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ABSTRACT
Criticisms of brown coal burning fall mostly under the aspect of its contribution to emission of carbon dioxide CO2
and subsequently to the climate problematic. Moreover brown coal mining and coal combustion have a bad image,
largely because of the landscape destruction and the possible environmental pollution caused by heavy metals, the
most common of which is mercury. On a contrary note, this contribution, points out the positive effects of minerals
in lignite coal ashes and gypsum from desulphurization plants (FGD gypsum) on environment and health in order
to get a better understanding of the influence of human beings on the environment, the concept of human action,
responsibility and care. The idea of “biomimetic” use of natural resources for energy supply and for re-cultivation,
harmonized and adapted on natural conditions that include carbon recycling and recycling of minerals has also
been proposed. Results and conclusions were obtained through a combination of simple experiments, investigations
and observations. Students were encouraged to construct their own concept of understanding. These ways are
beneficial to expedite the understanding of the positive effects of ashes and FGD gypsum on plant growth and on
acidic mineral deficient soils including the “self-liming effect”. The importance of the concept of “action oriented
responsibility and care” in education has been emphasized.
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Introduction

Life is limited by deficiencies. Man can basically
contribute to an increase or a decrease in deficien-
cies of minerals in the environment. Biological sys-
tems in general tend to eliminate or to reduce de-
ficiencies if possible, because this adaptation was
very advantageous during evolution [1]. Coal burn-
ing may be able to decrease mineral deficiencies in
the nature and to substitute the loss of certain es-
sential minerals in soils and plants. Lignite ash of
a defined quality (Brikettier-Braunkohlenasche) has
been proven suitable to replace lime. On the other
hand people fear that the production of carbon diox-
ide as a result of coal burning will destabilize the cli-
mate and that plenty of trace elements arising due
to coal burning may pollute the soil and the envi-
ronment. In this context, the question that arises of
this view would be too unbalanced and too nega-

tive and especially positive aspects are overlooked.
Therefore one would have to ask:

1. Can coal ashes contribute to improve environ-
mental and health conditions?

2. Under which conditions may the improvement
be possible?

3. How can positive effects on ecosystems, soil
and living organisms be recognized, demon-
strated and explained?

The effects of minerals in coal ashes may be am-
bivalent. Each chemical existing in nature can be
present in concentrations which may be too high
or too low. This is also valid for the substances in
the residues of coal burning, in the coal emissions
and the coal ashes. Therefore one has to be careful
and cautious using coal ashes for the fertilization
of soil. Research objectives and aims of this con-
tribution are focused on the relationships of brown
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Research Objectives and Aims

Environment Education

Brown Coal Burning
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Greenhouse Gas Emissions (Treibhauseffekt) 

Climate Change (Klimawandel)

Changes of Energy Supply (Energiewende)

Action Orientation of Responsibility and Care
(Handlungsorientiertes Verantwortungsdenken)

Figure 1. Environmental education

coal burning and its influence on environment. En-
vironmental conditions are indicated by the health
status of forests and woodland and depend on the
mineral nutrition and on the deposition of acids or
specifically on nitrogen compounds [2]. The rea-
sons for the forest decline (“Waldsterben”) are not
completely clear and are not understood well es-
pecially with regard to the influence of the climate
though a lot of research has been done [3]. Although
the last forest damage report was better than the
previous, without any doubt the current health sta-
tus of forests in Germany is not good enough as
compared to the 1980’s when the term “Waldster-
ben” produced a lot of panic (Table 1). Additionally,
the climate change and the greenhouse gas emis-
sions of coal burning especially the emissions of
carbon dioxide (CO2) may influence the conditions
of growing trees and the quality of ecological sys-
tems in forest situations. The climate change and the
greenhouse effect enhance the actual global discus-
sions about coal burning. The situation challenges
the answer to the question ‘What can be done?’
and ‘What does it mean for the environmental ed-
ucation?’[4]. We developed the concept of the “ac-
tion oriented responsibility and care (“Handlung-
sorientiertes Verantwortungsdenken”) in the Uni-
versity of Cologne (Figure 1) [5]. (Forschungs-
berichte der Universität zu Köln, Research Report,
University of Cologne, 2000/01, H. Bannwarth, Bi-
ologie und Bildung: “Neue Qualität”? Keine Bil-
dung ohne Plan und Konzept, ZMNB-Biologie und
ihre Didaktik, Köln, zmnb.uni-koeln.de/biologie-
didaktik.2007, php).

It should be emphasized, that in principle there
exist two ways to climate stability and sustainabil-
ity. The first way requires the reduction of the pro-
duction and emission of carbon dioxide (CO2) in-
cluding the phasing out of coal burning and decar-
bonization of energy supply and the second way
requires the recycling of CO2 by promoting pho-
tosynthesis in woodland, forests, agriculture, sil-

Two ways to climate stability
and sustainability

Reducing of CO2 production and emission (phasing out 
of coal burning), decarbonisation

Recycling of CO2 by promoting photosynthesis in 
woodland, forests, agricultures and oceans

1

2 }
Consequences: Soil amelioration 
and a better plant nutrition, 
reduction of acidi�cation in soils 
and waters, restoration 

Figure 2. Climate stability and sustainability

viculture, water and oceans including revegetation
of drylands, greening of deserts and all the areas
used by humans as much as possible. One impor-
tant consequence is that the soil must be conserved,
restored, developed, improved and the acidification
of soil and water should be decreased and avoided
whenever possible (Figure 2).

