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Design of Experiments (DoE) serves as a systematic and efficient approach,
empowering researchers and engineers to comprehend the impact of experimen-
tal parameters (z;, independent variables) on response variables (y, dependent
variables). This is achieved by constructing mathematical models (y = f(x;)).
Originally formulated in the early 1920s, the research planning strategy, DoE,
was pioneered by Sir Ronald Fisher in the field of agricultural research [6].
About 50 years for the DoE technique has been widely applied in different fields
of medicine, biology, marketing research, and industrial production. We refer
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the reader to references [9,16,17,19] for a survey on different applications of
DoE. DoE allows using a minimum experiments, in which several experimental
parameters are systematically varied to determine their effects on the response
variables. Utilizing the acquired data, we construct a regression model for the
analyzed procedure. This regression model serves the purpose of comprehending
how the experimental parameters impact the response variables and identifying
the optimal conditions for the process.

We refer the reader to [12] for general guidelines and procedures for imple-
menting DoE. In fact, the practical steps required to plan and conduct a DoE
include: stating the objectives, defining response variables, determining factors
and levels, determining experimental design type, performing the experiment,
data analysis, and practical conclusions and recommendations. Furthermore,
the selection of factors and levels in the DoE usually depends on the type of
investigation, the type of process, and the available resources. Thus, different
selections of levels or factors will result in different DoEs that could theoreti-
cally be appropriate for the type of investigation. In a very recent publication [8],
the authors recommend procedures for preparing input data for various types of
experimental designs to select the most successful and the most efficient designs.

Due to the growing concern about the limitation of the available resources
(steam, water, electricity, ...) and the need for more sustainable industrial devel-
opment, the concept of Industrial Ecology (IE) has emerged [4]. IE is described
as a group of interconnected industries in a certain region where waste produc-
tion and resource consumption are reduced by allowing waste products from one
sector to be used as raw materials for another. One of its main practical appli-
cations is the design of eco-industrial parks (EIPs) and a definition commonly
admitted was given by Lowe [10] as: “A community of manufacturing and service
businesses seeking enhanced environmental and economic performance through
collaboration in managing environmental and resource issues including energy,
water, and materials. By working together, the community of businesses seeks
a collective benefit that is greater than the sum of the individual benefits each
company would realize if it optimized its individual performance only”. As we
can see, enterprises operating in eco-industrial parks not only gain economic
benefits but also achieve environmental benefits. To achieve these benefits, it is
necessary to design an optimal resource exchange network between enterprises.

Based on a literature review, Boix et al. [4] classified resource exchanges in
EIPs into three types: water, energy, and material. Moreover, water exchange
constitutes the predominant form of interaction within EIPs, where the opti-
mization of water distribution and the reduction of freshwater consumption
often revolve around the strategic inclusion of a wastewater treatment facil-
ity alongside its associated network for the discharge of treated water. Most of
the resource exchange network models proposed in the EIP have been modeled
as an SLMF game [1,14,15]. In the SLMF game, the upper-level optimization
subproblem represents the leader’s decision-making viewpoint in order to min-
imize the consumption of natural resources while the lower-level optimization
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subproblems represent the followers’ viewpoint in order to minimize their oper-
ating cost. Figure 1 shows the general scheme of such a model.

LEADER: Authority

Minimize: Total freswater consumption
Subject to:

Individual rationality constraint of each agent
Topological constraints

Equilibrium constraint

|
| \
| Agent 1 Agent 2 Agent n :
I |Minimize: Costy(F) Minimize: Costa(F) Minimize: Cost,, (F) |
: Subject to: Subject to: Subject to: |
| [Physical constraints of agent 1 [Physical constraints of agent 2 | Physical constraints of agent n | |
| [Topological constraints Topological constraints Topological constraints :
|
| FOLLOWERS |
|

Fig. 1. General scheme of SLMF Game

In SLMF game model, the system variables are divided into those controlled
by the leader and by the followers. The objective functions of both upper- and
lower-level subproblems involve the controlled variables of both leader and fol-
lowers. The constraint of the upper-level subproblems contains the lower-level
subproblem. At the upper-level subproblem, the authority of the park chooses
the connections of the exchange network, whereas at the lower-level subproblem,
each enterprise manages the distribution of its output flux and natural resource
consumption. In accordance with determinations by the EIP authority, all enter-
prises engage in a parametric non-cooperative generalized Nash game, where the
strategies of the EIP authority are treated as external parameters. As exempli-
fied in prior works [1,14,15], the robustness of this approach is evident, as it
allows for the comprehensive assessment of multiple criteria within the model.
Of paramount significance, the equilibrium solution ensures economic gains for
each constituent enterprise engaged in the EIP.

The primary objective of this study is to combine the concepts of experi-
mental design and the SLMF game model proposed in [15]. This fusion aims
to assess how distinct parameters affect both the economic feasibility and the
overall satisfaction of operational enterprises in eco-industrial parks.

The forthcoming sections of this paper are structured as follows: Sect.2
explores the water exchange network model within eco-industrial parks, uti-
lizing a single-leader multi-follower game framework. The conversion of the eco-
industrial park modeling challenge into a mixed integer linear programming for-
mulation is covered in Sect. 3. Moving on to Sect. 4, an empirical investigation is
carried out using statistical experimental design to analyze the influence of var-
ious parameters on the economic feasibility and overall satisfaction of operating
enterprises in eco-industrial parks. Finally, concluding thoughts and prospects
for the future are presented in Sect. 5.
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2 EIP Problem Statement and Model

In this section, we follow the ideas from papers [1,14,15].

2.1 EIP Problem Statement

From a number of specific enterprises in the EIP, it is possible to create a suitable
network of connections between them. Each enterprise is required to comply with
predefined parameters for the quantity and quality of incoming water, as well as
the quantity and quality of the output wastewater. For each enterprise, the water
input may include fresh water and/or water supplied from other enterprise units.
In fact, wastewater from one enterprise can be transferred to other enterprise
and/or released into the environment immediately. The main goal of the EIP
model is to define an efficient water connection system between units, ensuring
both reduction of global freshwater consumption and cutting operating costs for
individual companies on the industrial premises, while still complying with all
process and environmental constraints.

