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Summary: This paper deals with the state-of-the-art of Life Cycle Assessment (LCA) as a core of Life Cycle Design (LCD) of a product. Background of LCA is given, as well as some modern approaches to LCA studies. The paper focuses on the practical methods in LCA including the list of main widespread software and some other computer tools with the basic descriptions of their abilities. Finally, a short survey of critics of LCA methods is presented, as well as some proposals for improving the method.
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INTRODUCTION 

Growing interest in environmental condition and concept of sustainable development resulted in appearance of design disciplines with goal to develop solutions for decreasing the impact of human activities and industrial products on environment. Among disciplines such as Ecodesign and Design for Environment, one is established a completely new design approach – Life Cycle Design [1].
Based on fundamentals of LCD, all products and services must be designed to scope all of their life cycles stages. Processes needed for manufacturing, distributing and disposing of the product at the end, are considered to be one. Beside the design of product itself, this approach designs product system, in a way that it determents all possible events in product life cycle.
Having this in mind, LCD discipline makes a radical discontinuity with traditional design process [2]. The purpose of this is to design product life cycles, in order to indentify and efficiently combat environmental impacts. In other words, it is possible to create product and minimize the input of raw materials and energy, and the impact of all emissions and waste.

Before design of any new product life cycle, and before any improvement of existing product life cycles, it is of vital importance to estimate the present effects on environment. The only way to both quantitatively and qualitatively calculate the harm of all effects of products and human activities on environment is to conduct Life Cycle Assessment or LCA [3].
2. LIFE CYCLE ASSESSEMENT
As the core of LCD the LCA is quantitative tool for assessment of environmental impacts of products and services such as climate change, global warming, ozone depletion, (smog) creation, eutrophication, acidification, toxicological impact on humans and ecosystems, the depletion of resources, and others. It is systematic approach for analyzing the entire life cycle stages of products from material extraction through manufacturing, use and eventually disposal or recycling preferably. Therefore it is often called a “cradle-to-grave” analysis.

The first form of LCA appeared in 1970 in the U.S. as a method for evaluation of resource and energy use. This methodology was developed to scope resource and energy consumption with air and land emissions through life cycle of product and packages. After 1990 and work conducted be SETAC, the LCA method was inaugurated. Finally, after publishing the principles of conducting the LCA by ISO (1997), the wide acceptance of this method started [4].

2.1 LCA Framework
The framework of LCA method consists of four phases (ISO14040-43):


1.Goal and scope definition


2.Life Cycle Inventory


3.Life Cycle Impact assessment


4.Interpretation
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Fig 1. LCA Framework [5]
2.1.1 Goal and scope definition


Goal and scope definition is the first stage of LCA in which all general decisions are made. For definition of goal, the application, purpose and intended audience and comparative analysis is determent. If the study is planned to be published the critical review is a must. In order to set scope definition the methodology is defined. Several factors are determent, from functional unit, through data quality requirements, and all rounded with system boundaries. Functional unit can be presented as quantified definition of the function of a product, which enables different products to be compared and analyzed. Data quality requirement is a factor which describes data acquisition (data measured or calculated) and are data sufficient to represent the system. System boundaries define which processes will be assessed. Boundaries are defined with ’’cut-off’’ criteria.

There are four main options used to define the system boundaries (see  Fig 2, modified chart [5]): 
Cradle to Grave: This assessment consists of all processes from the raw material extraction through the production, distribution and use phase, up to the end of life. Cradle to Gate: Includes all processes necessary to determine the environmental impact of the production of a product, and thus term gate is used as factory gate. 
Gate to Grave: Goal of this assessment is to determent the environmental impacts of a product once it leaves the factory. 
Gate to Gate: includes the processes from the production phase only and it is used to determine the environmental impacts of a single production step or process.
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Fig 2. System boundaries

2.1.2 Life Cycle Inventory


Inventory analysis is a methodology for estimating the consumption of resources and the quantities of waste flows and emissions caused by product’s life cycle. It is LCA phase where all inputs and outputs are collected for a given product system or process in order to make Life Cycle Inventory LCI. It is iterative process with data classification and calculation as most important steps. The classification step is most intensive and complex of all LCA. Here all processes need to be classified  as raw material or  other inputs, products or wastes, emissions to air, water and soil or other environmental aspects.


2.1.3 Life Cycle Impact Assessment 
Life Cycle Impact Assessment (LCIA) provides indicators and the basis for analyzing the potential contributions of the resource extractions and emissions. The result of the LCIA is an evaluation of a product life cycle, on a functional unit basis, in terms of recognized environmental impact categories, such as global warming, acidification, ozone depletion, etc. The emissions are converted to impacts potential through processes of classification and characterization. 

