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Research on the Optimization Model of Energy Efficiency of Industrial
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Abstract: In order to take the reduction of pollution emissions as the target, this paper generates the model parameters
based on the input-output relationship between material flow and energy flow of regional inter-industry, and builds the
model of energy efficiency optimization of industrial park with the distribution of regional industry structure as the
control variable. The modeling process is discussed in detail in model structure, elements and optimization objective and
control variable etc. and the suggestions on further research are given.
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1. INTRODUCTION

As an area marked out through administrative measure
by the government of a country or a region, the industrial
park is a modern production area which gathers various
production factors, scientifically integrates the resources, and
optimizes the functional layout. The problems on the
evaluation and modeling of the supply and need, utilization
efficiency of energy resources are concerned by some
scholars, and many researches on the construction,
development, planning and evaluation, etc. of eco-industrial
park appear [1-4]. Nevertheless, different from the
administrative region, the industrial park has no specific
centralized department to conduct statistics to the energy
consumption and collect and manage the statistic data, which
is the main difficulty of building the optimization model of
energy efficiency of industrial park. This paper theoretically
discusses the building process of the optimization model of
energy efficiency of industrial park, and presents some
relevant suggestions.

2. MODELING PRINCIPLE AND FUNDAMENTAL
ASSUMPTION

2.1. Optimization Objective and Modeling Framework

The evaluation criterion of energy efficiency mainly
covers three aspects, namely living, resources and
environment. The main objective of the energy efficiency
optimization of industrial park is to save resources as far as
possible and protect the environment on condition of
guaranteeing certain benefit of enterprise [5].

Under certain technical condition, some by-products
generated from production and processing can directly
substitute for raw material, or directly used for final
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consumption; some can generate new recyclable by-products
or by-products which cannot be recycled after being
processed. Under the existing technical condition, the by-
products that cannot be recycled are likely to cause certain
influence on the environment through emission, and such by-
product is called as pollutant. In this way, the production of
single product can be boiled down to the input-output
process of raw material (energy) — product. In which, the
recycle utilization of by-product is a key to improve its
energy efficiency. The more the emitted by-products, the
lower the energy efficiency, and the positive relationship
between by-product utilization ratio and energy efficiency
indicates that the improvement of by-product utilization ratio
is the effective way to improve the comprehensive energy
efficiency of the park, as shown in Fig. (1).

Therefore, the specific objective of energy efficiency
optimization of industrial park can be identified as the
improvement of by-product utilization ratio on condition of
guaranteeing the gross output of the park; the general
modeling framework can be designed to build an energy
optimization model with the production process as center,
including material flow conversion production module,
energy conversion flow energy module and pollutant
emission environment module [6, 7].

2.2. Fundamental Assumption

In order to be convenient for describing the model, it is
necessary to perform fundamental assumption to the
production structure of industrial park.

Assume that there is a sole corresponding relation
between product and enterprise, namely that an enterprise
only manufactures a kind of product, and a kind of main
product is only manufactured by an enterprise in the park.
Although a single enterprise in a park often manufactures
multiple products, and a same kind of product is often
manufactured by many enterprises, this simplified
processing does not affect the description of the production
structure in the park. In fact, the objective of business
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Fig. (1). Vector flow graph of single product production.

operation is economic accounting and enterprise
development, and the energy optimization is to improve the
energy efficiency of the whole park, which does not involve
the problems such economic accounting, and has no conflict
with the objective of improving the profit of enterprise.

In the survey period (also called as report period, it
generally takes fiscal year as unit, and statistics should be
conducted in investigation period if there is no special
statement below), the total production quantity of a product
is called as the gross output of this product, consisting of
intermediate use, final consumption and imports from other
places (imports for short), etc. Of which, “intermediate use”
refers to the product used for production input, and the final
consumption includes enterprise consumption of the park, as
well as the product exported to the outside of the park
through market (exports for short).

From Fig. (1), we can see that the production input
mainly includes raw material and energy, which can be
divided into initial input and recycled resource re-input,
excluding the product input. Actually, the production
purpose is to obtain the final product, while the product input
occupies the final product, therefore, on the basis of the
input-output principle of production, for the production
module, it is assumed as follows:

1) For the given product, its production technology
remains unchanged, namely that the production
technology is exogenous,

2) What is reckoned in the final consumption must be
the product,

3) The product and by-product entered in the production
process are not reckoned in the initial input.

