in the time span
t +δt

δ mC (t)= ∫ m˙ C (t) dt

Eq. 6.11

t

The division of work by the amount of crude oil produced

δ mC (t ) in the time span δ t results in the

specific work (= energy) required per mass unit of crude oil.

eTP (t , δ t )=

δ W ( δ t) Q(t E )
=
δ mC (t) δ mC (t)

Eq. 6.12

The energy per kg of crude oil in each year is the work required during this period (e.g. year) divided by the
mass of the oil in the same year.
The effort for oil production increases over time, depending on the production history. The cause is the
increasing temperature difference between the earth's surface and its interior.
t+δt

∫ q˙TP dt

e TP (t ,δ t )= t +δ 0t

Eq. 6.13

∫ ṁC (t) dt
t

This results in the ETP Equation:
t +δt

e TP (t , δ t)=

∫ (T R−T 0 )[ m˙C (t)⋅c C + m˙W (t )⋅cW ] dt
0

t+δt

Eq. 6.14

∫ ṁC (t )dt
t

The specific energy eTP for crude oil production is the sum of the thermal energy moved up till now divided by
the currently extracted crude oil mass. The energy mentioned here is to be applied by machines, so it is the
exergy of the working process of the machine. The more oil is extracted, the more exergy is required for each
subsequent barrel. Each barrel requires slightly more exergy than the previous one.
To determine the required energy, the exergy e (k) is divided by the efficiency of the process for converting
energy into work (here 62%, the practically usable portion of the thermal energy content of crude oil).
Equation 6.14 above is identical to an equation of the Hills Group report (page 8, equation 7). The HG also
derived the equation from the second main clause, using the "entropy rate balance for control volumes" [4]
and the "steady state rate balance" as a starting point.
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10.7

ETP Equation for a single Oil Well

The ETP equation can be used to investigate individual oil wells or the entire world oil production. First, it is
applied to a single light tight oil (LTO, i.e. shale oil) source.
Example: Typical fracking oil well in the Bakken, production curve from “Drill, Baby, Drill” [20]. The Bakken is an
area in North Dakota (USA), far from volcanic terrain (chapter 10.1.2). The earth's crust in this area has had
temperature equalization for millions of years. LTO is typically located at greater depths than conventional oil at
around 3000 m. The differences to conventional oil are due to the history of the origin of the two types of oil.
Fracking is a process in which a horizontal line is laid in an oil-bearing layer. If you inject water into the pipe and
put it under high pressure, the rock surrounding the pipe is blown up. This makes oil-carrying bubbles
accessible, the oil flows into the line and the oil can be pumped out. With this process, a lot of water is initially
pumped into the ground, which has a cooling effect on the reservoir.
The warm oil from the earth warms the surface of the earth. A lot of warm water flows to the surface of the
earth together with the oil.
Typical data of an LTO well:
Depth : 3000 m
Oil production as a function of time: see Figure 22.
Water cut: 50% of volume 50% [19]. Water cut is assumed as constant.
This means that around 1.16 kg of water are extracted per kg of oil.
Temperature in a depth of 20 m: 11 °C
Temperature difference to the well bottom: 88 °C.
Conversion efficiency of the energy used in process: 62%
All above data are typical of the industry and realistic.
Eq.6.14 is an integral that is replaced by a sum to simplify the following calculation:
n−1

