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Abstract

Even though there is little agreement on a definition of sustainability, defining unsustainabil-
ity is much easier: it is a state where the impact of human activities exceeds nature’s carrying
capacity. Avoiding such a situation is even included in many definitions of sustainability. How-
ever, this carrying capacity is rarely considered in methods for sustainable engineering, including
life cycle assessment, and methods for designing sustainable chemical processes. Ecological foot-
print does account for biocapacity, but in a highly aggregated manner that is not very useful for
guiding decisions. Given the degradation of ecological processes highlighted in several studies
[1 2], accounting for the dependence and impact of human activities on ecosystems is an urgent
need.

We propose a novel framework for Sustainable Engineering that explicitly accounts for the
demand for ecosystem services generated by human activities, and the supply of ecosystem
services available from nature at multiple spatial scales. The demand for ecosystem services is
quantified by information about resource consumption and emissions. For example, the demand
for the water provisioning ecosystem service is quantified by the volume of water withdrawn for
an activity, while the demand for the carbon sequestration ecosystem service is quantified by the
quantity of CO2 emitted. The supply of ecosystem services is determined from knowledge about
available ecosystems at the selected spatial scale. Thus, forest cover and species determine the
ability to regulate air quality by taking up pollutants such as nitrogen and sulfur oxides and
carbon monoxide. Information about tree cover, soil quality and management, etc. can quantify
the supply of the carbon sequestration ecosystem service. Models for quantifying various services
are available from ecologists at multiple scales, including local, regional and global. They form
the basis of the proposed framework.

In the TES framework, each technological system is represented as T; ; which consists of the
i-th technological process at the j-th scale. These could be individual manufacturing processes
or average processes obtained from a life cycle inventory database, or an economic sector in a
regional or national economic input-output model. Each technological system is nested inside
ecosystems in its vicinity, that is T; ; € E; ;, where E; ; represents ecological systems in the
vicinity of T; ;. Thus, if the smallest technological scale includes manufacturing processes, then
the smallest ecological scale could be the plant site or the corporate campus; if the technological
system is an single-family home, the smallest ecological scale would be the yard around the
house. This smallest scale is then expanded to consider regional, national, and global scales.
The largest ecological scale that should be considered depends on the ecosystem service being
analyzed. A service such as carbon sequestration is global in nature because of the global flow
of CO3, which means that for sustainability analysis, its assessment needs to be at the global
and smaller scales. In contrast, a service such as Pollination is local and determined by the
range covered by pollinators. Thus, this service is not relevant at larger geographical scales.

Results from a TES study consists of a pair of numbers {D; ;,S; ;} representing demand
and supply for each ecosystem service, i = 1,...,I, and at each ecological scale, j = 1,...,J.



These demand and supply numbers may be used to define sustainability metrics to compare
alternatives and as objectives for designing sustainable systems. The degree of overshoot for
the i-th service may be defined as,
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A necessary, but not sufficient condition for absolute sustainability is,
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Thus, for each ecosystem service, the demand cannot exceed the supply at the largest scale,
j = J. This condition is not sufficient for sustainability since other factors such as dynamics
and complexity also matter but are not captured in the current framework. If demand does
exceed the supply, that is, if V; ; < 0 then such a situation usually results in symptoms such
as depletion of ground water, accumulation of CO5 in the atmosphere, or of nutrients in water
bodies. The criterion given by Equation [2| may also be applied at smaller scales. If

then, it means that dependence on the i-th ecosystem service is locally sustainable at scale j. It
could happen that Equation |3|is satisfied, while Equation [2]is violated. For example, a process
may emit less CO5 than can be sequestered by its surroundings to be locally sustainable, but
the electricity it buys from outside the process boundary may emit more COgy than can be
sequestered by the ecosystems at the larger scale.

This framework may require allocation of a regional ecosystem services among multiple
activities that demand it. Two approaches are explored: allocation based on quantities such
as monetary value of the activity or its emissions, and no allocation. The first approach is
analogous to what is used in LCA and is subjective. The second approach is easier to use.
It implies that if at the selected scale use of an ecosystem service is unsustainable, then all
activities in that region that rely on the selected service will be considered to be unsustainable.
For example, because the global demand for carbon sequestration far exceeds the global supply
of this service, all activities that demand this service are considered to be unsustainable at the
global scale.

Some benefits of the TES framework include the following. 1) The goal of reducing ecological
overshoot for individual ecosystem services at multiple scales will encourage enhancements in
technological efficiency, along with ecological protection and restoration. Existing methods
mainly encourage the former. 2) If human activities demand services that ecosystems simply
cannot provide, then the only way to satisfy the TES goal of V; ; > 0 is by technological efficiency
that eliminates this demand. This will discourage use of nonrenewable resources and encourage
cycling of molecules that do not occur or are rare in nature. 3) The TES approach favors systems
that have a smaller overshoot with respect to ecosystems at the selected scale. This approach
encourages integrated design of technological and ecological systems such as that of a building
and its surrounding land [3], and of a manufacturing process and ecosystems on available land
M. 4) If V; ; < 0, then the impact of emissions and resource use will need to be determined
by various impact assessment methods. In contrast, if V;; > 0 then the system is locally
sustainable and there is no need for applying methods such as LCA. Thus, a company could
focus on achieving local sustainability, and only including locally sustainable manufacturers in
its life cycle. In such a situation, methods such as LCA become unnecessary. These and other
characteristics of the TES framework will be demonstrated with the help of a case study.

References

[1] MA. 2005 Millennium Ecosystem Assessment (MEA) , Ecosystems and Human Well-being:
Synthesis,. Island Press, 2005. www.maweb.org, Accessed December 23, 2013.


www.maweb.org

[2] J. Rockstrom, W. Steffen, K. Noonel, A. Persson, F. S. Chapin, E. F. Lambin, T. M.
Lenton, M. Scheffer, C. Folke, H. J. Schellnhuber, B. Nykvist, C. A. de Wit, T. Hughes,
S. van der Leeuw, H. Rodhe, S. Sorlin, P. K. Snyder, R. Costanza, U. Svedin, M. Falkenmark,
L. Karlberg, R. W. Corell, V. J. Fabry, J. Hansen, B. Walker, D. Liverman, K. Richardson,
P. Crutzen, and J. A. Foley. A safe operating space for humanity. Nature, 461(7263):472—-475,
20009.

[3] R. A. Urban and B. R. Bakshi. Techno-ecological synergy as a path toward sustainability of a
North American residential system. Environmental Science & Technology, 47(4):1985-1993,
2013.

[4] Varsha Gopalakrishnan, Bhavik R. Bakshi, and Guy Ziv. Innovative and sustainable process
design by incorporating ecosystems as unit operations. In AIChE Annual Meeting, Atlanta,
GA, November 2014.