2.2 Enterprise’s Problem

Assume n is the fixed number of firms in the EIP. We use the index set
I:={1,...,n} torepresent enterprises and 0 to represent a sink node represent-
ing a polluted water treatment pit. Importantly, we determine that Iy = {0} UT.
Each enterprise i € I receives water throughput from partners in the EIP. How-
ever, due to technical limitations on the P; process, the pollutant concentration
delivered by the other enterprises is limited to a maximum value here denoted
by Cin [ppm]. In contrast, each firm ¢ € I produces a fixed amount of pollu-
tant M; [g/h] which, from its in-house production process, needs to be diluted
before discharge. To do this, enterprise ¢ must consume a sufficient amount of
fresh water z; [T/h] to ensure that the concentration of pollution in the exit flux
after dilution is always lower than C;oy¢. This means that, when considering
enterprise ¢ in I, they will optimize their processes to ensure that the output
contaminant concentration always reaches the Cj o, value. Obviously we have
that C;in < C out. This structure is illustrated in Fig. 2.

Within eco-industrial parks (EIPs), enterprises engage in the exchange of
materials. Conversely, an exchange network within the EIP context takes the
form of a simple directed graph denoted as (Iy, F), where the presence of a
link (i,j) € E signifies that enterprise ¢ has the capability to direct its output
water to enterprise j. In a similar vein, the utilization of the connection (i,0)
by enterprise ¢ signifies the disposal of water from the park, releasing it into the
environment.

The stand-alone and complete configurations are defined as follows:

Ey :={(i,0) : i €I} and Epax:={(,j) : i€l,je€l},

a valid exchange network E must satisfy that Eg; C E C Fpax. This definition
yields that:
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Max inlet pollutant Max outlet pollutant
concentration Cj in concentration Cj out
Mixer >————» Process P; — < Splitter
i‘l_» F;

Fig. 2. Water mixture description for a given enterprise. Here Cj in < Cj out-

1. Every enterprise ¢ € I maintains a connection to the sink node, i.e., (7,0) € E.
2. The sink node doesn’t possess any outgoing connections, signifying that
(0,9) ¢ E for all i € I.

The collection of permissible networks within the EIP framework is repre-
sented as £. Subsequently, for any F belonging to &, the collection of unutilized
connections, distinct from those in F, is denoted as E¢, where E¢ = Epax \ E.

Let F; ; [T/h] symbolize the water flow across the link (i, j) for every (i,7) €
Enax. Furthermore, we establish F' = (F; ; : (i,7) € Emax) as the comprehensive
flux vector across the network.

Moreover, considering each enterprise denoted as 7 € I, we represent F' as
(Fy, F_;), with F; = (F;; : j€lp) and F_; = (Fy; : k € I'\ 7). This represen-
tation underscores the array of flows associated with enterprise i. Consequently,
given a fixed network F, a permissible flow vector F' must adhere to the subse-
quent set of constraints:

1. Use of connections in E: Given that F denotes the feasible connections,
it becomes imperative to enforce the following constraint:

V(Z,]) e E°, Fi,j =0. (1)

2. Water Mass Conservation: Considering enterprise ¢ € I, the following
equation holds true for water mass balance:

a+ Y Fu= Y Fig (2)
(k)R (i.d)EE

3. Contaminant Mass Conservation: In the context of enterprise ¢ € I, the
ensuing equation reflects the equilibrium of contaminant mass:

M; + Z ChoutFrii = Ci out Z Fi ;. (3)
(ki)eEE (4,5)EE

4. Inlet/outlet concentration constraints: for an enterprise ¢ € I we have

Z CroutFk,i < Cijin | 2 + Z Fri - (4)

(ki)EE (k,i)€E
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5. Positivity of fluxes: It is a requisite that all fluxes within the park maintain
a positive value:
V(Z,]) € FE, Fi,j >0 and Vi € I,z > 0. (5)
Note that by amalgamating Eqs. (2) and (3), we derive:

Mi+ Y ChouwFri=Ciow |2+ Y, Fril|, Viel, (6)
(ki)EE (ki)eE

Thus, the quantity of fresh water procured by enterprise ¢ € I is determined
by the flows originating from other enterprises, indicating:

1
Zz’(F—i) = C. . Mi + E (Ok,out - Ci,out) Fk,i . (7)
Hou (k,i)EE

Each enterprise i strives to minimize its operational cost, as defined by the
following expression:

Costy(Fj, F_i, B) = Alcy-zi(F_) +0 Y Foi+d > Fj+pFol. (8)
(ki)eE (Z,j) cE
J#0

In this context, A [h] represents a time constant that characterizes the park’s
lifecycle analysis, while ¢y [$/T] pertains to the procurement cost of freshwater.
Additionally, 6 [$/T] accounts for the expenditure associated with pumping con-
taminated water between enterprises, and 8 [$/T] denotes the expense linked to
discharging polluted water. It is noteworthy that the model adopts an assump-
tion wherein the cost § significantly outweighs 4.

With all of these considerations, the problem of each enterprise i, for a given
network E € &, is given by:

min Cost; (F;, F_;, E)

i

zi + Z Fyi = Z Fij,
(ki)eE (i,5)€E
P (F_,E) = Z CroutFri <Ciin | 2z + Z Fril, 9)
819 (kiyeE (ki)EE
ZZ(F,Z) Z 0,
Fi 2 07
Fl,. =0.

In the context of a network F € &, we define a vector F' as an equilibrium
for the enterprises at the lower-level problem if and only if

Vi € 1, F; solves the problem P; (F_;, E).
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The collection of such equilibria for network FE is symbolized as Eq(E).

Remark 1. Note that in cases where enterprise i does not receive contaminated
water, its freshwater consumption z; is determined as follows:

M;
C1i,0ut

Z; =

This subsequently leads to the formulation of the standalone operational cost,
represented as STC; [$/h], according to the equation:
M;
Ci,out .

