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Abstract:

Forty years after the introduction of the exergy cost concept, thermoeconomic analysis has evolved from
simple manufacturing boundaries to comprehensive "cradle-to-grave" assessments. While the exergy cost of
resource scarcity and depletion is well-documented through models like the Exergy Replacement Cost and
the reference state of Thanatia, a significant gap remains regarding the irreversibilities caused by emissions
throughout a product's life cycle. This paper addresses this gap by establishing a methodological framework
to quantify the environmental exergy destruction associated with CO2 emissions. The research focuses on
three primary environmental impacts: the loss of mountain glaciers, the degradation of coral reefs, and the
deforestation driven by climate-induced crop yield reductions. Glacier loss is quantified by accounting for both
the "purity" exergy (concentration exergy relative to seawater) and potential energy, resulting in a destruction
of approximately 1198 MJ per ton of CO2 emitted. Marine eco-exergy loss, focusing on the decline of half the
global coral reef area since 1950, contributes an additional 529 MJ per ton of COs. Finally, the study models
the terrestrial eco-exergy loss resulting from the need to expand agricultural land into tropical forests as global
yields for staple crops (wheat, rice, maize, and soybean) decline due to rising temperatures. This deforestation
component represents the largest impact, estimated at 1909 MJ per ton of COz. The synthesis of these factors
yields a total environmental exergy irreversibility of 3636 MJ per ton of CO2 (or 3.636 MJ/kg). To demonstrate
the practical utility of this value, the study applies it to the exergetic cost of concrete. Results show that
incorporating environmental irreversibilities increases the total exergy cost of concrete from 0.594 MJ/kg to
1.085 MJ/kg, highlighting that for carbon-intensive materials, the exergy destroyed in the environment can be
as significant as the embodied exergy of the material itself. This framework provides a bridge between
thermodynamics and ecology, offering a more holistic metric for sustainability in the ECOS community, and
aims to serve as base from where future studies can propose a strict method to integrate the environmental
damage of emissions into exergy cost.
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1. Introduction

Forty years ago, Valero et al [1] introduced the concept of exergy cost. It quantifies the total amount of exergy
that enters the process to obtain a product, accounting for both the exergy in the final product and the exergy
destroyed during the processes (irreversibilities). The scope to calculate the exergy cost of a product can be
direct (only manufacturing process as the limit boundaries) or life-cycle, considering all materials and
irreversibilities upstream. This approach also considers the exergy cost of the scarcity created by the depletion
of resources extracted to obtain the product, the irreversibilities created during the use and the exergy needed
for recycling or final disposition. This scope, from the cradle to the grave, has been studied for several products
using life-cycle inventories, while the exergy cost of depletion has been modelled for minerals through the
Exergy Replacement Cost and the reference state of Thanatia [2].

There is, however, a gap concerning the exergy related to emissions during the life cycle. These emissions do
not only contain physical and chemical exergy, but they also impact the environment, which can destroy the
exergy of natural resources. These emissions can be abated, in which case, the exergy costs of the emissions
abatement should be incorporated to the exergy cost of the product. In the case that emissions are not abated,
the loss of exergy in the environment caused by the emissions should be considered.

To illustrate this situation, the emission of 1 ton of carbon dioxide from cement production process (in the kiln)
is studied. There are several ways in which carbon dioxide affects the environment, being the two most
important its contribution to climate change and ocean acidification. Both of these phenomena have intricate



implications, unknown effects, feedback loops and other ramifications that make it complicated to calculate the
impacts in terms of exergy. Because of these reasons, this research paper does not attempt to obtain an exact
calculation of the irreversibilities created in nature by the emission of COz2, but to establish a methodological a
methodological framework to evaluate them.

There are, however, some irreversibilities that can be calculated. For example, global warming is directly linked
to glacier retreat. Glaciers serve important ecological services, such as local climate regulation, freshwater for
rivers through dry seasons, erosion prevention, among others [3,4]. Furthermore, ice is almost pure water, and
so it has concentration exergy relative to sea water, the ground state; and continental glaciers usually are
located at high altitudes [5—7], meaning they also have potential energy, which contributes to its total exergy
[8].

Other irreversibility of the environment that can be estimated is the loss of eco-exergy due to conditions
change. For instance, both ocean acidification and warming impact the ability of calcifying organisms to build
and maintain their exoskeletons [9], including the ability of corals to build coral reefs [10]. Coral reefs provide
home for 4000 fish species and more than one million other species of animals and other organisms [11]. This
great diversity and biomass can be measured in terms of exergy, as Jorgensen showed [12]. The loss on coral
reef area will, thus, mean that eco-exergy is lost. A similar case can be proposed for the other habitats, like
rainforests.

