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6. Conclusions

In this research, three limitations of traditional life cycle analy-
sis were improved through the integration of operational research
and uncertainty analysis methods into a general LCA framework.
This improved conventional LCA in (a) evaluation of life-cycle
environmental impacts at multiple product-service levels, (b)
robust and direct decision-making, and (c) managing uncertain-
ties associated with environmental impact and the consequential
decision-making. The framework could systematically explore
uncertainties that could be described by fuzzy sets, probability
density functions, and interval numbers across the life cycle of
urban water systems considering environmental impacts. In detail,
a hybrid LCA and two-stage stochastic programming (TSP) mod-
els was proposed to analyze the environmental impacts based
on a complicated urban water allocation system (UWAS) in an
uncertain environment. Coupled with inexact numbers, fuzzy sets
theory and Monte Carlo simulation, the improved methodology
could optimize water allocation in consideration of uncertain con-
ditions. The developed method was then verified by a case study
in water-stressed city (i.e., the City of Dalian), northeastern China.
The application indicated that the proposed method was effective
in generating desired water supply schemes under uncertainties
and reflecting the associated life-cycle environmental impacts,
strengthening capabilities of both LCA and operational research
methods. The results indicated that the top three contributors for
life-cycle environmental impacts would be districts of Pulandian
and Zhuanghe, and Municipal zone of the city.
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