STC; = A~ (cs + ) (10)

2.3 Authority’s Problem

At the upper-level problem, the EIP authority wants to reduce the entire use of
natural resources, thus he attempts to reduce the function:

Z(F) = zi(Fy). (11)
il
In order to incentivize an enterprise ¢ € I to participate in the EIP, the EIP
authority needs to offer a proportional cost reduction of a €]0,1[ compared to
the expenses of standalone operation. This entails ensuring that:

COSti(Fi,F_i, E) <a- STCz (12)

The concept of this minimal relative enhancement was initially introduced
n [15]. Subsequently, the problem of the EIP authority is

min Z(F)
FERIPmax]| EcE

. P eEa(m), (13)
o COSti(Fi,F_i,E) SO[STC“ Vi e I.

Interpreting optimization problem (13) reveals the following scenario: The
EIP authority will offer enterprises a feasible exchange network denoted as E and
a corresponding operation F € RIF"™I that adheres to all physical constraints.
Importantly, this operation ensures that no enterprise has the motivation to
independently deviate from the proposal due to constraint F' € Eq(F), while
simultaneously securing the participation of all enterprises. This participation is
effectively guaranteed by the precondition established in constraint (12).

3 Solution Methodologies

The authority’s problem (13) is formulated in the form of mathematical program-
ming with equilibrium constraints (MPEC) (see, e.g., [2,11,18]). This section is
dedicated to illustrating the transformation of the challenging-to-solve MPEC
formulation into a single Mixed-Integer programming problem.
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3.1 Characterization of Equilibria

Given a topology E, we will write
Eiwm:={(k,i): (k,i) e E} and F;ou:=17):(, 7)€ E}.

We define the set of active and inactive of ¢, denoted by I,.+ and Ijpact respec-
tively as follows:

Tt :={i€l|3jel with (i,5) € E; out }
Linget == {Z el | Ei, out = {(170)}}

If each enterprise ¢ € I,q, we define the set of active arcs of ¢, denoted by E; act,
that is,

Ei,act = {(17.7) € Ei, out - .] 7& O} -
If each enterprise i € Ijnact , we define the set of inactive arcs of i, denoted by
Ei, inact » that iS:
Ei, inact — {(170)}

Theorem 2. For any valid exchange network E € € and denoting S(E) by the

set
zi(F-i) + Z Fy = Z Fij,
(i) EB (1.0)E B et ifi € Loet
Fio=0,
zi(Fi) + Z Fyi = Fio, if 1 € Linact
S(E)y=(F :Viel, (kji)EE

Z CroutFri <Ciin | 2 + Z Fyi
(k,i)EE (k,i)EE
F; >0

(14)
then, one has S(E) = Eq(F). Additionally, any optimal solution (F,E) of the
mathematical programming problem

min Z(F)
F€R|Emax‘7E€€
JFrese), (15)
s.t.
COSti(Fi,F,i,E) S OZ'STCi, Vi e I.

constitutes an optimal solution for the SLMF problem (13).

Proof. The proof follows a similar path as outlined in [15, Theorem 4.1]. Our
focus centers on demonstrating the equivalence S(E) = Eq(E), as the latter
aspect naturally emerges by substituting the constraint “F' € Eq(FE)” with “F €
S(E)”.
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Hence, our objective is to demonstrate the inclusion S(E) C Eq(E). Let’s
consider an arbitrary F' € S(E). Because E; ooy C E for all i € I and E; jnact C
E for all i € Lipact, it follows that F; serves as a feasible solution for P;(F_;, E)

across all ¢ € I.
Now, fix ¢ € I and let F] be another feasible point of P;(F_;, E). Then,
F! > 0 and the water mass balance constraint (2) is satisfied. Therefore,

— if i € I, one has

Costy(F!,F_;, E) — Cost;(F;, F_;,E) = A [5 M Flj+BF,-5 > FH}
(i,5)EE (4:3)€Ei act

2A6[ Z Fl,+F,— Z Fm-:|.

(i.3)eE (4:7) € Ej act

Moreover, the mass balance constraint (2) is satisfied for F/ and F; for any
i € Iact, thus

o Fj+Fo=zF)+ Y, Fei= », Fi;= > Fij

(4,5)€E,j#0 (ki)EE (i,5)€E (4,5)€E; act
Hence, Cost;(F!,F_;, E) > Cost;(F;, F_;, E) for any i € Iac.
— if 4 € Iipact, One has
Cost;(Fy, F_i, E) — Cost;(Fi, F_;, E) = A [BF] o — 8F; o]
=AB[F/y— Fiol.

Moreover, the mass balance constraint (2) is satisfied for F/ and F; for any
i € Iinact, thus

Flo=zi(F_;)+ Z Fy,i = Fio.
(ki)EE

Hence, Cost;(F!, F_;, E) = Cost;(F;, F_;, E) for any i € Lipact.

Thus, F; solves P;(F_;, E), and since this holds for every i € I, we conclude that
F € Eq(E).

Now, let us prove that Eq(E) C S(E). Let F € Eq(E), and assume that
F ¢ S(E). Since for each i € I the vector F; is a feasible point of P;(F_;, E), so
F ¢ S(E) if there exists ig € Inct such that F; o > 0. Let (ig,j) € Ej act and let
us consider the vector F] given by

Fi k if ke I'\{0,5},
Filo,k == 0 lf ]f == O7
Fi,;+ Fiyo ifk=7j.

We have that Fj > 0 and also

Zi(F_io)—F Z Fk,ioz Z Fimj: Z Filmj'

(k,io)EE (i0,J)€EE (i0,J)EE
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Thus, since F__;, remains the same, F] is a feasible point of P;(F_;,, E). Fur-
thermore, we have that

’ ’ ’
Costyg (Fy s F_jy, B) — Costy (Fi, F_j, E) =6 > Fig.g tBFig0— |9 > Fig,j +BFig.0
(i0,J)EE,j#0 (ig,J)EE
=6 =P Fiy,0
<o.