It is obviously not enough to reduce the CO2-
emissions by coal burning. Similarly, it is impor-
tant to give attention to the fact that the CO2 aris-
ing from burning and respiration can be adapted
on the inflow of CO2 in the steady state system by
means of increased photosynthesis (Figures 3 and
4). The increase of CO2 can be slowed down, but
the climate catastrophe cannot be prevented. Us-
ing a model concept to make clear the situation one
can say, that in this case “the keg runs slower full”
(Figure 4). Attention should be given to the increas-
ing input of nitrogen compounds in ecosystems, soil
and water due to the nitrogen fertilization in order
to feed 7–8 billion people with protein, which leads
to the formation of the strong nitric acid HNO3 un-
der the oxidizing condition of the air and acidifica-
tion of environment. The production of acids like
carbon dioxide (CO2), nitric acid (HNO3) and sul-
phuric acid (H2SO4) is part of the global natural ma-
terial cycle of photosynthesis and respiration includ-
ing reduction and oxidation processes. Photosyn-
thesis/reduction consumes and reduces the amount
of acids and respiration/oxidation or burning, pro-
duces acids or increases the environmental acidifi-
cation (Figure 3).

This means that basic biological processes like
photosynthesis and respiration are influenced by hu-
man action. Therefore “action oriented responsibil-
ity and care” are needed if life and climate condi-
tions are kept constant, enabling mankind to survive
(Figure 4) [5]. In addition, we proposed in 1985
a concept explaining the contradictory observation
that the degree of forest damage including soil acid-
ification and aluminium-toxicity (Figure 5) was ob-
viously higher in the clean air regions of Germany
than in the regions influenced by coal dust (Figure
6).

We explained the surprising observations with the
useful effects of some chemical compounds includ-
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Figure 3. Respiration and photosynthesis

Regulation of the CO2-Level: Decreased 
(input) or increased consumption by 
photosynthesis (output)

output

input

Figure 4. Steady state model for the stabilization of
the CO2-concentration in the atmosphere.

Figure 5. Root damage and lack of life in the deeper
soil as an indicator for the forest decline

Surprise, Mystery and Cognitive Conflict

Motivation: Challenge of Problem Solving Thinking

Expectation: Dirty air regions in North Rhine-Westphalia 
influenced by brown coal fly ash, for example like near Cologne, 
will result bad forest conditions and clean air regions near the 
castle of Neuschwanstein in Bavaria, for example near Füssen, 
will result better forest conditions and healthy forests

Reality: Dirty air regions in North-Rhine-Westphalia influenced 
by brown coal fly ash, for example like near Cologne, showed 
better forest conditions and healthy forests and clean air regions 
near the castle of Neuschwanstein in Bavaria, for example near 
Füssen, showed features of forest decline like leaf yellowing and 
early leaf fall. 

But the contrary is true!

Figure 6. Comparison and combining of forest con-
dition in clean air and fly ash influenced regions of
Germany

ing minerals arising from coal burning so that ev-
erybody can understand the features of the new type
of forest decline (Bannwarth, H.: “Den Qualm in
die Wälder leiten?” Der Spiegel 39, (50), 9.12.1985,
106–111)[6]. The view that minerals in lignite ashes
and in flue gas desulphurization gypsum (FGD gyp-
sum) (Figure 7) may be advantageous for the soil,
plants and ecosystems has been supported by many
reports, studies, field experiments and own experi-
ments in the lab [6, 8]. In addition, wood ashes are
successfully recycled; for instance in Sweden, they
are recycled for the fertilization of forest soils and
wood production [5, 7]. But on the other hand there
are reservations and resistance against the use of lig-
nite ash and FGD gypsum in the natural habitats,
woods and forests. This will challenge our environ-
mental understanding and environmental education.

Methods

In general, results were obtained by comparing,
combining and concluding. Own observations, in-
vestigations, experiments and calculations of stu-
dents were included. First, the results of some ob-
servations and findings may be presented and later
experimental approaches, which can be carried out
in schools will be added. In the following further
expanding aspects will be included and discussed
in order to elucidate the importance and advantage
of using coal ash and gypsum minerals in an ap-
propriate manner for improving health and envi-
ronmental conditions and especially of the view of
seeing photosynthesis and respiration as basic bio-
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Desulphurization Plants (FGD)
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Coal Burning  E–Filter Flue – Gas – Desulphurization 

CaSO4 + CO2

Figure 7. Elimination of ashes and sulphur from
flue gases

logical processes in context for preserving and sus-
taining life conditions. In order to get an exchange
of information and to receive materials like ashes
and FGD gypsum for school experiments (Figure 8)
managers, professionals and experts of the brown
coal power stations (RWE Power, former “Rhein-
braun”) were contacted. In these experiments, in-
cluding simple pot experiments (Figure 9), hydro-
cultivation tests in test tubes (Figure 10), plant
growth tests with and without the addition of ashes,
gypsum and mixtures of both were compared. The
changes of the pH-values, the concentrations of ni-
trate NO−3 and sulphate SO2−

4 in the continuous per-
colating flow water of pot tests after addition and
without addition of ashes, lime and gypsum were
measured. The salty effects of gypsum in an acidic
forest loam soil were compared in order to demon-
strate the improving effect of sulphate (“self-liming
effect”) on acidic soils including the use of pH-
indicators like bromocresol [6, 8]. The important
“self-liming effect” was introduced into the scien-
tific discussion concerning soil and agriculture by
Malcolm E. Sumner [10].

Results

Forest Decline: Time-space comparisons of the
phenomenon of the forest decline in Germany
proved that forests are damaged today to a small
or large extent and that the situation is not getting
better than in the 1980’s when everybody feared
that forests will die. This means that the discussion
about the forest decline disappeared from public re-
ports but not the forest decline itself.