The imports may be the material which is same as local
product, also may be the resource different from local
product, and all of them are called as imported product. The
production of it does not occupy local resource, nor pollute
local environment. Therefore, for the imported product, it is
assumed as follows:

1) The imported product is reckoned in intermediate use
or final consumption, not reckoned in the initial input;

2) Only the initial input of the imported resource is
reckoned, and the part used for the final consumption
is not reckoned.

For the processing of by-product, it is assumed as
follows:

1) The by-product substituted for the raw material to
participate in the production enters into the
production process for the second time, which is
reckoned in the initial input, and correspondingly the
replaced raw material should be deducted.

2) The by-product (such as industrial hot water and coal
gas) substituted for the existing product and directly
used for the final consumption is directly reckoned in
the output of replaced product since it does not enter
into the production process for the second time;

3) The by-product which cannot substitute for raw
material and the existing product and is directly
reckoned in the final consumption may be exported to
the outside of the park, or directly consumed locally.
Because it does not enter into the production process
for the second time, it cannot be directly reckoned in
the production input, and the processing method of it
is to set a virtual production unit and reckon this by-
product in its final consumption;

4) The by-product which cannot be used entirely is
reckoned in the pollutant according to the pollution
level of its emission to the environment.

3. MODEL STRUCTURE AND ELEMENTS
3.1. Main Product and Production Module

Assume that there are n enterprises in the park which
manufacture n kinds of products (main product), and the
total output x, of No. k product is called as gross output,

and its distribution is shown as follows:
n 1
X, =Zj=lxkj+yk—zk, (ken) D

x,; is the quantity of No. k product consumed to
manufacture No. j product, and the constituted matrix is
called as intermediate use; y, is the quantity of products

supplied to the market by the park, including final
consumption or final product; z, is the quantity of this

product imported (through market) from the outside of the
park;

If x, =0, this park does not manufacture this kind of
product, and its consumption and intermediate use entirely

'n denotes set {1,2,---,n} , the same below.
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depends on the import from the outside of the park, now
2:=1xkj +y, =2,, indicating that this commodity should be
deleted from the product list, thus x, >0 .

Denote the quantity of No. k product directly consumed
to manufacture unit j product as a,=x,/x;, which is
called as direct consumption coefficient, and A =(a,,),,, is

nxn
called as direct consumption coefficient matrix. Hence the
vector formula of Formula (1) is:

Y=I-A)X+Z (2)

The above formula describes the composition of
product’s final consumption, which can de rewritten as:

X=I-A)'(Y-2) 3)

3.2. Initial Input and Energy Module

For clarity, the energy in the park only refers to primary
energy, coal gas, electricity and petrochemicals used as fuel
(such as steam, diesel and fuel oil), and all these are called as
narrow energy; and the pressure gas, cold and hot source, etc
are called as broad energy. Assume that the first n,

enterprises in the park manufacture narrow energy and the
following n, enterprises manufacture broad energy, and

assume that the enterprises manufactured the energy are
professional.

Assume that there are r kinds of initial inputs in the
park, divided into two resources, namely energy and non-
energy, of which, the first s kinds are narrow energy. If we
leave out the non-energy resource initially input and the
energy which has been consumed before importing the
product, the energy consumption of the park is the gross
energy contained in initially input energy substance [§].

Denote No. i Initial input material required by No. k
unit product as ¢, , and denote T =(t,),,, , which is called as

rxn 2
resource consumption coefficient matrix. On condition of not
replacing initial input with by-product, the initial input

quantity of No. i resource is u; = Zn

k:ltkak’(i er), and the

corresponding initial input vector is U, = TX . However, the
equivalent by-product utilization quantity should be
deducted from actual input quantity. Denote the energy
vector of initial input resource as 1, leave out the energy
consumed in the early initial input, and the following r—s
vectors are 0, simplified as ns.

3.3. By-Product and Environment Module

Assume that m kinds of by-products in all are
manufactured during the production process of n kinds of
main products. If we denote the quantity of No. j by-

product generated from manufacturing unit k product as by
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is called as by-product production matrix,

nxm

and B=(b;)
the total quantity of No. j by-product generated by the

given production structure is b; = 2:21 b;x,(j € m), and the
vector of by-product in the park is b= (b,,---,b,) =B'X .