In this article, the exergy impacts associated with climate change and ocean acidification are assessed and
quantified, in order to estimate the exergy irreversibility impact in the environment of emitting 1 ton of CO: to
the atmosphere. As stated previously, it must be reminded that this is not a comprehensive list of impacts.

2. Methodology

2.1. Estimation of the exergy irreversibilities from ice loss in glaciers

Mountain glaciers have shown mass and area loss since the beginning of 20" century, mainly due to
anthropogenic climate change, and that trend has accelerated rapidly in the last decades [13]. To estimate the
impact of each ton of CO2 emitted over the glaciers, a past trend was considered. According to Zemp at al.
[14], 8300 Gton of ice were lost in continental glaciers (i.e. not including Antarctica and Greenland) between
1961 and 2016. The ice loss rate is different for every glacier (due to size and local climate conditions), and
also glacier altitude differs in every case. The data, grouped by region, is summarized in Table 1.

Table 1. Ice loss and representative altitudes of glaciers of different regions of the world.

Ice loss Representative Altitude

Region (ton) altitude (m) Altitude specifications Ref.

Southern Andes 1.22E+12 1500 Southern Patagonia ice field ELA [7]
Peru and Kilimanjaro glaciers typical [15]

Low latitude 6.81E+10 4500 altitude

Alaska 3.02E+12 1500 Alaskan glaciers average ELA [16]

Russian Arctic 1.05E+12 600 Mainly on islands [17]

Northern [18]

Canadian Arctic  1.07E+12 1200 Queen Elizabeth Island glaciers ELA

Svalbard & Jan Austfonna glacier’s dome mean [19]

Meyer islands 6.87E+11 560 altitude

Western North [20]

America 4.27E+11 2600 Rocky Mountains glaciers

Southern [21]

Canadian Arctic 4.15E+11 1300 Mean ELA

Iceland 1.32E+11 1100 Mean Snowline altitude in Iceland [22]
Mean ELA of Tibetan Plateau [23]

Central Asia 4.49E+10 5000 galciers

Scandinavia 391E+10 1400 Jostedal Glaciers ELA [24]

Northern Asia 2.18E+10 2250 Kodar range glaciers ELA [25]

As explained in the introduction, the exergy destroyed when glaciers lose ice mass is composed by a “purity”
term and a potential energy term, as shown in Eq. (1)

By = By + By, (1)



Where By is the exergy of the glacier that was destroyed throughout the period, By is the exergy cost of pure
water relative to seawater and Bg is the potential exergy of the ice mass due to its altitude. The exergy cost
of pure water is obtained using an LCA perspective from the Ecoinvent database. The LCI inventory of oil,
natural gas and coal consumption were considered for the tap water production from seawater reverse osmosis
— the standard and most used process for desalination — and of ultrapure water from tap water. That way,
exergy cost of obtaining 1 ton of ultrapure water was calculated according to Eq. (2)

Bg,c =My * AHcomb,oil + Meoqr * AHcomb,coal + Myg * AHcomb,NGa (2)

Where m is the sum of the mass of each fuel consumed for both steps — desalination and purification — and
AH.,mp is the specific higher heating value of each fuel. The potential exergy of ice was calculated using the
definition of potential energy, as shown in Eq. (3)

Bg,h = Myce * g * h, 3)

Where g is the gravitational acceleration on Earth (9.81 m s2) and h is the representative altitude of each
glacier. This altitude must be the now lower than the altitude of the glacier nor the Equilibrium Line Altitude
(ELA) of a given zone — the altitude at which the snow accumulation rate equals the ice melt rate. Finally, to
estimate the exergy cost incurred by the emission of 1 ton of COz, the total irreversibility created during the
period was divided by the cumulative CO2eq emissions during the period.

2.2. Estimation of the eco-exergy irreversibilities of coral habitats losses

Jorgensen et al [26,27] established that organisms contain exergy related not only to their chemical exergy,
but also to the information they contain (eco-exergy), as information directly related to entropy. This information
is written in genes and expressed in amino acid chains synthesized by those genes [28]. That way, ecosystems
also contain exergy, which can be calculated as the sum of the eco-exergy of organisms present in said
ecosystem.

For warmwater corals, the eco-exergy per unit of area is in the range of 2900-6700 MJ m2 [29], which is
exceptionally high. According to Eddy et al [30], half the global area of warmwater corals has been lost since
1950 (considering up to 2016). As the main driver of coral reefs death has been global warming — through
marine heatwaves and steady temperature increase — and ocean acidification, the eco-exergy destroyed per
ton of CO:2 is estimated dividing the eco-exergy destroyed in the period by the GHG emissions (CO2eq) of the
period.