Gypsum

Mixture Ash

Pellets

Figure 8. Lignite or brown coal ashes and FGD
gypsum and mixtures of both

FGD Gypsum Control Ash/Gypsum
4:1

Ash/Gypsum
1:4

Ash

Figure 9. Positive effects of ashes and FGD gypsum
on plant growth

Acidic loamy forest soil,
pH ~ 4,0,
with and without
additives after 4 weeks 
1 Kontrolle
2 +FA
3 +FA/REA 4:1
4 +FA/REA 1:1
5 +FA/REA 1:4
6 +TAV
7 +TAV/REA 4:1
8 +TAV/REA 1:1
9 +TAV/REA 1:4
10 +REA
11 +CaCO3

From top to bottom:
5g
10g
20g 1 4 5 7 8 9 10 11632

in 100g

Figure 10. Plant growth in test tubes as hydro-
cultures
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Only in special cases, health conditions may
change strongly from one year, 2014, to the forego-
ing year, 2013, depending on the climate (Table 1).
Forest decline was much more pronounced in the
south of Germany in regions that had clean air than
in the west and north as can be shown by using older
maps of the year 1985 demonstrating the degree of
forest damage (Table 2). One should add that the to-
tal degree of the forest decline cannot be detected
and evaluated without exploring the forest soil con-
ditions [3] (Figure 5).

Beneficial effects of minerals in coal ashes: The
influence of fly ashes from lignite burning in the
past indicates beneficial effects of minerals in the
coal when situations of Cologne (dirty air region in-
fluenced by coal fly ash) and Neuschwanstein (clean
air region not influenced by coal fly ash) are com-
pared (Figure 6).

In the past the environmental pollution by brown
coal fly ash in the Rhineland or in Germany was
much higher compared to the situation today. This
can be impressively demonstrated by older pictures
from the skyline of Frechen or Hürth.

Analysis of lignite ashes and FGD gypsum indi-
cates relatively high amounts of calcium-oxide CaO
and magnesium-oxide MgO (nearly 50% CaO and
10% MgO in lignite ashes), but low contents of
toxic trace elements (Table 3). Therefore one should
think about using them in the environment, for ex-
ample to ameliorate acidic forest soil and to improve
poor or bad soil in context with the restoration and
re-cultivation of landscapes after mining. This use
may be better than the deposition of large quanti-
ties of ashes without useful and favorable recycling.
The exact analysis of lignite ashes of the Rhineland
and the determination of spreading width of trace
element concentrations indicate that some lignite
ashes of the Rhineland are suitable for an ecolog-
ical use and for special and diverse applications [6,
7, 8, 9, 11, 12, 13, 14, 15]. Field trials with appli-
cations of special and more defined lignite ashes
containing large amounts of sulphate SO2−

4 to acidic
forests soil carried out by the University of Göttin-
gen and the LÖBF in Recklinghausen have shown
positive effects on plants and soil [11, 12, 15]. Not
only the condition of trees was improved, but also
earth worms reappeared and the acidic soils were
revitalized and revived by the ash treatment. The
earth worms form “macropores” in the forest soil, so
that the rain water can penetrate better into the soil
[15]. This aspect is very important in view of avoid-
ing catastrophic flood situations. In 1926, 1993 and
1995 the water level of the Rhine exceeded 10 m in
Cologne.

Ambivalence of trace elements: Students can
make their own judgment about the responsibility of
ash use in view of toxic trace elements by compar-

ing trace element concentrations in ashes and gyp-
sum with benchmarks for trace elements in soils in
the list after Kloke (1979)[16]. By comparing dif-
ferent soils in North Rhine-Westphalia it should be
clear that the lignite burning did not definitely pol-
lute the soil of the Rhineland with toxic trace el-
ements so much that diseases or disadvantages or
health problems were created. It has been proved
that, the soil of regions influenced by coal fly ash
deposition for example Frechen, were not polluted,
whereas other soils are contaminated by geogenic
reasons or due to emissions of the industry [7, 8,
(Table 4)]. In Frechen, for example, the content of
mercury in the soil is often below 0,1 mg/kg and
rarely measured higher values, in the range of 0.2 –
0,6 mg Hg/kg could not be correlated with the depo-
sition of lignite fly ash in the past. On the contrary,
minerals of coal ashes obviously improved plant
growth, so that one can suppose or even state that
the field experiment with lignite coal fly ashes in
the last century has been successful for tree growth
in forests, and for living organisms in the soil. Of
course regarding the human lungs, this may not
mean that we should go back in time to the previ-
ous century when lignite fly ashes polluted the air
and the environment, but we should not overlook
the beneficial effect of coal minerals for health in
an appropriate application.

Effects on human health: Interestingly, when
the situations of air pollution due to brown coal
ashes and human health in the BRD (west) and
the DDR (east) were compared by health insurance
in 1991, surprising results were obtained. If prob-
lems of the intervertebral disc, spinal column and
rheumatism were indicated by the absence on work-
ing days than in the cleaner west of Germany af-
ter filtration and elimination of fly ashes by electro-
static precipitators the percentage was nearly dou-
ble (32%) as high as in the dirty east in the pres-
ence of brown coal fly ashes (15%). If a prob-
lem in the respiratory tract was compared, the per-
centages were understandably higher (24%) in the
east, where regions were not as clean as the west
(17%) (Krankgeschrieben – warum? Krankheitsbe-
dingte Fehltage je Pflichtmitglied bei den Betrieb-
skrankenkassen, 1991).

Mineral deficiencies: There exist some reports
about a dramatic decrease of minerals in food. From
1985 to 2002 the contents of calcium and magne-
sium decreased as follows: in Broccoli −78% Ca
and −55% Mg, in Beans −52% Ca and −31% Mg,
in Potatoes −78% Ca and −48% Mg, in Carrots
−24% Ca and−75% Mg (1985: Geigy, Pharmaceu-
tical Company, Switzerland.1996/2002: Food lab-
oratory in Karls-ruhe/Sanatorium, Oberthal). Defi-
ciencies of some essential trace elements like sele-
nium, molybdenum and zinc were reported in Aus-
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Table 1. Forest decline as an indicator for the environmental situation (German Department of the Environment,
2014)

2014 2013 1994
% of damaged tree tops % of damaged tree tops % of damaged tree tops