This yields that F;, doesn’t solve P;(F_;,, ), which is a contradiction. Thus,
F € S(F). Finishing the proof.

3.2 Mixed-Integer Formulation

Theorem 2 establishes the remarkable revelation that the authority’s problem
can be reformulated into a “classical” programming problem through the MPEC
formula. Yet, due to the presence of exchange network topologies as variables in
this programming context, a numerical implementation might pose a challenge.
Consequently, within this section, we will illustrate the process of effectively
dealing with a more conventional mixed-integer programming problem.

Let’s start by introducing the crucial idea? what we refer to as arc classes?
that we will employ to arrive at the final formulation: We define the arc classes
exiting from each enterprise ¢ € I as the sets:

Civp = {(Zvj) € Enax @ J € I} and Ci,O = {(Z,O)}

The family of all arc classes that exit from ¢ is denoted by the symbol C;, which
is defined as C; = {C; , Cio}-
Observe that, for each enterprise i € I,ct, the class C;, is always satisfied

Ei,act g Ci,p- (16)

This class is given by C' = C;, where (4, p) is any element of E; act.
Now, for each enterprise i € I, we add two integer variables, y; p, vi0 € {0,1}
with the following interpretation:

— When y; , is equal to 1, it signifies the inclusion of the connections within
C;p in the network structure.

— Similarly, when y; ¢ is set to 1, it denotes that the connection (i,0) serves as
the exclusive exit pathway for node ¢, while also denoting the involvement of
node ¢ in the EIP.

We establish the following constraints with this new boolean variable:
1. For each enterprise ¢ within the set I, we assign the condition:
Yip +Yio =1, (17)

indicating that only one class is in an active state.
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2. For each enterprise i in the set I, we establish the following condition to hold:
Z F; <K-yip, (18)
(4,5)€C4,p

where K > 0 is a sufficiently large constant ensuring that all fluxes within the
park remain below K. This constraint guarantees that when the connections
C; p are excluded from the network, the flow values F; ; become zero for any
jel

3. For each enterprise i in the set I, we establish the following condition to hold:

Fio<K- -y, (19)

for some constant K > 0 large enough. This constraint ensures that, whenever
C;,0 are not included in the network, then F; o = 0.

Starting from the binary vector y € {0,1}?", we proceed to construct the
graph associated with y as depicted by the equation:

E(y) = (U (0,p) © yip= 1) U(i,0) : iel. (20)
We consider then the following Mixed-Integer optimization problem:

Z(F)

min
F€R|Emax\’y€{0’]}2"

s+ >, Fui= > Fj Viel
(i) € Bmax (,5) € Bmax
Z CroutFri < Ciin | 2 + Z Fril, Viel

(k,i)€ Emax (k,i) € Emax

Yip T ¥i0 = 1, viel (21)
YN Ry <K oui, Viel

(:,5)€Cip

Fio < K-y, Viel

5(F) >0, Viel

F>0,

Cost;(F;, F—;, E(y)) < a- STC;, Viel

Theorem 3. For every feasible point (F,y) that satisfies (21), the corresponding
pair (F, E(y)) is a feasible point for (15). Conversely, given any feasible point
(F,E) that adheres to (15), the associated pair (F,yF) is a feasible point for
(21), where y¥ = (y[,, y)icr € {0,1}*" is defined as follows:

B 1 if the connections in C; p, are part of the network E,
y@p = .
0 otherwise,
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and

5 _ )1 if the connection (i,0) is the sole exil connection for i,
Yio = 0 otherwise.

In light of this, the implications are as follows:

1. If (F, E) represents an optimal solution for (15), then (F,y%) stands as an
optimal solution for (21).

2. If (F,y) constitutes an optimal solution for (21), then (F, E(y)) serves as an
optimal solution for (15).

Proof. The proof follows a similar path as outlined in [15, Theorem 4.2]. Consider
a feasible point (F,y) in the context of (21).

— Let’s take an enterprise i € I, and denote the unique class within Ci for
which y; , = 1 as (} ,. By construction, we can ascertain that

E(Y)iact = Cip and Z Fj<K- Z yc = 0.
(ivj)eEmax\Ci,p C€C7\{C1,p}

Consequently, we derive that

Filge =0 Fig=0, Vi€ I (22)

i,act

Since this constraint holds for all active enterprises i € I, we can reformu-
late the balance constraint within problem (21) as

2(F_;) + Z Fr; = Z Fij, Vi€ . (23)
(ki)EE(y) (4,5)€EE(Y)i,act

— Now, for an enterprise ¢ € Iiact, We can express the balance constraint in
problem (21) as

zi(F_i) + Z Fri=Fio, Vi€ Linact- (24)
(k,i)EE(y)

By combining (22), (23), and (24), we then infer that (F, E(y)) qualifies as a
feasible point for problem (15).

Now, let (F,E) be a feasible point of problem (15). Let us define y¥ =
(yfpvyfo)iel € {0,1}?" as in the statement of the theorem. Then, for every
t€1, yip+yio=1

— Now, let ¢ € I, we have that

Z . K=K- yE if the connections in Cj ;, are included in F,
T l0=K- yE otherwise,
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For an enterprise i € I, the fact that E; .cr € E(y”) lead us to the fact
that
COSti(Fi, F_i, E(yE)) = COStZ'(FZ', F_i, E),

and so, the constraint (12) is satisfied for any @ € I,ct.
— For each enterprise ¢ € Ilinact,

P K =K -yl if the connections in Cj are included in E,
=lo=K- yF,  otherwise,

For an enterprise i € Ijyact, we have
COSti(Fi, F,i, E(yE)) = COSti(Fi7 F,h E),
and so, the constraint (12) is satisfied for any ¢ € Iipact.

Consequently, we establish that (F,y¥) is a valid solution for (21), as all
other constraints are automatically fulfilled when (F, E) proves to be feasible for
(15).

The final two implications of the theorem are a direct result of the preceding
developments.