e TP (n∗δ t)=

∑ (T R−T 0 )[ ṁC (t )⋅c C + m˙W (t)⋅cW ]δ t
1

ṁC (t) δ t

Eq. 7.1

The time spans δ t are one month each. There is no temperature difference from the previous month in
the first month. The current monthly expenditure in the last month n is not counted, so the summation only
runs up to n-1.
With the assumed production curve Figure 23 14400 barrels are pumped out of the ground in the first month,
weighing 1972800 kg. At the same time, 2,289,000 kg of water come from the earth. The relative heat content
of oil and water together is around 1.17E12 J. There are no heat quantities from the previous month, so
eTP (1) = 0 J / kg.
With the assumed production curve, 12,600 barrels are pumped out of the earth in the second month, with a
weight of 1,726,200 kg. At the same time, 2002,000 kg of water come from the earth. The heat content of oil
and water together is about 1.02E12 J. The heat extracted from the previous month divided by the amount of
oil produced gives an eTP (2) of 678 kJ / kg. eTP (2) is significantly smaller than the thermal energy content of
crude oil of 46.69 MJ / kg, but still 1.4% of it.
In the third month, the amount of crude oil extracted is 10500 barrels = 1438500 kg. e TP (3) is the sum of the
two previous months equal to 1.88E12 J, and already 2.8% of the energy content.
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Continuing this calculation shows that after about 40 months the specific production energy e TP is exactly as
large as the energy content of the crude oil Figure 25. From now on, more energy is consumed than the
extracted oil contains. The funding could be ended from now on if only the current energies are considered.
The situation is even more unfavorable if one takes into account the efficiency of the energy conversion [9]
With an efficiency of 62% Figure 26 results. After 27 months the oil production gets energy negative.
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Figure 23: Typical production of an oil well in the Bakken. The drop in
production is significantly faster than with conventional oil. The somewhat
irregular course comes from the template [20].
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Figure 24: Cumulative oil production of the Bakken well.
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Figure 25: Bakken well: Thermodynamical required specific production energy.
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Figure 26: Bakken well: Specific production energy as a percentage of the exergy of the crude oil. After five
to six years, the energy expenditure is four to five times as large as the benefits.
Over the entire lifespan of the well, there is that the cumulative energy produced by the cumulative energy is
almost overtaken after a little over 60 months.
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Figure 27: Bakken well: Cumulative oil production and cumulative energy expenditure. The energy
is converted into boe (= barrel of oil equivalent).
The result of these calculations is that the extraction of LTO in the Bakken consumes approximately as much
energy per well as it supplies. Why is crude oil extracted at all? This is possibly because an energy unit from
crude oil produced costs significantly more than an energy unit from coal or gas used as inputs in the oil
production process. Crude oil [22] per joule is about five times as expensive as coal or gas. If very little
expensive oil energy is used in the extraction and instead mostly cheap energy, a financial gain is possible. We
must also note that one cannot get along completely without oil, since the entire transport sector uses almost
only oil as an energy source.
Depending on which numerical values one uses, a little more or less energy is required as input than the
output contains. In theabove example calculation, a water ratio of 50% is assumed; according to [19], however,
the water content is higher. Energy is not the same as money, but with these numbers, it is questionable
whether the fracking companies can even make a profit. Today it looks like many of the companies can no
longer pay back the loans taken out [21].
Fracking companies' hopes that rising oil prices can save them are delusory. The only way to profit from an oil
price hike is if the input energy from coal and gas remain cheap - and there is little evidence of this. On the
other hand, this report shows that global oil price trends are falling.
Conclusion: Fracking converts one type of fossil fuel into another and produces large amounts of climatedamaging CO2 gas.
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10.8

ETP Equation for the World Oil Production

The data from chapters 10.2 and 10.3 and equation 7.1 can be used to determine the energy expenditure for
world oil production: 28 .

Figure 28: Thermodynamical calculated production energy for crude oil extraction,
calculated with the ETP equation.

It follows from the ETP equation that in 2017 the specific production energy e TP (t) required around 56% of the
thermal energy content of crude oil produced and was only slightly below the practical usable energy content.
The generation of a temperature imbalance in the earth requires an increasing expenditure of energy until the
specific production energy is as high as the theoretical useful value of the energy content of crude oil (Carnot
process).
By 2029 at the latest, crude oil production will make no energy or economic sense. Already 2022 is critical. The
diagram clearly shows that there is a critical phase for oil production around 2020. An exact determination of
the critical point in time is not possible with this curve alone.
On the one hand, certain input data are known only imprecisely:
• The extrapolation of borehole depths and water content are both very approximative.
• Energy forms other than just crude oil are used in the production (however, these non-oil forms themselves
require net energy from oil for their production, so from an overall energy balance perspective, the use of nonoil energy sources in the PPS only decreases the net energy delivered by the PPS to the non-energy part of the
global economy – increasing use of non-oil sources in the PPS does not slow down significantly the trend
towards the end of oil production and may in fact accelerate it).
• The assumed, practically usable energy content of crude oil of 62% could in reality be significantly lower or
slightly higher.
Nevertheless, it is clear that a critical time exists and is about to happen.
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10.9