2.3. Estimation of the eco-exergy irreversibilities from land ecosystems
losses

Just as marine ecosystems, land ecosystems also act as exergy storage due to the eco-exergy of the
organisms that live in them. Climate change can affect ecosystems in a large number of ways: droughts,
intensification of wildfires, sea-level rise, among others. In this section, the analysis will be centred around the
decline in crop yields and its impact in deforestation. As Zhao et al [31] have shown, each degree-Celsius
increase in global mean temperature would, on average, reduce global yields of wheat by 6.0%, rice by 3.2%,
maize by 7.4%, and soybean by 3.1%. Leaving aside all other parameters that affect the area of cultivated
land — i.e. world population, market preferences, increases in yield due to technical advances — it is fair to
assume that a reduction in crop yields will be offset by a larger area cultivated. In some countries, that increase
in cultivated area carries the clearance of forests, such is the case of soybean in Brazil or Argentina [32], rice
in India and Bangladesh and maize in China [33]. Itis assumed that each country will produce the same fraction
of each of world’s crops as today. The production of soybean in Brazil and Argentina and maize in China were
considered, as data was available for these crops in said locations. Maize in Brazil and Argentina was not
considered, as it is used mainly as a rotation crop for soy.

Using map data of biomass [34] and deforestation [32], the eco-exergy of tropical forests cleared for plantations
was estimated, using Eq. (4)

Beco = Opip * A% B % 18.7 M] kg_le 4)

Where B,, corresponds to the eco-exergy of a surface, ovio is the biomass density, A is the area of woodlands
cleared, 3 is the characterization factor of biomass eco-exergy relative to detritus [29] — which is higher the
more complex an organism is — and 18.7 MJ kg' is the standard chemical exergy of detritus (dead organic
matter). To obtain the area additional forest cleared for each crop for every ton emitted, the equivalence in Eq.
(5) [35] and the derivative of temperature to carbon dioxide atmospheric concentration at current temperature
and concentration [36] — shown in Eq. (6) — were used.

1 ppmeo, = 7.81 Gtongg,. %)
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3. Results

3.1. Irreversibilities from exergy destruction in mountain glaciers loss

Table 2 shows the exergy destroyed in each region’s glaciers in the 1950-2016 period, separated by the exergy
cost of obtaining ultrapure water from seawater (B, ;) and the exergy cost of elevating the water to the glaciers
altitude (B, ). From ecoinvent database [37,38], it was determined that the consumption of oil, coal and natural
gas to produce 1 ton of ultrapure water from seawater are 0.44 kg, 3.83 kg and 1.11 Nm3, respectively, resulting
in an exergy cost of 167 MJ/ton. 167 MJ is the energy needed to lift more than 17000 m 1 ton of water, so, it
is no surprise that the purification component of the exergy destroyed in glaciers loss is one order of magnitude
higher than the potential energy component. Still, the potential energy component accounts for around 7.5 %
of the total exergy, being especially relevant in high-altitude glaciers, like the ones in low-latitudes and central
Asia.

Table 2. Exergy cost of ice lost in each (Bg) region divided in cost of puryfing water (By,c) and potential energy
of ice due to its altitude (Bgn)

Region By (MJ) By (MJ) B, (MJ)
Southern Andes 2.04E+14 1.79E+13 2.22E+14
Low latitude 1.14E+13 3.00E+12 1.44E+13
Alaska 5.05E+14 4.44E+13 5.50E+14
Russian Arctic 1.75E+14 6.15E+12 1.81E+14
Northern

Canadian Arctic 1.79E+14 1.26E+13 1.91E+14
Svalbard & Jan

Meyer islands 1.15E+14 3.77E+12 1.19E+14
Western North

America 7.14E+13 1.09E+13 8.23E+13
Southern

Canadian Arctic  6.95E+13 6.51E+12 7.60E+13
Iceland 2.20E+13 1.94E+12 2.40E+13
Central Asia 7.51E+12 2.20E+12 9.71E+12
Scandinavia 6.54E+12 3.83E+11 6.92E+12
Northern Asia 3.65E+12 4.81E+11 4.13E+12
TOTAL 1.37E+15 1.10E+14 1.48E+15

The total GHG emissions in the period were 1.47 - 10'2 ton COzeq, indicating a destruction of exergy of 1198
MJ/toncoz, or 1.2 GJ ton™' of carbon dioxide emitted to the atmosphere, assuming trends continue.