Trees strong weak without strong weak without strong weak without

Spruce 33 40 27 26 45 29 12 26 62
Pine 23 61 16 24 61 15 14 50 36
Oak 48 37 15 52 31 17 26 47 27
Beech 55 33 12 29 43 28 20 46 35

tria by a study of Birkmayer and Beyer in 1990.
From 1750, selected persons in Vienna 8,5% only
had normal metabolic levels of these three trace
elements, for the others deficiencies of selenium,
zinc or molybdenum or combinations of these el-
ements were stated [7]. Mineral deficiencies can be
explained at least in part by the ion exchange and
mineral loss due to acidic input in soils. The import
of H+-Ions for example by nitric acid HNO3 influ-
ences the following chemical equilibrium:

Soil − Ca2+ + 2 H+ (acid) � Soil − 2 H+ (acid soil) + Ca2+

Influence on crop yield: The problem of acid-
ification by emission of SO2 has been solved in
the past by desulphurization of fly gases of power
plants (Figure 7). This is a good example of “ac-
tion oriented responsibility and care”. But the elim-
ination of sulphur caused a stop of sulphur supply
and fertilization by air, and a serious deficiency of
sulphur in crops. Harvesting losses until 90% have
been found on rape cultures. Additional applications
of sulphur increased crop yield of wheat and barley
by 20% (Focus 40/1995, 30.9.1995). Sulphur nutri-
tion of crops is becoming more important than ni-
trogen nutrition in many situations. Due to human
influence, the natural condition and basis of plant
nutrition were completely inverted.

Aluminium-toxicity: Aluminium-toxicity plays
only a role in the mineral subsoil and not in the up-
per humus soil since toxic aluminium-ions Al3+ are
mobilized by acids only in the clay or loam subsoil
containing aluminium:

Al2O3 + 6 HNO3 → 2 Ae+3 + 6 NO−3 + 3 H2O

The novel forest decline is not only characterized
by early leaf fall and yellowing of leaves but also
especially by acidification and aluminium-toxicity
of the forest subsoils (Figure 11). This may cause
low stability of trees during storm events (Figure 5).
In view of the problem of surviving of roots and
worms and the health of organisms in acidic for-
est soil the elevation of the pH-value in the mineral

AlSO   (not toxic)

Al    +SO  +  H O

DNA, RNA, ATP, NAD , NADP 

Mobilization of toxic aluminium

Detoxi cation

Al O  + 6 HNO  
  

Al   +  PO

Gypsum: 

2 Al   (toxic) + 6 NO  + 3 H O

or:  Al O  + 6 H   2 Al    + 3 H O

+

+

+

+

+

+

+

+

+

+

+ AlPO  (nearly unsoluble in water)

Ae   + SO

Ash:

or

AlSO OH (Jurbanite) + H 

Al   + 3 OH    Al(OH)  (nearly unsoluble in water)

Figure 11. Aluminium-toxicity and detoxification
by sulphate and hydroxide

subsoil by the “self-liming effect” is very important
(Figure 13–16) [6, 7, 8, 10].

Mineral deficiency and aluminium-toxicity are
suspected to cause or to favor serious human dis-
eases (Figure 17). Eutrophication, loss of biodiver-
sity, acidification of the soil and oceans, damage to
forests, mineral deficiencies in nature and human
diseases can be attributed to the excessive human
made technical use of the inert nitrogen pool in the
air by the Haber-Bosch process and the formation of
nitrous oxides NOx combustion engines on a large
scale, which was not provided for in nature.

Plant available nitrogen compounds: How
aluminium-toxicity and mineral deficiencies can be
explained? For feeding billions of people world-
wide, vegetable and animal protein is especially
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Table 2. Comparisons and conclusions

Comparisons Conclusions

1. Development of forest
decline from year to
year since the eighties
of the last century.

Forests are damaged
and the situation did
not get better since
1994. Only in special
cases health conditions
may change strongly
from one year, 2014, to
the foregoing year,
2013, depending on the
climate.

2. Dirty air (near
Cologne) and clean air
situations (near
Neuschwanstein) in
Germany

The fly ashes from
lignite burning in the
past may show
beneficial effects of
minerals in the coals.

3. Forest decline in the
BRD in 1985 in the
North and South of
Germany in dirty air
regions and clean air
regions as may be
shown by a map
indicating the degree of
damages by colors.

The surprising
cognition, that forest
damages are more
pronounced in the
clean air regions can
be generalized.

4. Environmental
pollution by fly ashes
in the in the fifties of
the last century
(temporal aspect) and
today.

Though the air was
polluted by fly ashes in
the fifties, forest
damages of the new
type (“Neuartige
Waldschäden”) were
not known.

needed. Protein is absolutely necessary for the
growth and development of all organisms and all
living cells. Proteins have numerous vital and enzy-
matic functions and are also structural and building
materials. Without proteins there would be no life.
Last but not the least proteins are organic nutrients,
which are produced by plants through photosynthe-
sis (Figure 3). Although the air is composed of about
78% nitrogen, this nitrogen stock in the air is usually
not available to plants, because they cannot use the
elemental or molecular atmospheric nitrogen (N2).
An exception is the symbiosis or cooperation of
some plant roots with nitrogen N2-fixing bacteria
and actinomycetes. This means, without fertilizing
with plant-available nitrogen compounds in general
plants cannot form protein. Plant-available nitrogen
is by nature a deficient limiting nutrient substance,
but this has been changed dramatically by the in-
creasing use of the inert nitrogen N2-pool of the air.