3.3 Null Class as Exit Option

Perceiving that the network consistently possesses a viable configuration in the
form of the standalone setup Fg, it’s worth noting that the introduction of
constraint (12) can potentially render problem (15) unfeasible.

The infeasibility of (15) implies that the authority faces a challenge in achiev-
ing a solution that abides by the constraint (12) across all enterprises. This
prompts the need to consider the possibility of excluding certain enterprises
from the network.

To address this, we introduce a boolean variable y; ,uu € {0,1} for each
enterprise ¢ € I, defined as follows:

1 if ¢ violates the contract (12),
Yinull = .
0 otherwise.

We modify problem (21) with this extra variable, adding the following con-
straints:

1. For every enterprise ¢ within the set I, we establish
Yinull + Yip + Yio =1, (25)

which signifies that either a single arc class is operational, or the enterprise
remains unlinked to the network.
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. For every enterprise ¢ within the set I, we put

Fio < K- (Yi,0 + Yinun), (26)
Z Fij <K-(1—=yinn), (27)

(4,9) € Exmax,j 70

for some constant K > 0 large enough. This ensures that if the enterprise
violates contract (12), he will employ the discharge arc (i, 0).
. For every enterprise ¢ within the set I, we put

Z Fri < K-(1—ynm), (28)
(k,i) € Emax

for some large enough constant K > 0. This constraint ensures that in the
event of an enterprise contravening the contract stipulated in (12), no other
entity is allowed to transmit any flux to it.

. For each enterprise ¢ € I, we establish

Cost; (F;, F_;, E(y)) < o; - STC; - (1 — yinun) + STC; - 45 nuit- (29)

In this context, the constraint of individual rationality holds true exclusively
when y; nu1 = 0. Conversely, when the enterprise is not integrated into the
network, its cost aligns with STC;.

Denoting
STC’L (yi,null) =0 STC’L : (]- - yi,null) + STC1 * Yinull,

the new optimization problem becomes

B 20
i+ >, Fui= Y Fy Viel
(ki) € Emax (4,7) € Emax
Z Ck,outFk,i < Ci,in Zi + Z Fk,i s Viel
(ki) € Emax (ki) € Emax
Yinull T Yip + Yio = 1, Viel
> F <K yip Viel
(4,5)€Ci,p (30)
8.t Fio < K- (Yi,0 + Yinun), Viel
Z Fij < K- (1= yinun), Viel
(4,5) € Bmax,j#0
Z Fii < K- (1= Yinun), Viel
(ki) € Emax
zi(F_;) >0, Viel
F>0,
Cost; (F;, F_;, E(y)) < a - STC;(Yi nu), Viel
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Given that the optimization problem (30) can yield multiple solutions, we
incorporate an additional term into the objective function to guide the selection
towards the solution with a greater number of participating enterprises. We
replace Z(F') with the following expression:

Z(F) + Coef - Z Yi,null, (31)
iel
where Coef > 0 serves as a coefficient to penalize optimal solutions that exclude
a larger number of enterprises from the park.
In the upcoming sections, we will tackle the MILP problem (30) through the
utilization of the programming language Julia v1.0.5, employing the Cplex
solver.

4 Design of Experiments

As mentioned in Sect.1, the objective of this study is to establish a cause-
and-effect relationship between a number of input factors and the economic
feasibility, as well as between a number of input parameters and the overall
satisfaction of operating enterprises in EIPs. To identify these input factors, we
use the design of experimental (DoE) techniques. Thus, we conduct a series of
experimental runs with the change of the inputs and test the results in order
to collect the outputs to evaluate the corresponding change. Each run of an
experiment involves a combination of the levels of the investigated factors. The
DoE inputs are studied based on the original parameter values given in Table 1.
In fact, the parameters in Table1 include part of the hypothetical literature
example originally developed by Olesen and Polley [13]. The DoE consists of 7
levels regarding factors C; in, C; out, and M, of enterprises 5, 6, 7, 8, 9, and 10,
being values in Table1 as the base level. Other levels correspond to 0.5, 0.8,
0.9, 1.1, 1.2, 1.5 times the base value for C; in, C; out, and M;. Additionally, we

c
define p = Xf as another factor considered in the DoE evaluated in five levels,

ie., 0.2, 0.5, 2.1, 3.1, and 12.4. Then, for evaluation purposes, it is assumed that
cy = 6.2000 [$/T] and = 34.875 [$/T]. Furthermore, assume that the EIP
operates for one hour, i.e., A = 1h.

Since the DoE consists of 7 levels regarding factors C;in, C; out, M; and 5
levels regarding factor p, thus the DoE will require 1715 experimental runs. For
each experimental run, the MILP problem (30) was solved in proper sequence.
Then the economic satisfaction of each enterprise was checked for each combi-
nation of levels. For such a purpose, the level of satisfaction of each enterprise
is defined as:

1 if Cost;* < Cost;"OW,
Cost;* — Cost; %

CostiLOW — CostiUP
0 if Cost;* > Cost; V7,

L= if Cost;"®WV < Cost;* < Cost; VT, (32)
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Table 1. Parameters of the Network.

Enterprise ¢ | Cy in(ppm) | Ciout (ppm) | M;(g/h)
1 0 100 2000
2 50 80 2000
3 50 100 5000
4 80 800 30000
5 400 800 4000
6 10 100 2000
7 60 80 2000
8 80 400 5000
9 100 800 30000
10 400 1000 4000

where Cost;™ is the optimal operating cost of enterprise ¢ when operating inside
the EIP, Cost;"F is the operating cost of enterprise i when operating stand-
alone, while Cost;“W is the desired cost of enterprise 7. Note that, for each
combination of levels of the factors, the MILP problem (30) was solved to obtain
a generalized Nash equilibrium point (F;, F—;,y) then the value of Cost;* is
defined by Cost,(F;, F—;, E(y)), on the other hand the value of Cost; "W is
determined by 80% of the operating stand-alone cost Cost; VY.

