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h i g h l i g h t s

� An optimization approach for heat integration in eco-industrial parks is proposed.
� Waste heat recovery is proposed through integrated organic Rankine cycles.
� Improved energy integration schemes are obtained with the proposed approach.
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a b s t r a c t

In this paper, a new superstructure for heat integration of an eco-industrial park is proposed. Intra and
inter-plant heat exchange for the process streams is allowed. For a proper reuse of the waste heat at low
temperature, a set of organic Rankine cycles (ORCs) can be integrated inside the eco-industrial park. This
way, the proposed superstructure allows proper heat integration to reduce the use of external cooling
and heating utilities as well as the consumption of external electric energy. The proposed superstructure
is modeled through a mathematical programming formulation where the objective function considers
the simultaneous minimization of the operating and capital costs for the units involved in the system as
well the possible revenues from the sales of electricity. The model is formulated in such a way that avoids
numerical complications during its solution. Results from the application of the proposed approach show
that the interplant-integration offers significant savings compared to the traditional single-plant inte-
gration with and without considering ORCs.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Energy consumption represents a major concern in industry
because of the massive requirements of external utilities such as
heating, cooling and electricity. In addition to the economic aspect,
the use of these utilities represents a severe environmental impact
because usually fossil fuels are burned to produce electricity and
hot utilities. In this context, the synthesis of heat exchanger net-
works (HEN) has been a very attractive option to reduce the
external consumption of hot and cold utilities. The main idea of the
HEN synthesis is integrating the heat of process streams by allowing
heat exchanges between hot process streams (streams that need to
be cooled) and cold process streams (streams that need to be
heated) in such a way that the overall external heating and cooling

utilities are minimized [1e4]. The selection of the allowed matches
between hot and cold process streams is not trivial, and several
methods have been reported to solve the synthesis of HENs. The
aforementioned methods have been classified as heuristic [5e10],
based on stochastic searches [11,12] and based on mathematical
programming approaches [13e26]. In addition, several approaches
have been reported to retrofit existing HENs [27e32]. The imple-
mentation of HENs allows reducing the external consumption of
hot and cold utilities in a given plant (see Fig. 1); usually significant
amounts of heat at low temperatures have to be removed using
external cooling utilities [33e41]. However, this process excess heat
at low temperature (i.e., waste heat) can be used as heat source for
an organic Rankine cycle (ORC) to produce electric power. This way,
reducing the use of external cooling utilities and, at the same time,
providing part of the electric power required for the process can be
achieved (see Fig. 1) [42e49]. The ORC is characterized by using an
organic fluid as working fluid. In this regard, several works have
focused on the selection of the working fluid, which depends
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strongly on the considered application [50e54]. The ORC integrates
four basic components: evaporator, turbine, condenser and pump;
moreover, several authors add a regenerating process to increase
the cycle efficiency. This way, several alternatives seem to be
attractive options to integrate this excess heat, and the optimal
solution is not obvious. Recently, Desai and Bandyopadhyay [55]
proposed a sequential methodology for the synthesis of a HEN
involving the integration of an ORC for recovering the heat excess at
low temperature. This methodology helps to reduce cold utility in
HENs and, at the same time, to produce power in the ORC. However,
this methodology is a sequential approach based on heuristic rules
that do not allow the optimal integration of the waste heat. Also,
this approach does not consider the capital and operating costs for
the units involved. Therefore, this approach may yield suboptimal
solutions.

On the other hand, an inter-plant integration or an eco-
industrial park (EIP) is defined as a community of manufacturing
and service businesses seeking to enhance the environmental and
economic performance through collaborating in managing envi-
ronmental and resource issues including energy, water and mate-
rials. By working together, the community of businesses seeks a
greater collective benefit than the sum of the individual benefit for
each company [56]. Examples of EIPs are (a) The Industrial Sym-
biosis of Kalundborg, Denmark where eight different companies
(six processing companies, a waste treatment company and the
municipality of the city) cooperate in financial and environmental
sustainable projects; (b) The Industrial Ecosystem (INES) in Rot-
terdam, the Netherlands, in which members from the industrial,
environmental and academic communities participate in order to
stimulate the development of cleaner production; (c) The National
Industrial Symbiosis Programme in the UK, which is the first in-
dustrial symbiosis project on a national scale. There are other ex-
amples such as the EIPs in Uimaharju andHarjavalta in Finland [57].
In all of these projects the companies exchange flows of mass and
energy in a sustainable and economic way reducing the overall
energy consumption and waste generation. However, the devel-
opment of an efficient and well-structured eco-industrial park re-
quires improving thematerial flow networks between participating
firms [58,59]. Therefore, one of the main objectives of an EIP is the

minimization of resource consumption and environmental loads by
using a recycling network for rawmaterials, waste and energy [60].
According to this objective, the management of the material flows
should meet with reduction of the use of energy resources such as
fossil fuels, stimulate the use of sustainable energy as much as
possible; support the balance in the process of use and production
of renewable resources; and conserve renewable and non-
renewable resources as long as possible in the material cycles,
unless they are toxic to the environment [61]. In this regard, several
works have been reported with respect to the optimization of the
inter-plant material flows. First, water integration between
different plants has been considered by several authors [62e72].
Regarding to energy integration, Dhole and Linnhoff [73] intro-
duced the concept of total site energy integration between plants.
Hu and Ahmad [74] proposed a total site targeting integration using
the utility system; and Klemes et al. [75] incorporated fuel, power
and CO2 reductions in total sites. Marechal and Kalitventzeff [76]
developed tools for energy integration between plants. Bag-
ajewicz and Rodera [77e79] presentedmathematical programming
approaches for energy integration across plants. Bandyopadhyay
et al. [80] incorporated total site targeting into a cogeneration
process. Shenoy [81] used the unified conceptual approach devel-
oped by Agrawal and Shenoy [82] for water and hydrogen networks
to find the optimal energy allocation network and thus to reduce
carbon emissions. Chae et al. [60] proposed a framework to utilize
waste heat from an EIP that considers four steps: Energy infor-
mation collection, energy information analysis, and optimization of
waste heat utilizationwere formulated as an MILP problem and the
objective function is theminimization of the total energy cost of the
target EIP, along with economic and environmental evaluation.
Stijepovic and Linke [83] proposed a targeting approach for waste
heat recovery across plants in industrial zones. Maes et al. [84]
presented a literature review for the symbiosis of eco-industrial
parks searching specific energy targets. Varbanov and Klemes
[85,86] incorporated renewable energy in the total site targeting
procedures. Stijepovic et al. [87] developed a targeting approach for
reusing heat in industrial zones combined heat and power gener-
ation. Kralj [88] presented a simple graphical utility targeting
method for heat integration between processes. Varbanov et al.

Fig. 1. Schematic representation of the addressed problem.
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