3.2. Eco-exergy destroyed
3.2.1. Corals

Coral reefs cover around 348000 km? of ocean surface, however, around 80000 km? are coral living habitat
[39]. As half the global coverage of living coral has declined by half since the 1950s, this means that,
approximately, 80000 km? of living corals habitat have been lost. Considering the provided range for coral reef
eco-exergy storage per surface area, the eco-exergy destroyed since the 1950s is in the range of 4.69 - 10"
—1.08 - 10" MJ, with a central value of 7.75 - 10" MJ. Dividing by the emissions of the period, a value of
irreversibility of 529 + 209 MJ per ton of CO2 emitted is obtained.

3.2.2. Deforestation due to crop yields reduction

Employing Egns. (5) and (6), it was calculated that every ton of CO:z released to the atmosphere should account
for 1.28 - 10" ppm of concentration increase. However, since around 50 % of anthropogenic CO2 emissions
are absorbed by the ocean and plants [40], the increase in atmospheric concentration per emitted ton is



actually ~6.4 - 10" ppm. That increase in atmospheric CO2 concentration correlates with an increase in
temperature of ~6.4 - 10-13 °C.

The biomass density in the cleared forest areas was estimated to be 150 ton ha-' [34], and B was estimated to
be 180, as suggested by [12]. That way, the obtained eco-exergy of forest lost to deforestation for crops was
50490 MJ m2. Note that this value is even higher than the high-end estimate for coral reefs. A total irreversibility
of 1.9 GJ ton"' due to deforestation was obtained for CO2 emissions, as shown in Table 2.

Table 3. World cultivated area of maize and soybean, and exergy destroyed per CO> ton emitted.

Yield loss New cultivated Fraction Exergy destroyed
World land  per ton CO2 area per ton produced by Br, by deforestation
Crop use area (ha) (%) COz (ha) Ar and Chn (%) per ton CO; (MJ)
Maize 2.10E+08 4.736E-12  9.95E-06 242 1217
Soybean  1.43E+08 1.984E-12  2.83E-06 48.5 693
TOTAL 1909

4. Discussion

4.1. Application to the case of concrete

The obtained value of exergy irreversibilities related to CO2 emissions to the atmosphere in this study was
3636 MJ per ton, or 3.636 MJ kg-'. According to Torrubia et al [41], concrete has a low exergy cost (or
embodied exergy), of 0.594 MJ kg-'. Considering concrete is around 15 % cement, and the production of
cement has a carbon footprint of ca. 0.900 kg CO2eq kg-', 0.490 MJ kg-' should be added to the aforementioned
0.594, resulting in a value of 1.085 MJ kg-'. In concrete, as it is a material with a high carbon footprint and low
exergy cost, irreversibilities created by emissions become significant, as shown in Figure 1. It is evident that,
for a material with a much higher embodied exergy or negligible carbon footprint, the relative contribution of
the exergy destruction by emissions would be negligible.

Eco-exergy lost
due to corals loss

Figure 1. Contributions of exergy components to the exergy cost of concrete in the analysed case.

4.2. Evolution of exergy cost of water to replenish glaciers

In section 2.1, the exergy cost associated to the altitude of lost ice in glaciers is defined as the potential exergy
of said ice. However, a more precise perspective would be to consider the exergy cost of pumping the water
upwards to the needed altitude. It was considered that all pumps run on electricity, with an efficiency of 90 %.
Since electricity is not primary energy, but an energy vector, the exergy cost of electricity must be taken into
account. For this matter, LExXCOE methodology was considered [41], however, since solar radiation and wind
are “free” and constantly replenish, they were not considered for the calculation — the exergy cost of the
Renewable Energy infrastructures, on the other side, were accounted, as well as fossil exergy. That way, the
exergy cost of the potential energy of lost ice can be expressed according to Eq. (7).

B, = % % LEXCOEgyy. 7)



The same reasoning applies to desalination, as an important part of the exergy cost of desalination and
purification of water comes from electricity generation.

And Eq. (1) can be rewritten as Eq. (8).
By = B;,c(t) + B;,h(t)a (8)

Where t is the year of analysis. Applying these equations, the following trend of glaciers-replenish exergy cost
is obtained (Fig. 2).