Now, the overall satisfaction of operating enterprises in EIPs is measured by

Liot = »_ L. (33)

icl

For the EIP economic feasibility study, all 1715 simulations were included on
the DoE built with the 4 variable mentioned above (C; in, Ci ous, M, p), as well
as their interactions and the squared terms. When enterprises operate in an EIP,
there are two possibilities either the EIP is economically feasible or the EIP is
not economically feasible. So, we introduce a categorical variable Y defined as

1 if Ly >0
N (34)
0 otherwise

where Y = 1 means that the EIP is economically feasible while Y = 0 means
that the EIP is not economically feasible.

4.1 Binary Logistic Regression Model

In this part, we present a logistic regression model to evaluate whether the
predictors (i.e., C;in, C;out, M;, and p), their interactions, and squared terms
affect the economic feasibility of the operating enterprises in EIPs or not. The
model built was of the following form:



)} = Bo + 51Ci,in + B2C; out + B3 M; + Bap

+ 55C12,in + ﬂﬁczz,out + ﬂ7M12 + 68/’2
+ B9C;.in X Cjout + B10Ciin X M; 4+ 511Ciim X p
+ B12Ci 0ut X M + $13C; out X p + B1aM; X p, (35)

where P is the probability, Y is the categorical variable defined as in equa-
tion (34), Ci,in, Ciout, M; and p are the predictors, By is the Y intercept, and
081,02, ..., 014 are the regression coeflicients of the independent variables to the
dependent variable Y. In literature, the coefficients (g, 51, . .., 514 are typically
estimated by maximum likelihood method. For the survey of binary logistic
regression, we prefer the reader to [7].

For each combination of levels of factors, the MILP problem (30) is solved and
the categorical variable Y is determined. Thus, we have a set of 1715 response
variables Y; corresponding to 1715 different sets of 4 input factors (C; in, Ci out,
M; and p). Based on this collected data set, the logistic regression analysis was
carried out by the Logistic procedure in SPSS software version 22 [5]. The result
showed that

P(Y =1)
In | = 2| = 18.447 + 3.502C; 1 — 50.245C; s — 10.949M; + 3.
n[P(Y:O)} 8.447 + 3.502C; 1, — 50.245C; e — 10.949M; + 3.053p

—2.985C7,, 4 14.684C7 ,,, — 4.097M7 — 0.210p°
+ 4.79401‘7111 X Ci,out — 0826017111 X M1 — 010401,1n X p

+ 14.207C; e X M; + 0.120C; o X p+ 2.057M; x p.  (36)

The model (36) is not selected because the terms of C; i, Ciin X M;, Ciin X p,
Ciout X p are not statistically significant because there are large sig numbers,
respectively 0.311, 0.573, 0.872, and 0.870. Now, we remove the terms of C; i,
Ciin X M, C;in X p, Cj ous X p from the model (35), then continue to run SPSS
with the remaining terms, we get the following result

PY=1)]_
In [P(YO)] = 20.873 — 50.475C; out — 11.947M; + 3.011p

—2.104C7;,, + 14.695C7 . — 4.054M7 — 0.205p°

+ 533201,1n X Ci,out + 14-193Ci,out X Ml + 2081MZ X p (37)

The model (37) was chosen because all terms are statistically significant at the
standard error of regression of 5%. Thus, the model (37) is the optimal logistic
regression model in this study.

After estimating the coefficients of the binary linear regression model as
shown in model (37), there are several steps involved in assessing the appro-
priateness, adequacy and usefulness of the model (37). Therefore, to evaluate
the logistic regression model, one must attend to (a) overall model evaluation,
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(b) goodness-of-fit statistics, (c¢) validations of predicted probabilities, and (d)
statistical tests of individual predictors.

Overall model evaluation. A logistic regression model is considered to
exhibit an enhanced fit to the data when it shows advancement over the
intercept-only model, which lacks our explanatory variables and is commonly
referred to as the null model.

Table 2. Omnibus Tests of Model Coefficients.

Chi-square | df | Sig.
Step 1 |Step |1743.079 |10/ 0.000
Block | 1743.079 | 10|0.000
Model | 1743.079 10| 0.000

The Omnibus Tests of Model Coefficients as shown in Table 2 will be used to
check whether model (37) (with explanatory variable included) is an improve-
ment over the intercept-only model. Here the chi-square is highly significant
(chi-square = 1743.079, df=10, p < 0.000) so the logistic regression model (37)
is significantly better the intercept-only model.

Goodness-of-fit statistics. The prevalent evaluation of the comprehen-
sive model fit in logistic regression involves the likelihood ratio test, essentially
indicating the chi-square disparity between the model with just the intercept
and the one encompassing the predictors. In the context of the Model Summary
depicted in Table 3, the -2 Log Likelihood statistic registers a value of 485.903.
This metric gauges the model’s efficacy in forecasting decisions, signifying that
a lower value signifies a more proficient model prediction.

Table 3. Model Summary.

Step | —2 Log likelihood | Cox & Snell R Square | Nagelkerke R Square
1 485.903 0.638 0.877

Most statistical software packages offer supplementary statistics akin to the
coefficient of determination (R?) in linear regression, though not an exact anal-
ogy [3]. Among these, the Cox & Snell R? and the Nagelkerke R? stand out.
The Cox and Snell R? outcome, indicating that 63.8% of the variance in the
dependent variable is accounted for by the predictor variable, is considered sat-
isfactory. It’s worth noting that a limitation of the Cox-Snell R? is its maximum
value being less than 1.

In contrast, the Nagelkerke R? represents a modified rendition of the Cox &
Snell R? and encompasses a full range from 0 to 1, which makes it generally more
preferred. The R? statistic doesn’t measure the model’s goodness of fit, rather it
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assesses the utility of explanatory variables in predicting the response variable,
serving as a measure of effect size. With a value of 0.877, it indicates that the
model effectively predicts the economic viability of operating enterprises within
EIPs.