Terms and Definitions

All Liquids

All Liquids similar to crude oil added: includes crude and condensate plus NGPL plus
refinery gain plus bio fuels.

Bio fuels

By farming produced fuels, which are a part of all liquids.

Brent

Crude ol type; traded mainly in Europe and USA. Brent costs about 4 to 10 dollar
more than WTI.

CEICDATA

Database on the Internet, contains a lot of economic data, e.g. about car production
and sales.

C and C

Crude and condensate.

EIA

US Energy Information Administration

Entropy

A thermodynamic quantity representing the unavailability of a system's thermal
energy for conversion into mechanical work. It is expressed as the amount of heat
divided by the temperature. Entropy production corresponds to waste heat
generation.

EROI

Energy Return on Investment. Also called EROEI.

Exergy

Exergy is the mechanically usable part of the energy. The unusable part is called
anergy.

ETP Model

Study published by the Hills Group that was the first to highlight thermodynamic
limits to oil production. ETP means Total Production Energy.

G$

Gigadollar = 1.000.000.000 Dollar

HG

HillsGroup, Group of engineering consultants to the oil industry.

Conventional crude oil

Conventional oil deposits are collections of large quantities of crude oil, confined in
a trap structure in storage rock.

MOMR

Monthly Oil Market Report of OPEC

NGPL

Natural gas plant liquids; Gaseous hydrocarbons that emerge from the extracted
crude oil and are liquefied.

OPEC, OPEC+

Oil Producing and Exporting Countries. Cartel of oil producing countries. OPEC +
means OPEC including Russia.

PPS

Petroleum Producing System, The entire industry involved in oil production.

Refinery Gain

Volume increase of liquids by refining; requires energy in addition to the crude oil in
order to arise.

Shale Oil

Commonly used term for the oil obtained by fracking. Unfortunately it is false. LTO
(Light Tight Oil) is correct.
The term “shale oil” applies to oil from oil shale, which, however, has so far hardly
been produced.

Specific energy

Energy per kg.

Unconventional oil

Shale Oil (LTO), tar sand, deep sea oil, biologically produced fuels are not included.

VDA

German association of car producers: Verband der Automobilindustrie; publishes
each month data for the German car production.

WTI

West Texas Intermediate; Type of crude, traded in USA.
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10.10

Symbols

E

Energy

ETP

Total Energy Production cost of the PPS

eTP

specific Total Energy Production cost (ETP per mass or volume unit)

qe, Qe

Electrical charge

Q, Q

Heat (Joule)

c

Specific heat capacity [J/kg/K]

TR

Reservoir temperature [K]

T0

Average environment temperature ~25° C [=298,15 K]

t

time

t

Time span (e.g. month or year)

m

mass

S

Entropy

W

Work

Point above a
symbol

Derivation with respect to time

Index C

Crude oil

Index W

Water

Index S

Surface (of Earth)

Index R

Reservoir

Index 0

Starting value 0

Numbers
Units: The world calculates in the international SI system with meters, kilograms, liters, seconds, etc. There are
only a few exceptions. E.g. the oil industry uses the imperial system with feet, pounds, gallons, barrels and
others. British and US units also differ.
Feet:
Pound:
Barrel volume:
US gallon:

0,3048 m
0,453 kg
159,99 Liter (=42 US gallons)
3,785 Liter

Typical Values of crude oil (varies significantly depending on oil quality):
Weight per barrel:
137 kg/bbl
Heat capacity:
1884 J/kg/K
therm. energy content:
46,69 MJ/kg
density:
0,862kg/l
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Water:
Density:
Heat capacity:

