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Total site heat integration (TSHI) providesmore opportunities for energy saving in industry clusters. Somedesign
methods including direct integration using process streams and indirect integration using intermediate-fluid cir-
cuits, i.e., steam, dowtherms and hotwater, have been proposedduring last fewdecades. Indirect heat integration
is preferredwhen the heat sources and sinks are separated in independent plants with rather long distance. This
improves energy efficiency by adaption of intermediate fluid circle which acts as a utility provider for plants in a
symbiotic network. However, there are some significant factors ignored in conventional TSHI, i.e. the investment
of pipeline, cost of pumping and heat loss. These factors simultaneously determine the possibility and perfor-
mance of heat integration. This work presents a newmethodology for indirect heat integration in low tempera-
ture range using hot water circuit as intermediate-fluidmedium. The newmethodology enables the targeting of
indirect heat integration across plants considering the factorsmentioned earlier. AnMINLPmodelwith economic
objective is established and solved. The optimization results give the mass flow rate of intermediate-fluid, diam-
eter of pipeline, the temperature of the circuits and the matches of heat exchanger networks (HENS) automati-
cally. Finally, the application of this proposed methodology is illustrated with a case study.
© 2015 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.

1. Introduction

In recent years, increasing consumption of fossil fuels has gained
growing concerns about energy efficiency all around the world [1,2].
To mitigate the future climate challenges and rising fuel price risks,
most industries are seeking strategies to reduce energy efficiency.
Actually, energy efficiency can be significantly enhanced by better
heat recovery technologies. Those approaches are seen as sustainable
solutions for industries and are expected to improve energy efficiency
at economical cost.

Many methods and concepts had been explored to optimize energy
systems in chemical processes. Pinch technology was first developed by
Linnhoff as an applicable design method for HENS in an individual pro-
cess [3,4]. Dhole and Linnhoff extended pinch technology into TSHI for
fuel co-generation, emissions, and cooling [5]. In their work, only differ-
ent levels of steamwere used as the intermediate to accomplish indirect
heat integration between processes. TSHI had received growing inter-
ests since 1990s. It allows industrial clusters to accommodate heating
and cooling demands of different processes in an overall perspective
[6–8]. Ahmad and Hui studied both indirect heat integration using

different levels of steam and direct heat integration using processes
streams [9]. Hui and Ahmad continued their work by integrating energy
and capital calculations [10]. Another continuousworkwas done byHui
and Ahmad, and only indirectly heat integration using different levels of
steam was considered between different processes [11]. Their studies
were all based on graphical targeting tools of pinch technology.

Bagajewicz and Rodera found that a single plant can further improve
energy efficiency by sharing energy with other plants [12]. They devel-
oped an energy targeting procedure for heat integration between two
plants. Based on mathematical programming, they studied direct heat
integration using processes streams and indirect heat integration
using intermediate-fluid circuits which needed not to be isothermal.
Bagajewicz and Rodera developed another procedure for heat integra-
tion across plants using intermediate-fluid circle and calculated targets
for several industrial cases [13]. They also developed an MILP model to
determine the optimal location of the fluid circuits in indirect heat inte-
gration. Bagajewicz and Rodera extended their work for systems with
more than two plants [14]. They pointed out that direct integration
may achieve less energy savings than indirect integration, as there
would be a large heat loss for process streams participated in heat trans-
fer across plants especially when the distance was long. Thus, indirect
heat integration between independent plants using transfer mediate
was preferred [15]. Hackl and Andersson analyzed the synergy effects
of cooperation between different plants [16–18]. In their work, they
suggested hot water circles to build a more interconnected utility sys-
tem. This enables heat integration between plants in order to achieve

Chinese Journal of Chemical Engineering 23 (2015) 992–997

☆ Supported by the National Basic Research Program of China (2012CB720500) and the
National Natural Science Foundation of China (21476256).
⁎ Corresponding author.

E-mail address: wangyufei@cup.edu.cn (Y. Wang).

http://dx.doi.org/10.1016/j.cjche.2015.01.010
1004-9541/© 2015 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.

Contents lists available at ScienceDirect

Chinese Journal of Chemical Engineering

j ourna l homepage: www.e lsev ie r .com/ locate /CJChE

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cjche.2015.01.010&domain=pdf
http://dx.doi.org/10.1016/j.cjche.2015.01.010
mailto:wangyufei@cup.edu.cn
http://dx.doi.org/10.1016/j.cjche.2015.01.010
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/CJChE


an industrial symbiosis and decrease resource energy consumption. No
energy-capital trade-off calculations were carried out in their studies.

Most researches above only consider heat recovery aspects. Howev-
er, Wang and Feng found that distance was also a key factor which was
not fully considered in conventional TSHI [15]. Firstly, heat loss results
in a large decline in the heat quality during long distance transportation,
so that the temperature of intermediate-fluidmight not be high enough
to satisfy the heat sinks. Secondly, the investment of pipeline, cost of
pumps and additional heat exchangers was very high, especially when
the distance between plants is long. Thirdly, the pump power for
transporting fluid during transportation should be considered. Never-
theless, their studies only simulated the TSIH with considering distance
factors. The mass flow rate and temperature of intermediate-fluid cir-
cuit were not optimized, which have a significant impact on the eco-
nomic aspect of TSIH.

