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Recently, a significant amount of process systems engineering (PSE) research has focused on
augmenting process design problems with life cycle assessment (LCA) in order to design for both
economic and environmental criteria [1, 2]. Despite this widespread use of LCA in PSE research,
a knowledge gap exists between the two fields. Advances have been made in both LCA and PSE
methods that would prove beneficial when applied in the other field, but thus far the two fields have
remained separate. For instance, when LCA is applied to process design problems, the standard
inventory method is process analysis, in which the system boundary is drawn around the main
process and upstream and downstream processes are added to the boundary until the inclusion
of further processes has an insignificant effect on the total inventory [3]. Process analysis can
significantly under-represent resource requirements and pollutant production, leading to potentially
large errors compared to more comprehensive inventory techniques [4] and creating a risk that
apparently optimal designs being in reality highly sub-optimal due to pollutant production and
resource consumption that is not captured in the LCI [5, 6]. Hybrid LCA methods that address
many of the issues with process analysis have been developed and are currently in use in the
LCA community [7, 8, 9]. However, process analysis continues to be used exclusively in PSE
applications [10]. In a similar vein, PSE research routinely applies non-linear or mixed-integer
non-linear programming to model and design large-scale, complex process networks similar to a
life cycle. The type of models used in this context are based on theoretical knowledge of the unit
operations that comprise each process and are dependent on thousands or hundreds of thousands
of variables [11]. In contrast, the process models used in LCA are fixed vectors of process inputs
and outputs that are scaled by the amount of output required [12]. This is due to the inventory
calculation methods currently applied in LCA, which are linear algebra and linear programming;
both methods require a linear model [13].

We propose closing the knowledge gap between PSE and LCA research with a process design
framework that utilizes advances in both fields. The integrated hybrid life cycle inventory (IHLCI)
forms the basis for the framework [14]. The IHLCI combines detailed models for the process(es)
being designed and key processes in the life cycle with an economic input-output (EIO) model that
captures the macro-economic system within which the processes operate. We replace the standard
linear process models in the inventory with the more detailed technological models commonly used
in PSE design applications, representing life cycle processes as vector functions rather than vectors
of fixed inputs and outputs. The vector functions are derived from knowledge of the unit operations
within each process and involve design variables at the unit operation and process levels. The
IHLCI, unlike other hybrid methods, disaggregates the EIO model into the processes modeled in
detail and the rest of the economy; this causes the design variables at the unit operation and process
levels to be propagated throughout the inventory such that the life cycle inventory is dependent
on decisions made within the process being designed. The inventory calculation and the process
design steps are accomplished using the same framework, as the total inventory is determined by
the process design. Because the inclusion of design variables leads to the inventory being in general



a non-linear model, non-linear programming instead of linear algebra and linear programming must
be used for both the inventory calculation and process design.

Advantages of the proposed framework as well as insight gained from applying the framework
will be demonstrated using a case study of a bioethanol production system. The design objectives
for the system are production cost, production system emissions and life cycle (production system
plus economy) emissions. In order to compare results from the conventional and the proposed
approaches, a linear process analysis inventory, linear hybrid inventory and non-linear hybrid in-
ventory are used separately to optimize the system. The proposed design framework captures a
significant percentage of life cycle impacts that are not captured by linear process analysis, and
finds a better better environmental optima than either of the linear inventory methods. Potential
applications and extensions of the proposed framework are discussed.

References

[1] Brett Alexander, Geoff Barton, Jim Petrie, and Jose Romagnoli. Process synthesis and opti-
misation tools for environmental design: methodology and structure. Computers & Chemical
Engineering, 24(2):1195–1200, 2000.

[2] A Hugo and EN Pistikopoulos. Environmentally conscious long-range planning and design of
supply chain networks. Journal of Cleaner Production, 13(15):1471–1491, 2005.

[3] JB Guinée, HA Udo de Haes, and G Huppes. Quantitative life cycle assessment of products:
1: Goal definition and inventory. Journal of Cleaner Production, 1(1):3–13, 1993.

[4] Manfred Lenzen. Errors in Conventional and Input-Outputbased LifeCycle Inventories. Jour-
nal of Industrial Ecology, 4(4):127–148, 2000.

[5] PF Chapman. 1. Energy costs: a review of methods. Energy Policy, 2(2):91–103, 1974.

[6] Marlo Raynolds, Roydon Fraser, and David Checkel. The Relative Mass-Energy-Economic
(RMEE) Method for System Boundary Selection Part 1: A means to systematically and
quantitatively select LCA boundaries. The International Journal of Life Cycle Assessment,
5(1):37–46, 2000.

[7] Clark W Bullard, Peter S Penner, and David A Pilati. Net energy analysis: Handbook for
combining process and input-output analysis. Resources and energy, 1(3):267–313, 1978.

[8] Satish Joshi. Product Environmental Life-Cycle Assessment Using Input-Output Techniques.
Journal of Industrial Ecology, 3(2-3):95–120, 1999.

[9] Anders Hammer Strømman, Glen P Peters, and Edgar G Hertwich. Approaches to correct
for double counting in tiered hybrid life cycle inventories. Journal of Cleaner Production,
17(2):248–254, 2009.

[10] Leslie Jacquemin, Pierre-Yves Pontalier, and Caroline Sablayrolles. Life cycle assessment
(LCA) applied to the process industry: a review. The International Journal of Life Cycle
Assessment, 17(8):1028–1041, 2012.

[11] Josephine Anastasia Elia, Richard C Baliban, and Christodoulos A Floudas. Nationwide,
Regional, and Statewide Energy Supply Chain Optimization for Natural Gas to Liquid Trans-
portation Fuel (GTL) Systems. Industrial & Engineering Chemistry Research, 0:00, 2013.

2



[12] Reinout Heijungs and Sangwon Suh. The computational structure of life cycle assessment.
Kluwer Academic Publishers, 2002.
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