1,0 kg/l
4190 J/kg/K

Earth:
Temperature gradient:
~ 33 K/1000m
Environment temperature:
~25° C
Earth temperature in 20 m depth:
~11°C
Energy:
There are tons of energy units. The SI system requires joules, but the kilowatt hour is also an SI unit. Examples
are:
1 kWh = 3,6 MJ
1 BTU = 1055,06 J (British Thermal Unit)
1 MMBtu = One million Btu
1 boe = 6,1 GJ (Barrel of oil equivalent)
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10.11

References / End Notes

[1] Data for the crude oil price can be found e.g. on the web pages of the EIA:
https://www.eia.gov/dnav/pet/pet_pri_spt_s1_d.htm
[2] Considering the temperature gradient equilibrium at different depth levels was the last step for me to
understand the validity of the ETP model. In physics there is the term gradient field. One such field is the
gravitational field of the sun, in which the earth moves with the orbiting moon. The law of gravitation applies
between earth and moon, regardless of whether the sun has a field or not.
There is the gradient field of temperature across the earth's crust. Between the components within the field,
the temperatures have adjusted in millions of years. Before me, hundreds of engineers in the oil industry must
have had the same idea; but this idea never seem to have been applied before.
[3] H.U. Fuchs provides a brief introduction to thermodynamics "Mehr als Sie je über Entropie wissen
wollten..". https://studylibde.com/doc/3007070/mehr-als-sie-je-%C3%BCber-entropie-wissen-wollten. This
introduction is in German language. English readers have to use the book of Moran/Shapiro [4].
The first law of thermodynamics is identical to the energy conservation law.
The second law relates the conversion of usable energy into heat (destruction of exergy). The most important
point to understand is this second law of thermodynamics. The following wording for the second main law is
given on page 26 (Fuchs):
Heat can only be transferred from a colder body to a warmer body with the effort of mechanical work.
This is the same as: if two bodies are of the same temperature, heat can only be transferred from one body to
another with the effort of mechanical work. The first joule of heat transferred makes one body colder than the
other. See also chapter 10.4.1 "Two pots of water."
One also has to realize that the second law describes time. To my knowledge, it is the only law of physics from
which the passage of time results.
Knowing the second law is not enough. One must also appreciate that it works everywhere. Every engine in a
car, every power plant, every organism follows the second law. Every type of energy conversion follows it.
[4] Experts read chapters 5 and 6 of: M.J.Moran / H.N.Shapiro: "Fundamentals of engineering

