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Abstract

Ecosystems and human systems are interconnected through a complex series of
dynamic relations. In particular, natural functions of ecosystems generate flows
of services continuously. To represent adequately the importance of ecosystems
for human well-being, the concept of Ecosystem Services (ES) was defined. A
complete review of methods and values for the assessment of ES from an
economic viewpoint was provided by Costanza et al. in 1997. However, in ES
valuation (ESV) several values are neglected or not calculated and estimation
methods rely on strictly economic and subjective practices.

In order to have a physical reference upon which an objective (and
complementary) evaluation can be based, we used the concept of emergy.
Emergy is a thermodynamic entity based on energy quality and hierarchy.

Life on Earth is organized in an ordered series of energy transformations from
one type to the next; these types do not have the same ability to do work. Emergy
can be defined as the quantity of (solar) energy that is used up directly or
indirectly to make a product or a service. An accounting system based on emergy
can be implemented to evaluate production processes, ecosystems and nations.

In this paper the emergy of different biomes was calculated and translated
into money by means of a specific “environmental” emergy-to-money
conversion factor given by the ratio of the renewable emergy supporting the
entire biosphere (emergy baseline) to the value of the world ES previously
proposed. The results show that the new economic value is higher than classical
ESV values.
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1 Introduction

The natural functioning of an ecological system generates an interconnected
series of processes that directly or indirectly produce goods (such as food) and
services (such as climate regulation or soil formation) for the human society. At
the same time these processes sustain the equilibrium of the system itself and the
equilibrium of the entire Biosphere [1]. Ecosystem functions regenerate natural
capital and produce renewable flows which in part converge in human systems
(often after various transformations). In this way, natural originated goods and
services are not considered as an integrated part of economic systems, but they
are simply utilized [2, 3]. Because ES are not fully and adequately quantified in
terms comparable with economic services and manufactured capital, they are
often given too little weight in political decisions [4]. By recognizing ES, and the
value provided to humans, ecological economists must develop indicators of
value which can be used in decision-making [3, 5]. An adequate evaluation of ES
can guide management policies and sustainable behaviors, for a new
harmonization of the anthropic cycles with the natural cycles.

Several works made an estimation of the economic value of ES at various
scales [1, 4, 6]. The “classic” approach to ESV is principally based on indirect
economic methods, used to internalize the flow of services into Market [7]. The
lack of a physical common basis to the ESV techniques cause a huge variability
in the results, also for the same service provided by similar ecosystems (i.e.
wetlands value in Costanza et al.[4] vs. wetlands value in Schuyt and Brander
[6]) [1, 14, 15]. There is a high heterogeneity in the ESV techniques applicable
on a territorial system, and the results are principally influenced by the valuation
method. The economic evaluation causes also a total disjunction between
function and service, which causes a non-effective protection of the ecosystems
[8] (for a more complete review of the critics moved to the classic ESV see also
Sagoff [16] and Pearce [17] note 1).

To study and evaluate properly the importance of the environment for humans
it is necessary to adopt instruments common at both the anthropic and biotic
sphere. Relations between man and environment can be represented by flows of
matter and energy (withdrawal of resources and discharge of wastes).
Accordingly, a thermodynamic-based approach seems to be the more appropriate
to understand how to drive the management of natural and anthropic systems
toward sustainable dynamics. The powerful use of the economic language can be
maintained to dialogue properly with decision makers. However it has to be used
only after an evaluation of the ecosystems, based on thermodynamic indicators
[18, 19].

2 Methods

In this paper the emergy evaluation of 16 biomes, as listed in Costanza et al [4],
is presented.

Emergy was introduced by H.T. Odum during the 1980s as a tool of
environmental (but not only environmental) accounting [9—12]. On the basis of a
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thermodynamic hierarchy of energy, starting from solar energy, Odum’s research
has provided a measure of the environmental work necessary to generate an item
or a flow.

Emergy is defined as the quantity of solar energy directly or indirectly
necessary to support a given system and its level of organization. The emergy of
all inputs to a system is calculated in terms of solar emjoules (sej) by means of
suitable conversion factors called transformities (expressed in sej/J), or specific
emergy (expressed in sej/g or other units). Emergy represents a measure able to
evaluate the convergence of matter and energy (several inputs) to a system on a
common basis. In the emergy analysis of all the 16 biomes considered in this
paper, only renewable inputs are included, with the exception of some semi-natural
or totally anthropic systems, like croplands and urban systems, which exist and
provide services to humans using also non renewable inputs like fertilizers and
fossil fuels.

Emergy theory offers also important tools that enable a clear communication
of the physical evidences of the interactions between environmental and human
systems. In particular the Emergy/Money Ratio is able to convert emergy units
into “economic terms familiar to most people” (and vice versa).

The Emergy/Money Ratio is usually calculated as the ratio of Total Emergy
to the GDP of a nation in a given year and it is used for all the evaluations of
territorial subsystems or productive systems within the same nation. In this
paper, the concept of “environmental” Emergy/Money Ratio was applied in the
evaluation of ecosystem services.

3 Results and discussion

A very comprehensive bibliographic research has been necessary to associate an
average emergy value to all the16 biomes (as presented in Costanza et al. [4]). In
spite of the high variability found in emergy literature, we think this exercise is
important because it represents a rather complete collection of emergy values for
different biomes. For some biomes there was an insufficient number of published
studies: for them, namely desert and tundra, we have estimated an emergy value
using the National Environmental Accounting Database developed by Sweeney
et al. [13]. A summary of biomes emergy flows is shown in Table 1.