1,400 -
H Pumping
& 1,200 +
8 m Desalination and purification
= 1,000 A
2
——
= 800 A
s
=
g 600 A
&}
=
D 400 -
Q
>
W 200 |
0 4
OM~O0O DO — NN T O~NODDO—NOTWHOM~ODO
[ oY I Y I Y 0 T o T 2O o T 0 T o T o 0 TN o O 0 T i e R e s s R s i )
OO0 0 0000000000000 00000 0000
(o e BN et et BaiBNe RNa BEa Bl at Nl Bat e BN el Blal BNl A el BIat et Aot BEa Bl al BN Rl
Year

Figure 2. Evolution of the exergy cost of replenishing glaciers.

The exergy cost of pumping the water upwards decreases faster than the cost of purifying water, as the former
one is more dependent on electricity than the latter one, which also relies on chemicals. Two important remarks
must be made: the first one is that ELA of glaciers will increase in altitude as the planet warms up, but his
effect was not considered, as it is difficult to predict how much the ELA will change in each world area. Also,
the exergy cost of the infrastructures needed to move the water from the sea to the location of the glaciers
was not accounted. This exergy cost might be important in the case of glaciers that are far inland, like Central
Asia, Western North America and low-latitude glaciers.

4.3. Other non-considered exergy losses caused by CO. emissions and
future work

As previously mentioned, this work does not aim to provide a definitive value for the exergy cost, but to show
that the emissions can be accounted as exergy irreversibilities and establish a methodology for the calculation.
Besides the three mentioned mechanisms by which CO2 emissions to the atmosphere cause environmental
exergy losses. Three of them are analysed in this section:

4.3.1. Aridification and desertification

By today, it has been well established that anthropogenic climate change can cause drylands to expand and
turn into desert in some areas of the world, with more than 5 million dryland hectares converted into deserts
that can be directly attributable to climate change [42]. This tendency is expected to continue as climate change
accelerates [43]. This way, every ton of carbon dioxide emitted to the atmosphere will contribute to eco-exergy
loses as of both soil and the biomass that inhabits it see their exergy destroyed as soil is degraded [44]. It must
be reminded that CO2 has a fertilizing effect, and so, overall, the increase in carbon dioxide concentration in
the atmosphere could result in an increase in world plant coverage [45], but, in ecology, the destruction of an
ecosystem cannot be justified by growth of a different one.

4.3.2. Fish biomass loss

Recent research has shown that both long-term ocean warming and marine heatwaves can significantly reduce
the fish population [46,47]. Although this effect is well-documented, it is hard to quantify or predict, so it was
not included in the calculations.

4.3.3. Feedback loops



Several of the mentioned effects in this article have positive feedback loops with climate change, which can
amplify the exergy irreversibilities. For instance, the loss of glaciers can diminish the albedo and increase
global warming. The Amazon Rainforest and Coral ecosystems are carbon sinks, which means that their loss
or decline will result in an increase in carbon dioxide concentration in the atmosphere, increasing the exergy
irrversibilities related to it. A system dynamics approach to assess this feedback loops and study their effects
could increase the precision of the calculations.

4.3.4. Future work

5. Conclusions

The quest for a truly sustainable industrial metabolism requires an accounting system that reflects the physical
accounting by proposing a methodological framework to evaluate the "unseen" irreversibilities that CO2
emissions create within natural ecosystems. By translating complex environmental phenomena — such as
cryosphere retreat and biodiversity loss — into the common language of exergy, we can now integrate
environmental damage directly into the thermoeconomic cost of products.

Our analysis reveals that the impact of CO2 on the environment is multi-faceted and significantly higher than
previously estimated in simplified models. Mountain glaciers are not merely water storage; they represent a
high-quality exergetic resource due to their chemical purity and elevated potential energy. We found that the
purification component (167 MJ/ton) is an order of magnitude higher than the potential energy component,
although the latter remains significant in high-altitude regions like Central Asia. The total impact of 1198 MJ
per ton of CO2 emitted underscores the immense "exergy debt" we are creating by accelerating glacier retreat.

The destruction of coral reefs represents a loss of "information exergy" that is far more difficult to replace than
physical materials. With half of the global coral living habitat lost since 1950, the resulting irreversibility of 529
+ 209 MJ per ton of CO:z reflects the high complexity and biological density of these ecosystems. Furthermore,
the reduction in crop vyields (ranging from 3.1% to 7.4% per degree of warming) forces a geographical
expansion of agriculture into carbon- and exergy-rich tropical forests. This indirect deforestation accounts for
1909 MJ per ton of CO2, making it the largest single contributor to the environmental irreversibilities studied
here.