Table 4. Goodness-of-Fit Statistics

Step | Chi-square | df | Sig
1 3.388 8 10.908

In Table4, the Hosmer-Lemeshow test, an inferential measure of goodness-
of-fit, is also provided. The Hosmer-Lemeshow test statistic of 3.388 yielded
insignificance (p = 0.908 > 0.05), implying that the logistic regression model
(37) exhibited a satisfactory fit to the dataset.

Table 5. Classification Table.

Predicted
Economic feasibility | Percentage Correct
Observed 0.0 |1.0
Step 1 | Economic feasibility | 0.0 | 1029 | 79 92.9
1.0/57 | 550 90.6
Overall Percentage 92.1

Validations of predicted probabilities. In Table 5, the classification table
showcases the alignment between anticipated probabilities and real outcomes.
The overall accuracy of predictions, at 92.1%, signifies an enhancement beyond
the 50% baseline probability level. This classification table facilitates the assess-
ment of sensitivity, specificity, false positive, and false negative rates. Sensitivity
gauges the fraction of accurately identified events, while specificity quantifies the
ratio of accurately identified nonevents. False positive denotes the proportion of
observations wrongly classified as events among those classified as such. On the
other hand, false negative quantifies the portion of observations inaccurately
labeled as nonevents within the nonevent cate

Statistical tests of individual predictors. However the most important
of all output is the Variables in the Equation as shown in Table 6. Within the
confines of Table6, crucial information is presented, encompassing regression
coefficients (denoted as (s), the Wald statistic for assessing statistical signifi-
cance, and the pivotal Odds Ratio (Exp (()) pertaining to each of the input
variables.



Assess the Impact of Parameters on the Economic Feasibility of EIPs 167

According to Table6, the factors (C; out, M;, p), their interactions (C; i, X
Ciouts Cirout X M;, M; x p) and squared terms (C7;,, C? ., M7, p®) were sig-

nificant and they influence the economic feasibility of operating enterprises in
EIPs.

Table 6. Statistical Tests of Individual Predictors

B S.E. |Wald |df|Sig. |Exp(B) 95% C.I for EXP(B)
Lower Upper
Step 1| Cout —50.475|4.757 | 112.561 | 1 | 0.000 | 0.000 0.000 0.000
M —11.947|3.178 | 14.131 |1 |0.000 | 0.000 0.000 0.003
p 3.011 0.769|15.352 |1 |0.000 | 20.315 4.504 91.624
Cc2 —2.104 |0.613|11.767 |1 |0.001|0.122 0.037 0.406
C2u 14.695 |1.599 84.494 |1 |0.000 2408641.387 | 104960.835 | 55273506.03
M? —4.054 |1.156 |12.297 |1 |0.000 | 0.017 0.002 0.167
p? —0.205 |0.048 18.520 |1 |0.0000.815 0.742 0.894
Cin X Cout | 5.332 1.234 118.683 |1 |0.000  206.886 18.436 2321.600
Cout X M |14.193 |1.74865.961 |1 |0.000 | 1458833.066 | 4745.852 | 44826871.12
M xp 2.081 0.693|9.011 1 10.003|8.015 2.059 31.193
Constant |20.873 |3.041|47.123 |1 |0.000| 1161411149

Moreover, from Table6, a cause-and-effect relationship between a number
of input factors and the economic feasibility of operating enterprises in EIPs is
given by

P(Y = 1)
In | ———=| =20.873 — 50.475C; qut — 11.947M; + 3.011
. [P(Y = 0)] out o0k

—2.104C7 ;,, 4 14.695C7 ,, — 4.054M7 — 0.205p>

+5.332C; in X Cyont + 14.193C; oue X M; 4+ 2.081M; x p (38)

As observed from (38), the effect of each input factor (C; in, C; out, M; and p
respectively) on the economic feasibility of operating enterprises in EIPs depends
on the value(s) of one or more other input factors.

A very powerful application of binary logistic regression is predictability.
From the regression equation (38), we have the probability function to evaluate
the economic feasibility of operating enterprises in EIPs as follows:

£20-878-50.475C; oy —11.947M;+3.011p—2 104C2; +14.695C2 |\ —4.054M2 —0.205p2+5.332C; 1, X Ci oue+14.193C; qup X M;+2.081M; xp

P(Y - 1> - I 20.873-50.475C; oyt —11.947M;+3.011p—2.104C7 | +14.695C7 | —4.054 M7 —0.205p2+5.332C; jp X Ci out+14.193C; oue X M;+2.081M; xp *
e i.in i.0u i 5 Jout »

To demonstrate how the economic feasibility of enterprises in EIPs is sensitive
when changing the levels of input parameters (C; in, Ci out, Mi, p), we consider
the following two scenarios:
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— First, the levels of C; in, C; out, M;, p are 0.5, 0.5, 0.5, 12.4, respectively. Then
the probability of the economic feasibility of enterprises in EIPs for this sce-
nario is given by

P(Y =1)=0.99

— Second, the levels of C; in, C; out, M;, p are 0.5, 0.5, 0.5, 0.2, respectively. Then
the probability of the economic feasibility of enterprises in EIPs for this sce-
nario is given by

P(Y =1)=0.07

As we can observe, the economic feasibility of enterprises in EIPs is very sensitive
when changing the levels of input parameters. More precisely, when the levels of
Ciin, Ciout, M;, pare 0.5, 0.5, 0.5, 12.4 then the probability of the economic feasi-
bility of enterprises in EIPs is 0.99. However, when the levels of C; i, C; out, M;, p
are 0.5, 0.5, 0.5, 0.2 then the probability of the economic feasibility of enterprises
in EIPs is 0.07.

4.2 Multiple Linear Regression Model

In this part, we present a multiple linear regression model to predict the value of
overall satisfaction L.+ based on the variables C; in, C; out, M;, and p. The data
consists of only 607 simulations (economically feasible configurations) built with
the same 4 variables, their interactions, and the square terms.

To ensure the credibility and validity of our analysis when performing a
multiple linear regression, it is imperative to assess our data against various
assumptions. These prerequisites encompass:

1. The dependent variable must be measured on a continuous scale.

2. There should be a presence of two or more independent variables, which could
either be continuous or categorical in nature.