The highest emergy flows are related to “ecotonal” zones and more
heterogeneous biomes. A very high emergy is related to coastal zones due to the
high energy of waves and tides. In Emergy literature the role of these inputs in
the development of coastal and intertidal ecosystems is currently controversial.

On these energetic inputs, ecosystems base all their internal transformation
cycles. The dynamics of these cycles depends on the biota composition and
status, and on abiotic configurations and relations with living organisms. On this
basis, the system works and produces outputs that could be used directly or
indirectly by humans.
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Table 1: Emergy flows of the 16 biomes.

Emergy of different biomes

Biome Pty
Open Ocean 3.88E+14
Estuaries 8.84E+16
Seagrass_Algae beds 1.93E+19
Coral Reefs 2.94E+19
Shelf 1.93E+19
Tropical Forest 4.52E+16
Temperate Boreal Forest 1.77E+15
Grass Rangelands 7.45E+16
Tidal Marsh_Mangroves 1.09E+16
Swamps_Floodplains 3.21E+15
Lakes_Rivers 4.97E+16
Desert 1.55E+14
Tundra 2.01E+15
Ice Rock 3.68E+15
Cropland 2.71E+16
Urban 1.47E+18

3.1 An environmental emergy-to-money ratio for evaluating ecosystems
and services

It is possible to define an indicator of the ecosystem conversion of energy inputs
into services for humans. To do that, we define a specific “environmental”
emergy-to-money ratio given by the sum of independent inputs supporting the
entire biosphere cycles (emergy baseline, equal to 15.83 x 10** sej/yr [12])
divided by the value of the world ES previously proposed [4] (this value is
between a minimum of 18 x 10" €/yr and a maximum of 62 x 10'* €/yr). The
result is a global range of environmental emergy-to-money conversion factor
between 2.57 x 10" sej/€ and 8.68 x 10" sej/€. This ratio represents how much
emergy (as a proxy of environmental work) is needed for the global ecosystem to
exist and provide ecosystem services (measured in money terms). Using these
ratios we can calculate brand new values for the 16 biomes (Table 2), dividing
the emergy flow of each biome for the minimum and maximum values of the
environmental conversion factor. These values correspond to the amount of
emergy necessary to support one unit money of ES that we can expect from a
given biome. A range of economic values attached to each biome can be
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Table 2: Classic ESV results and emergy-based values for 16 biomes.

Values of ecosystem services for 16 biomes
World ecosystem

Emergy Baseline services value Env11]‘4:01\1/1[£ental
(sej yr™") (Costanza et al [4]%) . ol
€yr) (sej €7)
1.58 x 107 1.82x 10" 8.68 x 10"
6.15x 10" 2.57x 10"
) Costanza et al [4]" Emergy-bz_lsed Emergy-based
Biome € yr'l) value (I_rlun) value (I_Illax)
(€yr) €yr)
Open Ocean 287 4.47x 107 1.51x 10°
Estuaries 26019 1.02x 10° 3.44x 10°
Seagrass_Algae beds 21657 2.23x 107 7.51x 107
Coral Reefs 6924 3.38x 10’ 1.14 x 108
Shelf 1835 2.23x 10’ 7.51x 10
Tropical Forest 2288 521x10* 1.76 x 10°
TempeFrg;ZEtB et 344 204x10 6.90 x 10°
Grass_Rangelands 278 8.58x 10* 2.90 x 10°
Marshfﬁf:rllgroves 11385 125 10° 422x 10*
Swamps_Floodplains 22315 3.69 x 10 1.25x 10*
Lakes_Rivers 9684 572 x 10 1.93 x 10°
Desert 0 1.79 x 10° 6.03 x 10
Tundra 0 2.31x 10° 7.81 x 10°
Ice Rock 0 423x10° 1.43x 10
Cropland 105 3.12x 10* 1.05x 10°
Urban 0 1.69 x 10° 571x10°

* Costanza et al.’s [4] values are adapted to € 2010

determined. These values are derived from a sort of re-distribution of classic ES
values, on the basis of renewable environmental inputs they consume to exist.

4 Conclusion

This paper has presented an application of thermodynamic tools (basically using
emergy) in ESV. In fact, emergy evaluation can support ESV with a physical
basis and contributes to reduce the high heterogeneity of the classic economic
evaluation method. A comprehensive bibliographic research, and some original
calculations, enabled a first estimation of natural emergy flows to 16 types of
ecological system.

The transformation of natural and free inputs (basically sun, rain, geothermal
heat, tides and waves) into economically valuable outputs, can be measured by a
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new indicator of the ecosystem work done to provide services to humans. An
“environmental” emergy-to-money ratio enabled to estimate a set of new ES
values for the 16 biomes. These values are higher than classical ESV values and
can be used as a complement of them.

As nations (countries and communities) and economic systems become more
and more (apparently) dependent on industrial and technological products, the
mayor role of the environment for human well-being becomes less clear to the
society [20]. Indicators of the work of the environment for our well-being can
help to reform collective ecological knowledge. Maintaining the use of economic
language to express the value of ES will permit to define the environmental
conservation as a conservation of value, and not as a limit to economic
development and to the increase of well-being. Using emergy, and other very
informative holistic thermodynamic indicators [19, 21], to reach that
economically expressed result, will make clear the direct relationship between
the value of ES and the work of the biosphere.
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