While this study establishes a robust framework, it is by no means an exhaustive list of environmental impacts.
We have focused on quantifiable irreversibilities where data—such as ice loss rates, eco-exergy densities, and
crop vyield sensitivities—are available. Many other ramifications of climate change, such as ocean
acidification's full impact or feedback loops of permafrost thawing, remain excluded due to their high
complexity. The linear approximation used for the relationship between CO2 concentration and temperature
increase serves as a conservative starting point. As climate models become more sophisticated, these values
can be refined.

The results presented here (3636 MJ per ton of COz2) allow for a more rigorous comparison between "dirty"
technologies and their "clean" alternatives by internalizing the environmental exergy destruction that was
previously ignored. This paper marks a necessary step toward a thermodynamics-based environmental
economics that respects the limits of our planet. Future work is needed to assess the exergy cost of
environmental impacts and link them to Planetary Boundaries Framework.

Acknowledgments

This research work has been carried out within the framework of the project RESTORE, granted by Spanish
Ministry of Science, Innovation and Universities (grant number PID2023-1484010B-100).

References

[1 Valero A, Lozano MA,, Mufioz M. A general theory of exergy saving. |. On the exergetic cost. Omputer-
Aided Engineering and Energy Systems: Second Law Analysis and Modelling 1986:1-8.

[2] Valero A, Valero A. From Grave to Cradle. J Ind Ecol 2013;17:43-52. https://doi.org/10.1111/j.1530-
9290.2012.00529.x.

[3] Zhang C, Su B, Beckmann M, Fang S, Xiao Y, Ma H, et al. Emergy-based valuation of glacier
ecosystem services: A case from the Tibetan Plateau. J Environ Manage 2025;374.
https://doi.org/10.1016/j.jenvman.2024.123966.

[4] Cook D, Malinauskaite L, Davidsdottir B, Ogmundardéttir H. Co-production processes underpinning the
ecosystem services of glaciers and adaptive management in the era of climate change. Ecosyst Serv
2021;50. https://doi.org/10.1016/j.ecoser.2021.101342.



[5]

[6]

[7]

(8]

[9]

[10]

[11]
[12]
[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Benn DI, Owen LA, Osmaston HA, Seltzer GO, Porter SC, Mark B. Reconstruction of equilibrium-line
altitudes for tropical and sub-tropical glaciers. Quaternary International 2005;138-139:8-21.
https://doi.org/10.1016/J.QUAINT.2005.02.003.

Benn DI, Lehmkuhl F. Mass balance and equilibrium-line altitudes of glaciers in high-mountain
environments.  Quaternary International 2000;65-66:15-29.  https://doi.org/10.1016/S1040-
6182(99)00034-8.

Quintana GR. Freshwaters and Wetlands of Patagonia. Cham: Springer International Publishing; 2022.
https://doi.org/10.1007/978-3-031-10027-7.

Valero A, Botero E, Serra L. The world’s renewable water resources and ice sheets. Proceedings of
the Conference on Sustainable Development of Energy, Water and Environmental Systems, Dubrovnik.
Croatia: 2002, p. 2—7.

Orr JC, Fabry VJ, Aumont O, Bopp L, Doney SC, Feely RA, et al. Anthropogenic ocean acidification
over the twenty-first century and its impact on calcifying organisms. Nature 2005 437:7059
2005;437:681—6. https://doi.org/10.1038/nature04095.

Hofmann GE, Barry JP, Edmunds PJ, Gates RD, Hutchins DA, Klinger T, et al. The effect of Ocean
acidification on calcifying organisms in marine ecosystems: An organism-to-ecosystem perspective.
Annu Rev Ecol Evol Syst 2010;41:127-47.
https://doi.org/10.1146/ANNUREV.ECOLSYS.110308.120227/1.

Coral Reef Alliance. Coral Reefs 101 2026.
Jgrgensen SErik. Eco-exergy as sustainability. Southampton: WIT Press; 2006.
Oerlemans J. Glaciers and Climate Change. Leiden: CRC Press; 2026.

Zemp M, Huss M, Thibert E, Eckert N, McNabb R, Huber J, et al. Global glacier mass changes and
their contributions to sea-level rise from 1961 to 2016. Nature 2019;568:382-6.
https://doi.org/10.1038/s41586-019-1071-0.

Hinzmann A, Mélg T, Braun M, Cullen NJ, Hardy DR, Kaser G, et al. Tropical glacier loss in East Africa:
recent areal extents on Kilimanjaro, Mount Kenya, and in the Rwenzori Range from high-resolution
remote sensing data. Environmental Research: Climate 2024;3:011003. https://doi.org/10.1088/2752-
5295/AD1FD7.