The residuals’ values need to exhibit independence.

The connection between the dependent and independent variables ought to
be linear.

The residuals’ variance should remain constant.

The data should be devoid of multicollinearity issues.

The model should not be unduly influenced by outlier cases.

The residuals, or errors, should approximate a normal distribution.

= w

®© N>

Considering none of the eight previously mentioned assumptions were vio-
lated, multiple regression outputs for the given data were generated through the
following steps performed in SPSS statistical software.

Determining how well the model fits. The first table of interest is the
model summary (Table 7). Within this table, essential metrics such as R, R?, and
adjusted R? are presented, aiding in the assessment of the regression model’s
goodness of fit to the data.
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Table 7. Model Summary

Model | R R Square | Adjusted R Square | Std. Error of the Estimate | Durbin Watson
1 0.905 | 0.819 0.817 0.5582011102 1.518

In the “R” column, you will find the R value, denoting the multiple correlation
coefficient between the actual and projected values of the dependent variable.
R can be considered one gauge of how accurately the dependent variable, in
this instance, overall satisfaction, is predicted. A value of R = 0.905 suggests a
commendable level of prediction.

The “R Square” column represents the value of R2, the coefficient of
determination. R Square is the proportion of variance in the dependent vari-
able (overall satisfaction) that can be explained by the independent variables
(Ciins Ciout, My, p). This value indicates that 81.9% of the variance in overall
satisfaction can be predicted from the variables C; in, C; out, M;, and p. It also
means that 18.1% of the variation is caused by factors other than the predictors
included in this model.

A greater R? value indicates a more optimal fit. Nonetheless, a higher R?
doesn’t necessarily signify a robust fit or a superior regression model, as including
additional variables consistently elevates the R? value, leading to less effective
predictions. To address this, the adjusted R? is introduced, which isn’t swayed
by mere variable additions and provides a more reliable gauge.

Furthermore, a notable disparity between the R-squared and Adjusted R
Square values implies a subpar model fit. In the current instance, the value
stands at 0.817, not significantly distant from 0.819, signifying a reasonably
good fit.

Statistical significance of the model. The F-ratio within ANOVA eval-
uates the suitability of the entire regression model concerning the dataset. As
illustrated in Table8, the independent variables exhibit a statistically signifi-
cant predictive influence on the dependent variable, with F(4,602) = 679.108,
p < 0.0005 (indicating a strong alignment between the regression model and the
data).

Table 8. ANOVA

Model Sum of Squares |df | Mean Square | F Sig.
1 Regression | 846.408 4211.602 679.108 | 0.000
Residual 187.576 602 | 0.312
Total 1033.985 606

Estimated model coefficients. The “B” column displays the coefficients
corresponding to the regression equation, used to predict the dependent variable
based on the independent variables (Table9).
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Table 9. Coefficients

Model Unstandardized Coefficients | Standardized Coefficients | t Sig. | 95% C.I for B Collinearity Statistics
B Std. Error Beta Lower Bound | Upper Bound | Tolerance | VIF
1 Constant | 1.433 | 0.134 10.708 |0.000 | 1.170 1.695
Cin 0.524 | 0.080 0.115 6.593 | 0.000]0.368 0.681 0.995 1.005
Cout —0.449 | 0.071 —0.112 —6.356 | 0.000 | —0.588 —0.310 0.972 1.028
M —0.659 | 0.081 —0.143 —8.155 | 0.000 | —0.818 —0.501 0.980 1.020
P 0.246 | 0.005 0.892 51.142 |0.000 | 0.237 0.256 0.992 1.008

The “Sig.” column contains the p-values for each of the independent variables
(Ciins Ciouts Mi,p). A p-value < 0.05, provides evidence that the coefficient is
different to 0. Thus C; in, C; out, M;, and p are all significant predictors of overall
satisfaction.

Therefore, the general form of the equation to predict overall satisfaction
from Cj; in, Ci out, My, p is:

Loy = 1.433 4+ 0.524C; 5, — 0.449C; oy — 0.659M; + 0.246p (39)

These regression coefficients tell us about the relationship between the inde-
pendent variables (C; in, Ciout, M;, p) and the dependent variable (overall sat-
isfaction Ly ). These regression coefficients provide the expected change in the
dependent variable for a one-unit increase in the independent variable. The coef-
ficient for C; iy is 0.524. So, for every unit increase in C; i, there is 0.524 unit
increase in overall satisfaction, holding all other variables constant. But each
unit increase in C; oy (resp. M;) causes reduction (the negative sign of the coef-
ficient) in overall satisfaction by 0.449 (resp. 0.659) unit. the coefficient for p
is 0.246. Hence, for every unit increase in p we expect a 0.246 unit increase in
overall satisfaction, holding all other variables constant. Thus, we can use equa-
tion (39) to find the estimated overall satisfaction, based on the level of C, iy,
Ci,outa Mi7 and p-

5 Conclusions and Future Work

This study evaluated the influence of different input parameters on the economic
feasibility and overall satisfaction of operating enterprises in EIPs. The proposed
method integrated the design of experiments (DoE) method and the SLMF game
model to identify and quantify the impact of different parameters on the eco-
nomic feasibility and overall satisfaction of operating enterprises in EIPs. As the
results show the most critical parameters in a potential EIP environment are
those related to process constraints and those related to the inherent production
of each enterprise. Moreover, the economic feasibility of enterprises operating in
eco-industrial parks is quite sensitive to changing input parameters, which can
produce a variety of scenarios that can be a potential reason to reject EIP coop-
eration between different enterprises. However, by combining the DoE method
and the SLMF model, we can adjust the input parameters so that enterprises
operating in the eco-industrial park become economically feasible. Thus, it’s an
advantage in the design of EIPs.
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For future research, the results of this study can be extended to the assess-
ment of the influence of input parameters on the economic feasibility and overall
satisfaction of other resource exchanges in the eco-industrial park, such as the
exchange of steam, electricity, energy, ...
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