Table 3. Chemical analysis of brown coal ashes:
Earth-alkali and heavy metal contents in brown coal
ash and FGD gypsum (analytical data). Analysis of
Forstliche Versuchsanstalt Freiburg (FVA)

Brown coal
ashes,

dry-additive
process (TAV

ash)

Gypsum from
flue gas desul-

phurization
(FGD gypsum)

CaO (%) 47.4 28.5
MgO (%) 9.7 0.3
H2O (%) 0.2 23.4

Fe (ppm) 76700 1810
Mn (ppm) 2670 74
Cr (ppm) 29.2 1.64
Zn (ppm) 27.5 14.6
Cu (ppm) 11.2 1.67
Pb (ppm) 6.94 10.75
Ni (ppm) 2.37 n.n.
Cd (ppm) 0.29 0.10

Haber-Bosch-Process: N2 + 3 H2 � 2 NH3

Nitrogen Hydrogen Ammonia

NH3 + H2O � NH+
4 + OH−

Ammonia Water Ammonium Hydroxid

Result: Increase in nitrogen available for plants
Consequences: Eutrophication of waters, habitats
and environments

NH+
4 + 2 O2

Oxidation−−−−−→ 2 H+ + NO−3 + H2O

Result: NH3 is basic but acidogenic
Consequences: Acidification of natural habitats,
forests and oceans

The overload of ecosystems by plant-available ni-
trogen is recognized as a major threat [2]. Research
on causes of soil, acidification and forest damage in-
dicated that input of nitrogen compounds from agri-
culture and NOx-emissions by car and air travel,
plays an important role. The input of plant avail-
able nitrogen in German forests can increase up to
70 kg N per hectare and year. All nitrogen com-
pounds, particularly proteins, in the organic sub-
stance are oxidized finally to nitric acid HNO3 lead-
ing to problems with high concentrations of nitrate
in the drinking water, to acidification and eutrophi-
cation of terrestrial and aquatic ecosystems and to
mineral deficiencies. In addition, the oxidation of
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Table 4. Heavy metal concentrations in soils in Northrine-Westphalia (NRW) (mean values in mg/kg = ppm)
(records of the Landesanstalt für Ökologie, Landschaftsentwicklung und Forstplanung Nordrhein Westfalen
(1985))

Cr Zn Cu Pb Ni Cd

Stolberg/Langerwehe 44.3 997 40.4 1993.8 24.7 7.82
Lichtenau/Blankenrode 24.5 697 26.6 1051.6 24.4 2.76
Wuppertal/Kohlfurt 354.3 751 444.0 406.0 81.3 3.77

ch
ar

ge
d

Leverkusen/Rheindorf 452.0 843 494.1 321.4 68.7 5.89

Dorsten 21.9 83 12.6 37.3 11.4 0.45
Dülmen 22.2 49 9.4 30.4 5.4 0.4
Lüdinghausen 15.3 55 10.6 30.9 5.5 0.44

no
tc

ha
rg

ed

Frechen 25.9 71 15.6 31.9 22.8 0.51

nitrogen compounds or the nitrification causes re-
lease of acid and acid shock for the forest soil and
roots. Toxic free aluminum-ions Al3+ are mobilized
in the loamy subsoil by the acid, which cannot only
damage the roots but also eliminates all life from
the soil. Earthworms and other important small or-
ganisms and microorganisms of the soil disappear
[15]. Water-soluble free aluminium-ions Al3+ are
toxic to living cells, because they bind the phosphate
groups of vital substances in the cell. It is known
that aluminium-phosphate AlPO4 is a nearly insolu-
ble salt. Therefore, the two trivalent ions, Al3+ and
phosphate PO3−

4 ,tie together on vital biomolecules
of the cell including nucleic acids, DNA and RNA,
as well as ATP and NAD+ or NADP+, which
are indispensable for genetic functions or the en-
ergy metabolism of cells and organisms. The pos-
sible withering away of neurons of the brain as
a result of exposure to toxic free aluminium-ions
Al3+ in humans may be a particularly deleterious
consequence. Neurodegenerative diseases such as
Alzheimer’s disease may occur in cases where the
organisms cannot defend themselves against toxic
aluminium-ions or excess toxic heavy metal-ions
(e.g. iron-, copper-, manganese- ions).

A rough calculation shows the extent to which the
use of the inert air nitrogen pool could theoretically
contribute to the increase in global carbon dioxide
emissions. Assuming that approximately 140 mil-
lion t of ammonia NH3 produced by the Haber-
Bosch process per year and ammonia is sooner or
later completely converted ultimately in the oxidiz-
ing atmosphere, in the biosphere, in water and in the
soil to form nitric acid (HNO3), so the 140 million t
of ammonia NH3 per year would result around 519
million t of nitric acid HNO3, when one sets the mo-
lar mass of ammonia M(NH3) with 17 g/mol and the
molar mass of nitric acid M(HNO3) with 63 g/mol.
Assuming that the nitric acid HNO3 reacts mainly

with lime CaCO3 according to the following known
neutralization reaction

CaCO3 + 2 HNO3 → 2 Ca2+ + 2 NO−3 + H2O + CO2

2 mol HNO3 will produce 1 mol CO2 and 2 ×
63 g HNO3 = 126 g HNO3 corresponding to 44 g
CO2 with a molecular mass of 44 g/mol for CO2.
The 519 million t HNO3 would therefore be equiv-
alent to 181 million t of CO2. This is on the or-
der of CO2 emissions per year caused by industrial
coal combustion in NRW. In a rough calculation the
comparison of carbon dioxide CO2 -emissions of
North Rhine-Westphalia by RWE Power and Ger-
many with the worldwide energy use gives the fol-
lowing results: In 2011 around 34 billion t (= 34
× 109 t) of carbon dioxide CO2 were emitted from
energy use worldwide, in Germany 0,8 billion t
(= 0,8 × 109 t). The lignite combustion per year
in North Rhine-Westphalia by RWE Power yielded
about 100 million t (= 100 × 106 t = 0.1 × 109 t)
CO2 in 2012. These are around 0.3 % of global an-
thropogenic energy use emissions.