Zeller L, McGrath D, Sass L, Florentine C, Downs J. Equilibrium line altitudes, accumulation areas and
the  vulnerabilty of glaciers in  Alaska. Journal of Glaciology 2025;71:e28.
https://doi.org/10.1017/J0G.2024.65.

Sommer C, Seehaus T, Glazovsky A, Braun MH. Brief communication: Increased glacier mass loss in
the Russian High Arctic (2010-2017). Cryosphere 2022;16:35—-42. https://doi.org/10.5194/TC-16-35-
2022.

Miller GH, Bradley RS, Andrews JT. The Glaciation Level and Lowest Equilibrium Line Altitude in the
High Canadian Arctic: Maps and Climatic Interpretation. Arctic and Alpine Research 1975;7:155-68.
https://doi.org/10.1080/00040851.1975.12003819.

Moholdt G, Hagen JO, Eiken T, Schuler T V. Geometric changes and mass balance of the Austfonna
ice cap, Svalbard. Cryosphere 2010;4:21-34. https://doi.org/10.5194/tc-4-21-2010.

Pradhananga D, Pomeroy JW. Recent hydrological response of glaciers in the Canadian Rockies to
changing climate and glacier configuration. Hydrol Earth Syst Sci 2022;26:2605-16.
https://doi.org/10.5194/HESS-26-2605-2022.

Abdalati W, Krabill W, Frederick E, Manizade S, Martin C, Sonntag J, et al. Elevation changes of ice
caps in the Canadian Arctic Archipelago. J Geophys Res Earth Surf 2004;109.
https://doi.org/10.1029/2003JF000045.

Bjornsson H. Iceland. The Glaciers of Iceland, Paris: Atlantis Press; 2017, p. 103-27.
https://doi.org/10.2991/978-94-6239-207-6_3.

Loibl D, Lehmkuhl F, GrieRinger J. Reconstructing glacier retreat since the Little Ice Age in SE Tibet by
glacier mapping and equilibrium line altitude calculation. Geomorphology 2014;214:22-39.
https://doi.org/10.1016/J.GEOMORPH.2014.03.018.

Torsnes |, Rye N, Nesje A. Modern and Little Ice Age Equilibrium-line Altitudes on Outlet Valley Glaciers
from Jostedalsbreen, Western Norway: An Evaluation of Different Approaches to their Calculation.
Arctic and Alpine Research 1993;25:106—16. https://doi.org/10.1080/00040851.1993.12002990.

Osipov EY, Osipova OP. Reconstruction of the Little Ice Age glaciers and equilibrium line altitudes in

the Kodar Range, southeast Siberia. Quaternary International 2019;524:102-14.
https://doi.org/10.1016/J.QUAINT.2018.11.033.



[26]
[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]
[36]

[37]

[38]

[39]

[40]

[41]

[42]
[43]

[44]

[45]

[46]

[47]

Jorgensen SE, Nielsen SN, Mejer H. Emergy, environ, exergy and ecological modelling. Ecol Modell
1995;77:99-109. https://doi.org/10.1016/0304-3800(93)E0080-M.

Jorgensen SE, Ladegaard N, Debeljak M, Marques JC. Calculations of exergy for organisms. Ecol
Modell 2005;185:165-75. https://doi.org/10.1016/j.ecolmodel.2004.11.020.

Jorgensen SE, Ludovisi A, Nielsen SN. The free energy and information embodied in the amino acid
chains of organisms. Ecol Modell 2010;221:2388-92.
https://doi.org/10.1016/J. ECOLMODEL.2010.06.003.

Jorgensen SE. Description of aquatic ecosystem’s development by eco-exergy and exergy destruction.
Ecol Modell 2007;204:22-8. https://doi.org/10.1016/j.ecolmodel.2006.12.034.

Eddy TD, Lam VWY, Reygondeau G, Cisneros-Montemayor AM, Greer K, Palomares MLD, et al.
Global decline in capacity of coral reefs to provide ecosystem services. One Earth 2021;4:1278-85.
https://doi.org/10.1016/j.oneear.2021.08.016.

Zhao C, Liu B, Piao S, Wang X, Lobell DB, Huang Y, et al. Temperature increase reduces global yields
of major crops in four independent estimates. Proceedings of the National Academy of Sciences
2017;114:9326-31. https://doi.org/10.1073/pnas.1701762114.

International Food Policy Research Institute (IFPRI). Global Spatially-Disaggregated Crop Production
Statistics Data for 2020 Version 2.0. Harvard Dataverse 2024.

YueY, Yuan S, Wang L, Hao X, Lu J, Li Q, et al. Maize cultivation and forest collapse over five centuries
in southern China. Communications Earth & Environment 2026 7:1 2026;7:190-.
https://doi.org/10.1038/s43247-026-03224-5.