This work presents a mathematical programming approach for
indirect heat integration across plants considering the factors men-
tioned. As the work focus on low temperature range, hot water is
used as the intermediate-fluid medium. An MINLP model based on
economic objective is established and solved. The optimization can
give the mass flow rate of intermediate-fluid, diameter of pipeline,
the temperature of the intermediate-fluid circuits and the matches
of HENS automatically. The proposed methodology can be used by
industrial clusters to explore energy and cost savings opportunities.
The application is illustrated with a case study based on two plants
within an industry cluster.

2. Methodology

This section presents a systematic methodology to target maximum
waste heat recovery in low temperature range across individual plants
within one industrial cluster. Economical intermediate-fluid circuit be-
tween independent plants can be established to accomplish indirect
heat integration synergies. The methodology consists of several steps
below.

2.1. Definition

A plant is defined as an independent production unit which consists
of one or more processes served by a utility system [19]. There is a large
amount of excess heat ejected to cold utility in some plants.Meanwhile,
some cold streams are located in other plants. Sharing and use of waste
heat between these plants show significant energy savings. As the dis-
tance is long, indirectly heat integration between these plants using
intermediate-fluid circuit is considered. For the purposes of developing
the problem statement, the heat source and sink plant are additionally
defined as follows.

(1) Heat source plant is characterized with excess heat by several hot
steams, where it is allowable for pipeline's series and parallel be-
tween each stream.

(2) Heat sinks plant is characterized with several cold steams,
where it is allowable for pipeline's series and parallel between
each stream.

It is noted that when it is a two-plant heat integration problem, the
two plants are a pure heat sink plant and a pure heat source plant re-
spectively. When the problem consists of more than two plants, some
of plants in the problem can be a heat sink plant and a heat source
plant at the same time.

2.2. Superstructure of the MINLP model

Floudas et al. have established anMINLPmodel of heat exchange be-
tween one cold stream and many hot streams or one hot stream and

many cold streams [20]. In their work, a procedure is presented for au-
tomatic generation of optimal configurations for HENS. The superstruc-
ture in Fig. 1 [20] includes alternatives for splitting, mixing and bypass
of stream, where streams can be mixed non-isothermally to increase
the amount of heat recovery withminimal heat transfer area. Heat inte-
gration between plants using intermediate-fluid circuits can be seen as
heat exchange between one cold stream and many hot streams or one
hot stream and many cold streams. This superstructure also includes
options for series and parallel matching as well as splitting, mixing
and bypassing between streams.

2.3. Objective and related constraints

Some key factors should be optimized, i.e., the mass flow rate,
supply and return temperatures of the intermediate-fluid circuit,
and the matches between the intermediate-fluid and process
streams.

2.3.1. The overall economic objective
The proposed economic objective is defined as follow:

min TAC ¼
X
i∈IH

CCU � Qtri þ
X
p∈PC

CHU � Qtkp þ Pumping

þ A f �
X
i∈IH

CostHeri þ
X
p∈PC

CostHekp þ Costpipeþ Costpump

 !

ð1Þ

where CCU and CHU are the price of the cold and hot utilities respectively,
Qtri andQtkp are the load of cold and hot utilities located over the hot and
cold streams of i and p respectively. CostHeri and CostHekp are the capital
costs of additional exchangers in sources plant and sinksplant, respective-
ly. Pumping is the operation cost of pumps andCostpump is the capital cost
of pumps. Costpipe is the capital cost of the pipeline. In the above relation,
Af is the annual factor of cost which is calculated as follows:

A f ¼
I � 1þ Ið Þn
1þ Ið Þn−1

ð2Þ

where, n is the lifetime of the exchanger in termof year and I is the annual
interest rate.

2.3.2. Constraints
The hot water circuit between plants is showed in Fig. 2. The math-

ematicalmodel for indirect heat integration synthesis includes all possi-
ble connections. Notation used in the formulation is indicated as below.

IH {i:i is a hot stream}
PC {p:p is a cold stream}
Mari, Makp the mass flow rate of water from splitr and splitk
Mbri, Mbkp the mass flow rate of water from Mixi and Mixp
Mcri,j, Mcrp,q the mass flow rate of water from spliti and splitp to Mixi

andMixp
Mcri, j, Mckr,q the mass flow rate of water from spliti and splitr to Mixj

andMixq
Tinri, Tinkp the temperature of water fromMixi andMixp to exchanger i

and p
Toutri, Toutkp the temperature of water from exchanger i and p
Ybri, Ybkp binary variables which define the existence of additional

heat exchangers i and p.
Constraints for splitters:

M ¼
X
i∈IH

Mari;∀i∈ IH ð3Þ

M ¼
X
p∈PC

Makp;∀p∈ PC ð4Þ
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