Experiments for students: For school experi-
ments, materials like ashes and FGD gypsum were
obtained from the brown coal power stations as
mentioned above. Lignite or brown coal ashes, FGD
gypsum and mixtures of both were used or prepared
as pellets for experiments. Pellets were made in or-
der to reduce the dust and to moderate the effect of
ashes on soil (Figure 8). In simple pot experiments
the beneficial effect of ashes, gypsum and mixtures
of both on plant growth on an acidic loamy forest
soil can clearly be demonstrated by pupils and stu-
dents (Figure 9). But experimenting with plants and
observation of their growth alone cannot exclude
adverse or poisonous effects on human health. It
is therefore inevitable to have a look at the chem-
ical analysis of brown coal ashes and FGD gyp-
sum (Table 3). In test tubes, the hydro-cultivation
of plants with and without additions of ash, lime,
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Lime

Gypsum

Control

Control

K12/REA 3:1

Ca(OH)2

Ca(OH)2/REA 1:1

REA

Figure 12. pH-effects of ash, lime and gypsum on
acidic soils

gypsum and combinations of them yielded informa-
tion about beneficial and ameliorating effects (Fig-
ure 10). In most cases a combination of lignite ash
and gypsum in a ratio of 4:1 was found to be op-
timal. The concentrations of sulphate SO2−

4 and of
nitrate NO−3 in thesoil water (percolate) can be kept
in comparison with lime or gypsum applications at
a low level when lignite ash and FGD gypsum were
mixed in the ratio of 4:1[8]. The beneficial effect
of gypsum in acidic loamy soils on living cells and
organisms may be explained by the reaction of sul-
phate SO2−

4 with the mobilized toxic aluminium-
ions Al3+. The formation of AlSO+

4 -cations reduces
aluminium-toxicity (Figure 11) [7, 8]. It can be
shown by measuring the pH-value in the percolat-
ing water in soil in simple pot experiments that the
soil can be regenerated and ameliorated by the com-
bination of ash and gypsum (Figure 12). In addition,
in acidic soils, the anion exchange hydroxide OH−

against sulphate SO2−
4 increases the pH-value in the

mineral subsoil (“self-liming effect”)[10] (Figures
13-16). The addition of slaked lime Ca(OH)2 on the
surface of the soil elevates the pH-value, while gyp-
sum or CaSO4 decreases it and the combination of
both keeps the pH-value nearly constant (Figures
12-14).

By exchanging protons (H+-ions) against
calcium-ions the acid is removed from the soil in
the upper acidic humus soil as well as in the acidic
mineral subsoil (Figure 13), but in the mineral
subsoil the “self-liming effect” lowers the acidic
stress and the aluminium-toxicity. This may be
advantageous for plant roots and living organisms
in the soil. The mobilization of bases, OH−-ions,

A.  Acidic humus of upper soil 
1. Acid release by cation exchange with a neutral salt 

–COOH              +      Ca2   +   SO42- (gypsum)

–COOH
                                      

–COO-
              Ca2  +      2 H  + SO42-

–COO-

2. Neutralization with bases Ca(OH)2 of the ashes

2 H   +  SO42- +  Ca2  + 2 OH- (ash)     Ca2   +   SO42- +  2 H2O

B. Mineral lower soil
1. Acid release by cation exchange

–Al3   H2O+   Ca2   +   SO42- (gypsum)

–Al3   H2O

–Al3  OH-+   2 H  +  SO42-
  Ca2

–Al3  OH-

2. Anion exchange and neutralization (self-tliming e�ect)

–Al3  OH-+   2 H  +  SO42-

–Al3  OH-

–Al3  +   2 H  +  2 OH-      2 H2O
  SO42-

–Al3 

+

+

+

+ +

+

+

+

+

+

+

+

+

+

+

++

+

+

Figure 13. De-acidification of soils by effects of
ash-gypsum mixtures of Ca(OH)2 and CaSO4 on
acidic soil
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Ash elevates the pH-value due to the content of Ca(OH)2 

Gypsum decreases the pH-value due to the exchange of
protons, H  -ions,from  the soil byCa2  -ions of CaSO4

Combinations of ash and gypsum regenerate the acid soil
and keep the pH-value constant. 
This is advantageous for the ecology and the life
in the soil (roots, worms). 

+ +

This effect is not possible by liming with carbonates like CaCO3

Figure 14. Effects of ash and gypsum on the pH-
value of the soil water and on the regeneration of
acid soil

Humus Loam

Figure 15. Different salt effects of gypsum in the
upper humus soil compared within the lower min-
eral subsoil

AI–O–AI AI–O–AI

AI–O–AI

AI–O–AI
AI–O–AI

AI–O–AI

OH
SO42-

+ 2 OH-
SO42-OH

O O

O

O
O
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Figure 16. Anion exchange in acid loamy soil
(“self-liming effect”)

Deficiency of calcium
and magnesium:

Osteoporosis, skeleton diseases,
muscle problems, cramps, allergies

Exposure to aluminium:

Neurodegenerative diseases
(Alzheimer), Parkinson and others 

Deficiency of selenium:

Cancer, immunodeficiency,
thyroiditis (Hashimoto)

Figure 17. Consequences of soil acidification and
aluminium–toxicity on human health

by sulphate SO2−
4 is only possible in the mineral

subsoil and not in the upper acidic humus soil
(Figure 16). One would therefore expect that the
cation-exchange of the Ca2+-ion in ashes and
gypsum replacing H+-ions on the surface of acidic
soils will lead to stronger decrease of the pH-value
in the upper humus soil compared to the mineral
subsoil. This effect has been exactly demonstrated
in a simple school experiment using the indicator
dye bromocresol (Figure 15).