thermodynamics", John Wiley and Sons, Inc. ISBN-13 978-0-470-03037-0, ISBN-10 0-470-03037- 2. This book
explains, among other things, the difference between thermally usable energy content and mechanically
usable energy content, which is only touched upon in this article.
[5] Data on the share of oil not used for energy can be found at „EIA: About 7% of fossil fuels are consumed for
non-combustion use in the US“ “ https://www.greencarcongress.com/2018/04/20180407-eia.html
[6] For many people, naming the second law is not sufficient as a reason. They then should imagine the
temperature distribution in the earth's crust without a temperature gradient (Figure 28). Between before /
after there are the same temperature differences as in Figure 3, the same energy consumption is necessary to
achieve the difference before / after. The right picture is compatible with the first law (energy conservation),
but not with the second. The irregular temperature distribution will try to balance itself out. It is not a
condition that can have arisen on its own, but only through external energy supply (in the words of
thermodynamics: the entropy of the final state is smaller than that of the initial state).
Each barrel that is mined changes the abnormal state, and more and more energy is required for further
changes. Oil production becomes problematic when the entire chemical energy content of the barrel is
necessary for the change.
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Figure 29: Assumed temperature distribution in the earth's crust without a
gradient. The difference in temperatures before / after is as in Figure 3.
[7] A remark is appropriate here. Almost everyone is aware that any economy is powered by energy. However, I
have often heard: "If oil production is so hard, one has to pay more for it". This is so wrong. The right thing to
say is: “you have to apply more energy“. When energy is used to get energy, the end of production happens
when the effort is roughly the same as the benefit. Then more money is of no use. One exception is for niche
products that are not valued for energy but for other considerations – a extreme case is diamonds, pure
carbon, valued as jewels, whose extraction costs much more than their energy content.
[8] One more note: not all energy forms are of the same interest.
• The most attractive energy form for us is electricity. Electrical energy can be converted into mechanical
energy with a high degree of efficiency (over 90%).
• The next most important is the chemical energy bound in oil. It is easily transportable and storable.
However, it has the disadvantage that conversion to other energies is only possible with approx. 3040% efficiency. Most vehicles need oil-derived fuels as an energy source.
• Coal and gas are next in order. Power plants can convert around a third of oil, coal and gas into
electrical energy. If the waste heat is also used, a further third can be used.
• The least useful form of energy is thermal energy. It is actually the waste product of conversion
processes and can only be converted into another form if there are large temperature differences.
If oil is extracted using other forms of energy, efficiency and prices must be considered. With cheap energy one
can produce expensive energy, even if the total process results in an energy loss.
[9] Efficiencies in the conversion of chemically bound energy into electrical energy depend on the material and
the process. Two efficiencies have been used in this report to convert crude oil to mechanical energy. The
theoretical maximum efficiency is assumed to be 71%. The practically maximum usable efficiency is estimated
at 62%. Both values are taken from the Hills Group report. Diesel engines and gasoline engines typically have
significantly lower efficiencies between 25% to 45%. The assumed practical efficiency of 62% seems rather high
to the author. In order to take efficiencies into account, input energies for funding oil production must be set
higher; they must be divided by 0.62. Using a lower level of efficiency would bring the end of the oil age
forward. But since the real price curve is used to evaluate the duration of the oil age, the real value of the
efficiency is of secondary importance.
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[10] Reuters „Saudi Arabia would need oil at $80-$85 a barrel to balance budget: IMF official“;
https://www.reuters.com/article/us-saudi-economy-imf/saudi-arabia-would-need-oil-at-80-85-a-barrel-tobalance-budget-imf-official-idUSKCN1Q01N0
[11] The OPEC-MOMR is discussed monthly on the website http://peakoilbarrel.com. The following graphic
comes from there. OPEC production has declined significantly since October 2018.

