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Abstract
In light of the recent severe Supply Chain (SC) disruptions that have occurred
across multiple industries around the globe, three essential and linked themes
have emerged in SC management: the well-being of employees, SC sustainability,
and competition between SCs for limited resources. In this paper, we create a
game-theoretic SC network model that incorporates together non-cooperative SC
competition, employee productivity and engagement, and green investing. Each
competing firm within the network seeks to maximise its profit by determining
an optimal flow of products and allocation of green investments across the SC
according to a predetermined budget. A carbon tax on emissions and consumer
sustainability preferences are also included in the model. The model is solved
using a Variational Inequality reformulation. The illustrative numerical examples
presented in this paper have been inspired by the Maltese dairy industry and
demonstrate the applicability of the model to real-world problems. The results
highlight the significance of the employee engagement factor in enabling firms to
adopt and realise more sustainable SC practices.
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1 Introduction

The interconnectedness within and between Supply
Chains (SCs), both on a local and global scale, has
never been more apparent; SC disruptions caused by
the global pandemic have occurred in multiple indus-
tries worldwide, while competition between SCs for
limited natural and human resources has intensified.

With heightened awareness around climate change
and its direct effects being felt across the globe, gov-
ernments and international institutions are pushing to
legislate towards greener initiatives. For example, the
European Union launched the European Green Deal
in 2019, which aims for the bloc to be climate neutral
by 2050, with significant investments being planned to
decarbonise significant polluters [6].

What is more, employers and researchers are real-
ising that even employees are expecting more when it
comes to the Environmental, Social and Governance
(ESG) credentials of the company they work with.
However, in Supply Chain Management (SCM) re-
search, the human element is often overlooked. This
was highlighted in [29], where over a hundred SCM re-
searchers were asked which research themes they felt
had been under-researched. Indeed, it was found that
the most common answer was the people dimension
of SCM, noting that only a few studies researched the
“dynamics of consumers, managers, or other individ-
ual actors within a supply chain system”. Nonetheless,
we can still look at business management research as

well as current trends that explore the link between
employees and the environment. For example, in a
2020 global survey on employee expectations carried
out amongst 14 million respondents, a 52% increase
in environmental concern was registered over previ-
ous years [23]. This increase was significantly higher
amongst the youngest generation of workers, with Gen-
eration Z respondents (born 1997-2007) registering a
128% increase, indicating that this issue is only going
to become more important. This sentiment was am-
plified in a 2022 survey, which found that employees of
purpose-driven employers are three times more likely to
continue working with them, while 75% of respondents
stated that they would be more likely to buy from a
business that incorporates ESG credentials [24].

Various studies have theorised and tested the im-
pact that going green has on employee productivity
and employee engagement, the latter of which refer-
ring to the “level of commitment and involvement an
employee has towards their organisation and its val-
ues” [3]. Employee engagement literature has honed
in on the idea that employees who feel that the val-
ues of a firm align with their personal values, and that
their contributions are meaningful, are more engaged
in their work and, as a result, more productive [28].
This idea was incorporated into a theoretical model in
[11] that links the impact of sustainability with em-
ployee engagement, with the main bridge between the
two being the increased sense of meaningfulness that
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sustainable practices promote. Also, in [4], the authors
sought to test the hypothesis that the adoption of sus-
tainable practices is associated with increased labour
productivity. Through an employee survey from 5220
firms, they found that firms that implemented environ-
mental standards had one standard deviation of labour
productivity higher than those that did not. In ad-
dition, the authors of [22], who studied the relation-
ship between green human resource management and
Green SCM (GSCM), found evidence to support the
hypothesis that employees’ empowerment in sustain-
able progression positively influences the implementa-
tion of GSCM practices.