The by-product recycle utilization is realized through
replacing the initial input, but the possible scheme of
replacement and its result are complicated. Based on the
above fundamental assumption, the last scheme can be
boiled down to direct substitution. The indirect substitution
is obscure, therefore, only the direct substitution is taken into
account in the model.

For the production of product k, if No. j by-product

can substitute for No. i initial input, denote the quantity of
No. j by-product equivalent to No. i unit initial input as
hl.']‘., thus the initial input substitution coefficient matrix of

the by-product substitution realized through the production
of product k is H, = (h!.'; )yms(k€n) . If it cannot be

replaced, make hi’/‘. =0.

No. i initial input required by the production of unit &
product is ty, and the equivalent No. j by-product is
d;k é tikhil;
maximum by-product j used by the production of unit k
product is djkézr 1,y . Call D=(d,;)

i=1 kT
product consumption coefficient matrix, its No. k£ column
vector is:

D, =H.T, (ken) “)

(ken,ier,jem) . Hence the quantity of

as the by-

mxn

Of which, 7, is No. k column of resource consumption

coefficient matrix T

rxn ©

the maximum consumption vector of No. j by-product in

For the given product structure X,

the park is oAlj = Z::l d;x,,and denote d,,, = (3, e -,cAim ) =DX.

Because the substitution coefficient matrix has 3 groups
of subscripts, it cannot be expressed with two-dimensional
matrix tool. For this, we expand the matrix expression tool.

A matrix is a two-dimensional “row-column” form, and
{Hk :keg} in fact is n sheets of rxm forms. Take its

subscript as the third dimension, called as k dimension, and
the subscripts of each element of single H, are respectively

taken as i dimension and j dimension, hence the relational
formula can be expressed with Fig. (2). In Fig. (2), matrix
T=(z,) is at i—k plane, D=(d,) is at j—k plane, H, is
at i—j plane of k=1, and H is at i—j plane of k=n.
The calculation of Formula (4) D, =H,T,,(k e n) is carried
out at corresponding i — j plane, and the obtained vector D,
constitutes matrix D=(d,,) of j—k plane.
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Table 1. Input-output table of energy- environment load of industrial park.
Output
Intermediate Use | Final Product Imports Gross Output By-Product Relational Formula
Input Dept.
Energy
Product Aner Y, 7, X=X,+X; Bis Y=(I1-A)X+Z
Non-energy
Energy
Recycled product D — d=DX,, | Contamination coefficient § — b=B"X d, =DX
Non-energy
Energy B
Initial input T u=TX, — H, = (1),
Non-energy —

A

P

&
Fig. (2). Schematic diagram of three-dimensional matrix operation.

The expression of content and symbol of the above three
modules can be boiled down to the input-output relationship
as shown in Table 1, of which, all subscripts express the
dimensions of vectors or matrixes, and the superscript “7T
“expresses the transposition of matrix or vector, and d is the
actual usage amount of by-product.

4. MODEL BUILDING
4.1. Constraint Conditions

In order to use the parameters and variables in Table 1 to
build the optimization model, it is necessary to further define
the structure of the parameters or variables.

The parameter determined by production technology is
called as the parameter of production technology, and the
parameter only relates to the industrial structure of the park
is called as the parameter of industrial structure; the variable
changed with the market demand is called as market
variable, and the parameter only determined by the nature of
material is called as the parameter of material nature. In this
way, the sizes of A, Biw, Due and T, and other parameters
in Table 1 are determined by the process technology, but the
contents are determined by the industrial structure of the
park. Assume that the production specifications of the park
remain unchanged, they are the parameters of industrial
structure.  Energy conversion coefficient 7. and
contamination coefficient &, are the parameter of material
nature. The attribute of H, = (h,-l;)

structure and material nature.

relates to the product

rxm

The final consumption Y of product is market variable,
and X=(I-A)"'(Y-Z) is endogenous variable. Assume
that the demand vector of the market to the product is Y, , we
obtain the first constraint condition:

I-A)X+Z>Y, (5)

the production scale of the park is limited by resources. The
vector of regional initial input of given product structure and
scale is denoted as U, =(E",U")" . Of which, E is the
energy vector of s dimension, and U is other resource input
vector of r—s dimension. Whether energy or non-energy
resource, and whether local natural resources or external
resources, the supply quantity within certain period is
restricted, and is denoted as U, , hence we obtain the second

constraint condition:
U<U, (6)