Environmental education: Scientific and didac-
tic research objectives cannot be separated from
each other in many research and teaching concepts.
In the project presented here, the environmental re-
search concerning brown coal burning, forest de-
cline, deficiencies of mineral nutrition, greenhouse
gas emissions, climate change and changes of en-
ergy supply, needs “action oriented responsibility
and care” for adequate environmental education
(Figure 1). These findings would suggest the con-
clusion, that feeding the plants and ameliorating es-
pecially the acid forest soil, the minerals of coal
and wood ash would be appropriate to correct min-
eral deficiencies for revitalization. But many peo-
ple, including foresters, believe that applications of
ashes would be identical with bringing dirt into the
clean forests. This conviction is due to a widespread
questionable environmental education and concept
of cleanliness thinking.The education for excessive
cleanliness, the fear of dirt, the abhorrence of chem-
istry and the uncritical belief that the untouched na-
ture will govern all may contribute to mineral defi-
ciencies. The findings reported here and the results
of the scientific progress can only be effective if they
are understood and implemented. For this purpose,
a better scientific base in schools is needed. Since
it has been pointed out that there are two ways to
sustainability and climate stability, namely reduc-
tion and recycling (Figure 2), it should be added
that intervention and destroying, thereafter rebuild-
ing and restoring, as needed for lignite mining, usu-
ally requires more expertise, education and train-
ing in natural sciences than do conservation of na-
ture by renouncing, restricting and refraining from
use. It is unacceptable that the word “ash” does not
appear in biology textbooks. It will not be under-
stood that ashes, as a result of burning lignite, coal
or wood represent concentrates of useful minerals.
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People with ideas on cleanliness may understand
the heavy metals only as toxins. But this view is
counter-productive, because the positive effects of
trace elements are not understood and accepted. The
sick forests cannot be helped if the foresters have
the opinion that the trees should die rather than as-
suming that “the dirt of coal ashes is brought to the
clean woods and forests”. However, the comparison
with the situation in Sweden shows, that recycling
of wood ash minerals to promote timber produc-
tion and consumption of carbon dioxide CO2 in the
woods is considered beneficial. In addition, it is also
widely accepted that the ash after forest fires is good
for the forest. In East and West Germany the condi-
tions have matched by measures of environmental
protection and air pollution today. For citizens de-
pending on the diet, in an individual case, a threat
of mineral deficiency must always be kept in mind.
Everyone must be able to decide whether it is appro-
priate in their special situation and also if it required
to take corrective actions as by dietary supplements
or not. Lifelong inquiry into the causes and cir-
cumstances of possible deficiencies is important. By
this contribution based on own research activities
including observations and comparisons, it can be
shown that it is possible to gain insight. Based on
the sentence of Hans Aebli (1983): "Where a good
teacher is working, the world would be a little bit
better” or in this context it can be said in the fol-
lowing way: “Where a good teacher is at work, hu-
man health and quality of environment will become
better [5].” The main concern of every science and
sense of inquiry is to gain knowledge and under-
standing. This is also true for the researchers at
school level [4]. Science and research occur not only
in the exclusive context of large-scale research and
research excellence of renowned research institutes.
Solid knowledge acquisition can succeed within the
framework of research-based learning methodically
correct to compare, combine reasoning in public
schools and as a basis for independent scientific
work as well. Research-based learning and learn-
ing through research should be continued and car-
ried out continuously throughout life.

Discussion

It is not enough to protect nature in order to keep life
conditions and the climate constant. It is also the
duty and a challenge of human responsibility and
care to manage the world so that 7–8 billion people
can survive under appropriate and humanely con-
ditions. The elimination of lacks and deficiencies
should have priority and should be a predominant
aim of all responsible actions of humans. Accord-
ing to the Liebig’s law it is of central importance
to know which factor is in minimum in an agricul-

tural system and to adjust this factor, for example by
increasing supply of minerals for fertilization. Jus-
tus von Liebig stated that plant growth is controlled
not by the total amount of resources available, but
by the limiting factor, the scarcest resource. It is
clear that the importance of Liebig’s law of the min-
imum exceeds the agricultural context and is valid
for the whole of biology, for economy and ecology
(environment), medicine (health) and finally educa-
tion and teaching. Not only plant growth, crop yield
and health, but also success and effectiveness during
life in general are based on Liebig’s law. In nature,
therefore, living organisms tend to eliminate or to
reduce deficiencies if possible. This is an important
result of evolution. It is reasonable to accept that
the responsible man acts in a similar manner and in-
tends to reduce deficiencies. Some coal ashes have
been shown to contribute to the elimination of min-
eral lacks, because they contain the minerals from
a biomass, which was formed millions of years ago.
The causes and consequences of global acidification
of terrestrial and marine ecosystems, which may be
manifested as a soil acidification in forests [2], agri-
cultural land or as acidification of surface waters in
the oceans, will only gradually be known. More and
more it becomes clear what specific role the nitric
acid HNO3, a strong acid, which is formed from
ammonia NH3 (Haber-Bosch process) and nitrogen
oxides NOx under oxidizing conditions of the atmo-
sphere plays. It is not only the cause for the release
of CO2 from limestone and seas, but also prevents
the uptake of CO2 by the oceans. It has been shown
that the effects of the increase in plant-available ni-
trogen on landscapes, forest ecosystems, drinking
waters and agricultural soil in terms of acidification,
eutrophication and mineral deficiencies can be sig-
nificant. In particular, it must be stressed that the
carbon dioxide CO2 by lignite combustion is not
poisonous itself in the low current concentrations,
but is used for photosynthesis, plant growth, crop
yields and thus for the nutrition of plants, animals
and humans. It is an essential component in the nat-
ural carbon cycle. A harmful effect of any substance
can therefore only be discussed if too much of it is
available. Even water, sugar and salt, are in excess
quantity of evil. To decrease the CO2-concentration
in the atmosphere, there are basically two possible
ways: Firstly, the reduction of the production and
emission and secondly the increase in consumption
by producing biomass and food for the large popula-
tion on earth. Decarbonization may be at all utopian
for many people, because the largest part of the
world cannot do anything without burning of carbon
containing matter like biomass, coal and oil. But this
aim also needs an improved CO2-consumption, an
increased photosynthesis, a plant growth promotion
and combating environmental acidification. The ac-
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tual CO2-absorption of forests, green areas and of
oceans is not sufficient or optimal. Improvements
by application of minerals in the ash of lignite com-
bustion could be useful in this context. Finally, the
sulphur arising from lignite burning, which has long
been vilified, is now a substance lacking in our en-
vironment and needs to be fertilized. Although the
sulphur is undesirable in the form of sulphur diox-
ide SO2 or sulfuric acid H2SO4 for the environment,
in the form of gypsum, it has positive effects on
the soil and plant growth. Moreover gypsum and
sulphate are used successfully to combat the sub-
soil acidification and aluminium toxicity and to re-
store acidic soil [10]. In this context the cation ex-
change and the self-liming effect play an impor-
tant role. Gypsum from flue gas desulfurization of
coal power plants (FGD gypsum) should be exam-
ined to see whether it may be used for soil con-
ditioners and fertilizers instead of natural gypsum.
As mentioned above, it was found that it is possi-
ble to decrease aluminium- toxicity of acidic soils
with lignite ash. Toxic water-soluble aluminium-
ions endangering our health are highlighted em-
phatically in recent times by experts of environ-
mental medicine like Christopher Exley, Professor
in Bioinorganic Chemistry, Keele University, UK
[18]. The acidification of the environment and the
aluminium- toxicity including the associated threat
to our health by nitric acid as a result of increased
use of the inert atmospheric nitrogen and convert-
ing it into plant available ammonia nitrogen by the
Haber-Bosch process for the production of fertil-
izers to feed the growing human population of the
earth with protein, must be expected to increase. In
this situation, it would be beneficial if the minerals
of basic brown coal ashes, which can counteract this
development, may be available.