GSCM concepts have entered the Supply Chain
Network (SCN) modelling literature, with researchers
adding environmental aspects to their models and
studying their interactions with other parts of the
model. For example, in [30], the authors modelled dif-
ferent carbon tax policies and found that such taxes
can encourage firms to reduce emissions. The relation-
ship between consumer environmental awareness and
green SCs was studied in a model by [14], which found
that the more aware consumers are, the more prof-
itable sustainable firms will be. In [31], the authors
developed a multi-period model that incorporated the
relation between green investments and consumer pur-
chasing behaviour, which highlighted that consumers
have the power to encourage firms to go green. For an
overview of the different components studied within
green SC models, one can refer to [1].

The inclusion of labour in SCN models is a more
recent area in SCN modelling literature, and to our
knowledge is one that has not been studied in conjunc-
tion with green SCN models. It was first studied in
[18], where the product flows in a competitive SCN
were modelled as a function of labour, with firms also
competing on the availability of human resources in
the labour market. Following this initial paper which
highlighted the importance of safeguarding employee
health, the impact that investments in labour produc-
tivity can have on the SC profitability of a single firm
was studied in [17, 19]. In [19], a single-firm model was
created with the aim of optimising the firm’s prod-
uct flows and investments in labour productivity en-
hancements such as physical workplace improvements,
training or health and safety, with labour availabil-
ity being dependent on the wage offered by the firm.
This model was extended to a multi-period model in
[17], with labour productivity investments being in-
corporated into the demand-price function to model
consumer sensitivity to the working conditions of the
firm’s workers. These papers both concluded that in-
vestments in labour productivity increased profits.

In light of this discussion, we can see that there is
an interesting rationale behind modelling the interplay
between green investments, employee engagement and
labour productivity in our SCM model, which would
be an original contribution to SCM literature. In this
paper, we have developed a game-theoretic SC com-

petition model, with a particular focus on the aspects
of employee productivity and engagement, investments
in green initiatives, and the link between the two. The
model consists of a number of firms competing in an
oligopolistic industry, whereby each firm seeks to max-
imise its profit by determining product flows and green
investment allocations, within a predetermined budget,
throughout the SCN. The element of labour is incorpo-
rated into the model by linking product flows with the
amount of labour hours available to each firm and the
employees’ productivity. In turn, employee productiv-
ity is partially dependent on the employee engagement
with the green investments that the firm makes. Fur-
thermore, a carbon tax is included in the model, where
each firm is taxed based on the amount of CO2 emis-
sions it produces. Since the firms compete within the
same demand markets, the production and investment
decisions made by each firm impact the profitability of
all the firms. Assuming that each firm makes the deci-
sions once, and at the same time as all the competing
firms, the proposed model is created within a Game
Theory (GT) framework as a static, non-cooperative
game. Therefore, under this framework, we seek to
find a Nash Equilibrium (NE) solution that ensures
that no firm will be able to individually improve its
profit, given the decisions of the other firms. In order
to find such a NE, we use Variational Inequality (VI)
theory to reformulate and solve the model.

To this end, in Section 2, we construct the SCN com-
petition model with the inclusion of green investments
and labour. This will be followed by a VI reformu-
lation of the model and related VI theoretical results
concerning the NE solution and its existence. In Sec-
tion 3, we apply the model using scenarios inspired by
the Maltese dairy industry and discuss the resultant
managerial insights. Sensitivity analysis is also carried
out to study the interplay between green investments
and employee engagement introduced for the first time
in our model, and its effect on SC profitability, de-
mands and prices. Finally, in Section 4, we present a
summary of the results and discuss the conclusions of
this paper, as well as the direction for future research.

2 The SCN Competition Model with
Green Investments and Labour

We consider an industry/network in which there are I
firms seeking to maximise their profits by determining
optimal product path flows and green investments. In
this network, we assume that the firms compete non-
cooperatively in the delivery of a substitutable product
to customers in R demand markets. By delivery, we
mean the entire set of processes carried out in order to
convert raw materials into a product to be sold to cus-
tomers, while note that a demand market could refer
to an individual consumer, a business, an organisation,
a retailer or a specific segment of customers.
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Figure 1: The SCN competition model topology.