Assume that the production scale of the park is not
limited by technology, thus there is no explicit production
scale limit in the model. In production, the by-product
substitutes for initial resource input, which equivalently
increases the resource supply quantity. On condition that the
resource is restricted and the production scale is not
restricted, it is in favor of the expansion of production scale.
However, the usage amount of by-product is limited by its
output, thus we obtain the third constraint condition d,, <b,

i.e.:
(B"-D)X =20 @)

This condition is too strict to the production scale. On
condition that the initial input resource is permissible, we
can consume the resource to improve the production scale,
and generally, the actual usage amount of by-product is
d<d,, . Therefore, Formula (7) is unnecessary constraint

condition, which can be broadened as:
d<b ®)
Next, we will build the optimization mode through

discussing the objective function, control variable.

4.2. Optimization Model

The final source of the park economic income is the final
consumption determined by its output level (leave out the
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product price), which is guaranteed by the first constraint
condition Formula (5).

Under the objective condition that the resource is limited,
the by-product generated from the production process of the
product of the park not only replenishes the resource supply
of the park, but also reduces the resource price. Therefore,
one of the bases of determining the optimization objective is
that the usage amount of by-product is the maximum.

Assume that d is the actual usage amount of by-product,
for the given by-product utilization scheme, it is the function
of gross output in the park, and the corresponding vector of
regional emission is P, 2b—d=B"X-d.

The pollution level to environment due to industrial
emission is measured according to the hazards of different
emissions, and the units of measurement are different, such
as air pollution, water pollution and soil pollution, etc. In
order to make the pollution generated from all by-product
emissions have comparability, it is necessary to determine
the comparable coefficients of different pollutants to unify
the measurement criterion of regional pollution level, for
example, we can take the domain value of 100 credit system
or equivalent [0-1] domain value. For clarity, we take the
measurement pollution index of [0-1] domain value in this
model, and assume that the environment pollution of
different emissions has additive property, namely that the
gross contamination generated from a kind of emission is the
simple accumulation of unit emission pollution.

For the given by-product (pollutant), the degree of
contamination generated from unit emission is determined. If
we denote the pollution index of unit emission of No. j by-
product as 0,6 =(9,,0,, --,0,,) , under the given parameter and
assumed condition, the general pollution index of the region is

p=06P, =0 [BTX -d ] , and the optimized objective is min p .

Divide the gross output vector into two parts: X = X, + X,
X, and X, are respectively generated with the initial input

and recycled material in Table 1 as raw material. Now the initial
input vector is u=TX, the use vector of by-product is

d =DX,,, and the objective functionis p=35(B'X-DX,).
Based on Formula (2), the optimization model is obtained

through combining the constraint conditions Formulae (5), (6)
and (8):

minp =35(B'X-DX,)

X, Xp
I-A)X+Z2>Y,
T(X-X,)<U,

st. {DX, <B'X
X>X,20
X>0

)

5. MODEL OPTIMAL SOLUTION

The incompleteness of model (9) mainly lies in its
constraint conditions, involving the existence of solution and
trivial solution
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Z in the constraint condition of Formula (5) is the vector
of product imported from the outside of the park, mainly
used for regulating the supply of this product of this park,
but it does not embody more effect in the objective function
or other constraint conditions, and it may cause trivial
optimal solution, for example, as long as we take Z=Y,,
X" will be the optimal solution besides the fifth constraint
condition.

There are two solutions to this problem. The first solution
is to correct Z into net import (import-export), ¥ is the
final consumption of the region, on the condition that the
market demand of the region Y, and the net import Z, are

given, the first constraint condition of Formula (9) becomes
(I-A)X=Y,-Z,, thus we obtain the relatively complete

planning model:
. _ Ty _
g(r}}(lgp—(?(B X-DX,)

A-A)X2Y,-Z,

— <
T(X XD)—U(: (10)
st. {DX, <B'X
X=2X,20
X>0
However, the contradiction conditions

(I-A)X2Y,-Z, and TX, <U_ in the formula may cause
no solution. Thus it should be solved through improving the
initial resource supply vector U, and the by-product usage
amount .