Figure 30: Graphics from MOMR February 2020.
[12] The Hills Group, Report # HC3-433, Version 2, March 1 2015, "Depletion: A determination for the world's
petroleum reserve". The Hills Group website is turned off. Anyone wanting to study it should search for the file
"petrohgv2.pdf" on the Internet. The Hills Group study determines entropy production in the oil producing
industry. At the time, it was not clear to the authors why so much entropy had to be created. Today it is clear:
the temperature equilibrium of the earth's crust is changing with oil extraction.
[13] Own experience, based on numerous discussions.
[14] Data on oil production can be found at the EIA, but with a three month delay:
https://www.eia.gov/beta/international/data/browser. Current production data comes from the OPEC monthly
report: https://www.opec.org/opec_web/en/publications/338.htm.
[15] Every six months, Haynes and Boone LLP publishes a set of reports on bankruptcies in the North American
oil sector: https://www.haynesboone.com/publications/energy-bankruptcy-monitors-and-surveys.
[16] Charles A.S. Hall, , Jessica G. Lambert, Stephen B. Balogh. „EROI of different fuels and the implications for
society“
[17] The EIA provides accurate data for material input and output for US refineries.
Input: http://www.eia.gov/dnav/pet/pet_pnp_inpt_dc_nus_mbbl_a.htm
Output: http://www.eia.gov/dnav/pet/pet_pnp_refp_dc_nus_mbbl_a.htm
Spent fuel: http://www.eia.gov/dnav/pet/pet_pnp_capfuel_dcu_nus_a.htm
The ratio of energy output to input can be determined with the calorific values of the materials. A separate
calculation of the energy consumption using the refinery data, in which only the mass flows entered, resulted
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in 13% less output than input.
Biofuels, blenders, hydrogen have a higher input value than the pure calorific value, because they must be
manufactured. This causes a further loss in the order of 3%
Bitumen and plastic raw material (naphtha) are not used for energy and do not count as energy output: 13%
according to [5].
+ 2% of the input energy as expenditure for personnel, maintenance and waste disposal appear realistic.
So the total energy losses in the refineries are around 31%.
[18] There are three main mechanisms for the water flow in the oil reservoir.
• Giant fields: Sea water is injected into the reservoir.
• Fracking: A water-sand-chemical mixture is pumped into the reservoir under high pressure before oil
production.
• Formation water: A water column (formation water) moves in the direction of the reservoir, which comprises
water from the very top (earth's surface) to the very bottom.
[19] A water cut of about 58% is valid for LTO wells in the Bakken Formation, see
https://srsroccoreport.com/big-trouble-brewing-at-the-bakken-rapid-rise-in-water-production-signals-red-flagwarning/
[20] The well production profile is from David Hughes: „Drill Baby Drill“, page 82.
[21] The financial situation of fracking companies:
a) Wolf Richter, „The Great American Shale Oil & Gas Bust: Fracking Gushes Bankruptcies, Defaulted Debt, and
Worthless Shares“ https://wolfstreet.com/2020/01/22/the-great-american-shale-oil-gas-bust-fracking-gushesbankruptcies-defaulted-debt-and-worthless-shares/
b) Nick Cunningham, „U.S. Shale Struggles To Ride Out The Storm“
https://oilprice.com/Energy/Energy-General/US-Shale-Struggles-To-Ride-Out-The-Storm.html
[22] Prices of Oil, Coal, Natural gas at 21.01.2020:
Crude oil (WTI):
58,64 $/bbl
6397 MJ/bbl
9,1 $/GJ
Hard Coal:
45,55 $/metric ton
29308 MJ/tonne
1,55 $/GJ
LNG (USA):
1,89 $/MMBtu
1055 MJ/MMBtu
1,79 $/GJ
The price of oil is about five to six times higher per GJ than the price of oil and LNG.
[23] Dr. John B. Swenson, University of Minnesota Duluth, lecture script: „EnergyResources(ESci3202) 2019“,
Titel “Wk06_HydFracTightOil.pdf“.
[24] German Governmental Department: Bundesministerium für Umwelt, Naturschutz und Reaktorsicherheit
(BMU), Referat Öffentlichkeitsarbeit: „Geothermische Stromerzeugung“
[25] Jean Laherrère has in 2017 set up a report commenting the Hills Group ETP model: „Comments on the
data of the Hill’s Group ETP model“. In this report he did not disprove the thermodynamic model, but he
critiiczed the accuracy of the data the HG has used. For example, he showed a temperature distribution for
reservoirs in North America, which is very different from the distribution derived from the EIA data.
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Figure 31: Jean Laherrère: Temperature distibution of oil reservoirs in North America
If oil production figures and water cuts for all these wells would be available, a more accurate ETP calculation
for North America (and the whole world) would be possible. It is not known for the author, if anybody has
shouldered this effort. And it is not expectable, that the result of the calculation is very different, because many
temperatures are of the same magnitude as Figure 15.
[26] History of this document:
The first version of it has been distributed in paper form at the German ASPO conference in Potsdam,
23.October 2019. That document has been without appendix and contained only 8 pages.
The second version in german language, with appendix included, has been put on the internet on 31.January
2020. https://limitstogrowth.de/wp-content/uploads/2020/01/JAN_2020_Thermo_080.pdf.
This english version is the third. In the first and second version, Figure 6 has been meant as a prediction of an
oil production drop initiated by OPEC+ in the spring of 2020. The COVID-19 pandemic has caused this drop and
outruns the prediction. The pandemic will accelerate the peak oil downswing and mask its visibility.
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