This, of course, may not be true for all coal
ashes of the world especially not for hard coal
ashes, which may contain, in general, much more
toxic heavy metal elements than lignite ashes of the
Rhineland. In the case of lignite ash one has to be
careful because the progressing of coal mining from
east to west in the Rhineland may change the min-
eral analysis of ashes due the increasing depth of
coal deposits and to different geological conditions.
In addition, the use of lignite fly ashes is difficult
and complicated due the fact that the composition
of fly ash is not always constant regarding the sand
content and the percentage of silicon dioxide SiO2.
A good and successful forest re-cultivation includ-
ing profitable lucrative timber production may com-
pensate to some extent, the disadvantage of land-
scape destruction by brown coal mining. Although
great progress has been made with regard to the
reclamation of lignite mines [19] in context with the
re-cultivation of mining areas, the improvement of

soils and of acidic lakes with lignite ashes and an or-
ganic reducing component for a biological vitaliza-
tion should be discussed. The indicative target must
be based and oriented on the previously existing nat-
ural conditions. Even if a lake is formed in the re-
cultivated area where none had been previously, the
ecological qualities of the lake should be similar to
other lakes before mining. Consequently the con-
cept of “biomimetic” use of natural resources for en-
ergy supply and for reclamation of landscape should
be developed. Coal ashes arise from burnt biomass,
which are formed millions of years ago. They in-
clude minerals important for the environment and
health, which are absent in the environment today.
It has been shown recently that biomass ash fertil-
ization may sustain the bio energy cycle [20]. But
both wood ash and brown coal ash should be sub-
jected to an appropriate quality control before their
use for amelioration of conditions of soil and forests
[21]. Apart from the CO2–aspect, the combustion
of biomass, will lead to the same reservations and
problems as the combustion of lignite in the future.
The biomass, i.e. chemically treated wood waste is
in contrast to the lignite coal often charged with
real toxic substances such as halogenated hydrocar-
bons. Before use, of course, ashes should be ana-
lyzed in order to avoid an excess of trace elements
and toxic heavy metals like mercury, lead, cadmium
or arsenic in some ashes. In general the concentra-
tion of these toxic elements is low in lignite ashes.
Because mercury is not eliminated by the electro-
filters and is not included in the ashes completely,
problems with mercury pollution of the environ-
ment near the power plants must be solved by mod-
ern techniques [17]. But this fact does not affect
the question of using lignite ash. Toxicity of trace
elements depends on the concentration. Paracelsus
said: “Poison is in everything and nothing is with-
out poison. The dosage makes it either a poison or a
remedy.” For fertilization and soil amelioration the
quantities and concentrations can be adapted and
optimized according to the state of science. At least
27 chemical elements are needed by man. Some es-
sential trace elements are considered as poison such
as chromium, cadmium and arsenic. A feature of
the essential trace elements is that small amounts
have amazingly big impact as has been explained by
Walter Mertz, former Director of the State Research
Center for Human Nutrition in Beltsville (Mary-
land). According to the development of ultra-clean
laboratories, some essential trace elements are de-
tected (Der Spiegel 2/1982). Brown coal ash has
proven to be suitable and effective for the revital-
ization of forest soil, and has been noted very im-
pressive in field trials in the increase of earthworm
density after application of brown coal ash [15]. The
lignite briquette ash has long been considered as a
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substitute for lime in the fertilizer ordinance in Ger-
many in the year 1993 [14] (Erste Verordnung zur
Änderung der Düngemittelverordnung vom 25. Jan-
uar 1993, Bundesgesetzblatt Jahrgang 1993, Teil I
S. 94). That lignite can be ecologically utilized well,
shows the fact that it is used for soil improvement.
Thus, for example, from lignite, products like soil
conditioners are produced. The use of brown coal
should be discussed on the basis of new reasons and
facts.

Conclusion

In context with increasing mineral deficiencies, coal
ashes may contribute to improve environmental and
health conditions, but the realization needs cau-
tious approaches and appropriate research should
be done. A better environmental education, “action
oriented responsibility and care” in education and
a better understanding of basics in the natural sci-
ences (Scientific Literacy) are required.
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