In fact, TX, <U, is equivalent to TX<U_+TX,, of
which, TX, is the vector of initial resource equivalent to

by-product, and TX is the whole input including by-
product. Therefore, as long as U_+TX,, is big enough, the

intersection of (I-A)X2Y,-Z, and TX,<U, is

nonempty.

The second solution is to set the “import total products as
less as possible” mechanism in the model. In fact, the
product import Z is only used for compensating the
insufficient product supply of the park, and its criterion is
“as less as possible on condition of meeting the primary
demand”. We can set “punishment mechanism” to hit the
mark, namely take the imported product vector Z as the
control variable, and put punishment factor to the objective
function:

minp=38(B'X-DX,)+ MZ

X, Xp

I-A)X+Z2>Y,

T(X-X,)<U, (11
st. {DX, <B'X

X>X,20

X>0
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Of which, the element of row vector M of n dimension
is equivalent to certain positive number which is big enough.
Different from Formula (10), here we can avoid the
contradiction of the first two constraint conditions through
adjusting export vector Z .

On condition of not taking technical capacity into
account, based on the natural conditions of the region, make

DX, <B'X as nonempty with appropriate industrial
arrangement.

We can observe d,, =D(X,+X,;)=d , thus the
constraint condition of Formula (8) is looser than that of
Formula (7), and guarantees p:5(BTX—DXD)20
Obviously, the necessary and sufficient condition that
Formula (7) is equivalent to Formula (8) is DX, =0, now:

> dyx, =0.(jem) (12)

If ZZ:] t,x, =0,(ier), it indicates that the production

inputs of all products use by-product or intermediate input.
On the above assumed condition, the production in this park
does not consume any natural resource of this park and any
extraneous natural resource, which is an impossible park

product structure, thus i er exists, making Zzzltierk >0.

Of which, certain ken must exist to make x, >0 .

Because D is nonnegative matrix (each element is
nonnegative), from Formula (12) we can see djk =0,(jem),

now x, =0; conversely, if certain d; >0, then x, =0.
Thus x,x, =0,(ken), and the necessary and sufficient

condition that Formula (7) is equivalent to Formula (8) is
that the process that the by-product manufactured from the
production of the product of the park is used for the initial
input can be separated, i.e. X;X, =0.

The fourth constraint condition X =X, >0 means
X, =X-X,20, and condition X >0 shows that the

D =
region manufactures the products in Table 1, all these meet
the essential requirements in normal circumstances.

In conclusion, through appropriate adjustment, there is
optimal solution in model (9), and there is better
optimization operability.

CONCLUSION

The structure of the model built in this paper is simple,
with preferable operability, which can be taken as the
supplementary mean and science basis of industrial structure
planning of industrial park. However the function and
resource endowment of industrial park are different in
thousands of ways, and the model parameters should be
determined according to the specific characteristics of the
park, as well as that the effectiveness and adaptation of the
model need further inspection. Finally, the application and
further research for this model are described simply as
follows:

Xin and Zhenquan

1) Model (9) and improved (10) or (11) are the
framework planning models with regional product
structure as control variable. It is suggested that the
survey should be carried out according to the
industrial layout of the park, and determine the model
variable and parameter with the functional orientation
and resource endowment of the park as basis. For the
determination of parameter, many aspects of actual
data should be considered comprehensively;

2) The application of wvector & of contamination
coefficient in the objective function is the important
basis for Model (9) to stand. If this parameter does
not exist technically or cannot be determined, it is
suggested that other equivalent coefficient should be
used, and the corresponding objective should be
changed into other corresponding objective from the
minimum environment pollution;

3) The model assumes that “the emission is the waste of
energy”, and substitutes the indirect objective
“minimum emission” for the direct objective
“improve the energy utilization efficiency”, thus it
does not embody or use energy value conversion
coefficient in Table 1. It is suggested to consider the
direct energy efficiency objective in the further
research;

4) For the energy optimization, the comprehensive
benefit of the park should be concerned, and it is all-
round. This model only contains environmental
benefit (the pollution index is the minimum) in the
objective function, and indirectly contains income
benefit in constraint condition ( Y =Y, ). It is

suggested to do meticulous work in further research,
considering price, cost and other regional
comprehensive economic benefits, as well as
commuting traffic, environmental influence of
grabbing natural resources and other comprehensive
social benefits of the park;

5) In view of the limitation of data resource and research
deadline, the optimization model built in this paper
does not give actual application case study, which
needs further research.
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