Ometto JP, Gorgens EB, de Souza Pereira FR, Sato L, de Assis MLR, Cantinho R, et al. A biomass
map of the Brazilian Amazon from multisource remote sensing. Scientific Data 2023 10:1 2023;10:668-
. https://doi.org/10.1038/s41597-023-02575-4.

Clark WC. Carbon dioxide review, 1982. Clarendon Press ; Oxford University Press; 1982.

Sherwood SC, Webb MJ, Annan JD, Armour KC, Forster PM, Hargreaves JC, et al. An Assessment of
Earth’s Climate Sensitivity Using Multiple Lines of Evidence. Reviews of Geophysics
2020;58:€2019RG000678.
https://doi.org/10.1029/2019RG000678;WGROUP:STRING:PUBLICATION.

water production, ultrapure - Rest-of-World - water, ultrapure | ecoQuery n.d.
https://ecoquery.ecoinvent.org/3.12/cutoff/dataset/12040/documentation (accessed April 28, 2026).

tap water production, seawater reverse osmosis, conventional pretreatment, enhance module, single
stage - Global - tap water | ecoQuery n.d. https://ecoquery.ecoinvent.org/3.12/cutoff/dataset/12107/Ici
(accessed April 28, 2026).

Lyons MB, Murray NJ, Kennedy E V., Kovacs EM, Castro-Sanguino C, Phinn SR, et al. New global
area estimates for coral reefs from high-resolution mapping. Cell Reports Sustainability 2024;1:100015.
https://doi.org/10.1016/j.crsus.2024.100015.

Ballantyne AP, Alden CB, Miller JB, Trans PP, White JWC. Increase in observed net carbon dioxide
uptake by land and oceans during the past 50 years. Nature 2012 488:7409 2012;488:70-2.
https://doi.org/10.1038/nature11299.

Torrubia J, Valero A, Valero A. Non-renewable and renewable levelized exergy cost of electricity
(LExCOE) with focus on its infrastructure: 1900-2050. Energy 2024;313:133987.
https://doi.org/10.1016/J.ENERGY.2024.133987.

Burrell AL, Evans JP, De Kauwe MG. Anthropogenic climate change has driven over 5 million km2 of
drylands towards desertification. Nat Commun 2020;11. https://doi.org/10.1038/s41467-020-17710-7.

Huang J, Yu H, Guan X, Wang G, Guo R. Accelerated dryland expansion under climate change. Nat
Clim Chang 2016;6:166—71. https://doi.org/10.1038/nclimate2837.

Palacino B, Ascaso S, Valero A, Valero A. Regeneration costs of topsoil fertility: An exergy indicator of
agricultural impacts. J Environ Manage 2024;369:122297.
https://doi.org/10.1016/J.JENVMAN.2024.122297.

Chen Y, Lu H, Wu H, Wang J, Lyu N. Global desert variation under climatic impact during 1982—2020.
Sci China Earth Sci 2023;66:1062—71. https://doi.org/10.1007/s11430-022-1052-1.

Chaikin S, Gonzalez-Trujillo JD, Aradjo MB. Long-term warming reduces fish biomass, but heatwaves
shift it. Nature Ecology & Evolution 2026 10:5 2026;10:932—-41. https://doi.org/10.1038/s41559-026-
03013-5.

van Dorst RM, Gardmark A, Svanback R, Beier U, Weyhenmeyer GA, Huss M. Warmer and browner
waters decrease fish biomass production. Glob Chang Biol 2019;25:1395-408.
https://doi.org/10.1111/GCB.14551.







    B  g ≈   B  g , c ∗ +   B  g , h


    B  g , c =   m  o i l ∗   Δ H  c o m b , o i l +   m  c o a l ∗   Δ H  c o m b , c o a l +   m  N G ∗   Δ H  c o m b , N G


    Δ H  c o m b


    B  g , h =     m  i c e ∗ g ∗ h


    B  e c o =   𝜎  b i o ∗ A ∗ 𝛽 ∗ 18 . 7   M J   k   g  − 1


    B  e c o


  1   p p   m  C   O 2 = 7 . 81   G t o   n  C   O 2


    ∂ T  ∂  c   CO 2 ≈   0 . 1   ° C    10   p p m


    B  g , c


    B  g , h


    B  g , c


    B  g , h


    B  g


    B  g , h ∗ =     B  g , h  𝜂 ∗ L E x C O   E  R e n


    B  g =   B  g , c ∗ ( t ) +   B  g , h ∗ ( t )