In order to conduct LCIA different methods can be used, from problem-oriented to the damage-oriented approach. Most common methods are TRACI (Tool for the Reduction and Assessment of Chemical and other environmental Impacts)  and CML (Dutch: Centrum voor Milieukunde Leiden ). The TRACI method is developed from US EPA (Environmental Protection Agency) while CML is product of University of Leiden Netherlands. Beside these methods, other common methods are EDIP, Ecoinvent and Ecoindicator.
2.1.4 Interpretation 

The goal of the life cycle interpretation phase is to draw conclusions, identify limitations and make recommendations for the intended audience of the LCA. This is iterative phase in which results are checked for consistency with goal and scope, and significant issues are indentified. Significant issues can consist of inventory elements such as energy consumption, major flows, emissions etc. 
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Fig 3. Example of classification and characterization [5]

2.2 LCA Software
Conduction life cycle assessment can be very complex process which often requires comprehensive modelling and mathematical base. Nevertheless the powerful software and database of  input/output flows is essential for quality of LCA. As the interest for LCA method grew, the number of suppliers of LCA software tools on the market raised. There is choice of software intended for any type of users and designed for different types of LCA. 

Most common LCA tools intended for practitioners are GaBi from PE International (Germany) and SimaPro developed by PRé Consultants (Netherlands), with 60% and 30% share respectively. Among other most popular are Ecopilot, EcoLab EcoScan, Ecobilan, EDIP PC-tool, EPS, JEMAI-LCA, GEMIS and others. There are also LCA tools developed at product level like BEES and ATHENA, etc. 
2.2.1 GaBi, PE International


GaBi (Ger: Ganzheitlichen Bilanzierung) is most common LCA tool on the market with largest LCA database for product and process analysis. GaBi’s approach to conducting LCA is based on concept of plans and flows.

With in GaBi system, boundaries are presented as a plan, while the flows that enter the product system coming from the natural system or that leave the system are called elementary flows. The LCI is the input/output list of all elementary flows associated with the system. Flows are characterized by mass, energy and costs, where last feature allows for additional option of conducting Life Cycle Cost (LCC) assessment.


For the purpose of scientific research, free of charge GaBi Educational version is available upon request. 
2.2.2 SimaPro, PRé Consultants 

Second most common LCA tool on the market is SimaPro. This software is suitable for its functional based LCA, screening and accounting LCAs, and other partial LCA studies. 
Within SimaPro input/output data are stored as processes in database or in project. Modeling of the life cycle is done in steps, as part of a project: the products are modeled as assembly. The functional unit is modeled in the life cycle, end of scenarios are modeled separately as disposal, reuse, disassembly scenarios [6]. 

Demo version is available for download. 
2.3 Critical review on LCA


LCA has become very important tool for environmental policy makers, designers and industry in general. Therefore the proper conduction of the assessment is vital, in order to avoid misinterpretations, inappropriate use and false conclusions.


 Since LCA in most cases works with modeling approach, thus the process description may not refer to actual practice. Especially in cases when study is not intended for publishing data are unverifiable and may be inconsistent or incorrect. In the absence of a formal materials balance accounting system, data inconsistency or errors may not be detected. Therefore it must be insisted that all data could be published or accessible even in cases of declared secrecy.
The process data may be synthesized, using models based on laws of thermodynamics and chemistry. For example the connection between CO2 and fossil fuel burning. Although this synthesized data may not be incorrect, they could distort the actual situation [7]. 
Based on principle that every material product has certain emission and must eventually become a waste it is important in order to have review or comparison of products, to take into account its environmental impacts from ‘cradle to grave’. With this not only the inputs and emissions of products in production phase are treated, but also the future environmental impacts [8].

Also common problem of LCA are differences between US methods on one side and European and Japanese on the other. It is essential that in process for unification of methods common mass units and mass balances must be used.
3. CONCLUSION

For relatively short period of existence LCA method has made strong contribution to concept of sustainable development. Today it is integrative part of every product designing, eco labeling, process optimization, environmental research and business efficiency. 

From engineering’s point the LCA method is an asset in planning phase, especially for ping pointing process with high environmental impact, and guidance for ecological efficiency and technological alternatives. It can also be important tool for estimating SPI and KPI and decision making.


Although there are certain limitations on LCA, discussion on this methodology is leading amount interested parties is on its improvement and wider acceptance, and definitely not on its dismissal. With increase of accessible data on chemical and material production data the accuracy of method will further improve. Also with building inventory bases on energy and material productions from less developed countries the LCA could be globally applicable.


Accepting the principles of sustainable development, while mastering the skills of Ecodesign and Life cycle assessment is best path for engineers, designers and students of technical faculties. Designing the products with low environmental impact, which will use renewable energy sources will be mandatory in near future. Therefore, those engineers and , companies which decide to make transition based on concept of sustainable development will have significant edge over those who remain conservative.     
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