2.1 Variables, Parameters and Functions

We denote the set of all firms by I = {1, 2, . . . , I} and
the set of all demand markets by R = {1, 2, . . . , R}.
We can represent each firm i ∈ I competing in
this industry as a SCN of its economic activities
consisting of five tiers: the firm node with label
F̂i, i ∈ I; the firm’s ni

M manufacturing facilities
{M i

1,M
i
2, . . . ,M

i
ni
M
}; the first level of the firm’s ni

D dis-

tribution centres {Di
1,1, D

i
2,1, . . . , D

i
ni
D,1

}, representing
the receiving of products from the manufacturing facil-
ities; the second level of the same ni

D distribution cen-
tres {Di

1,2, D
i
2,2, . . . , D

i
ni
D,2

}, representing the storage

facilities; and, the demand market nodes with labels
Qr, r ∈ R.
Each link between a pair of nodes in different tiers

represents a SC process. The links between: the firm
node and the manufacturing facilities represent the
production processes of each firm; the manufacturing
facilities and the first level of the distribution centres
represent the transportation of the finished products;
the first and second levels within the same distribution
centres represent the storage of the products; the sec-
ond level of the distribution centres and the demand
markets represent the sales of the products. It is pos-
sible to have the same pair of nodes be connected by
more than one link, adding the flexibility to allow for
different options for each process, such as different pro-
duction methods or modes of transport. Links can be
grouped together to form a path (having one link of
each type), which is a series of links that starts from
a firm node and ends at a market node. Paths can be
grouped into three sets: P i

r , the set of all paths that
join firm i ∈ I with demand market r ∈ R; P i, the set
of all paths that join firm i ∈ I with all the R demand
markets; and, P , the set of all paths in the SCN.
We depict the network of all the firms’ nodes and

links in the graph G = (N,L) in Fig. 1, where N is the

set of all nodes and L is the set of all links. Note that
the SCs of the individual firms share no links with one
another, thus we can group all the links representing
the SC processes of firm i ∈ I into the set Li.

Each firm i ∈ I seeks to maximise its profit by opti-
mising two strategic vectors of decision variables: the
vector of product path flows xi = {xp}p∈P i and the
vector of green investments vi = {vl}l∈Li . A product
path flow, which we denote by xp, refers to the flow of
products along the path p ∈ P i. On the other hand,
vl represents the amount invested in green initiatives
on link l ∈ L. For example, on production links, these
could represent the investment in solar panels or the in-
troduction of environmentally friendly materials. On
the transportation links, green investments could rep-
resent new electric vehicles, while on the storage links
these could include the purchasing of energy efficient
refrigeration units or the upgrading of climate control
systems.

Central to this model, inspired by [18], is that the
product path flows will be determined by the availabil-
ity of labour hours hl, l ∈ Li, the firm i ∈ I has at its
disposal. Two variables related to xp will aid us in the
formulation and interpretation of the model: the link
flows fl, l ∈ L and demands dir, i ∈ I, r ∈ R. The link
flow fl represents the amount of flow along link l ∈ L
in the SCN, while the demand dir is the total amount
of products delivered by firm i ∈ I to demand mar-
ket r ∈ R. Demands can be grouped into two vectors:
di = {dir}r∈R, the vector of demands of firm i ∈ I at
all demand markets, and dr = {dir}i∈I , the vector of
demands of all firms at demand market r ∈ R.

Having defined the decision variables, we now de-
fine the functions that will make up our model’s objec-
tive function. Firstly, we define the function that will
determine the price of the competing products being
sold. To this end, we define the demand price function
ρir(dr,v) which calculates the unit price of a product
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of firm i ∈ I at demand market r ∈ R as:

ρir(dr,v) = πi −
∑
j∈I

σj
rd

j
r + ηir

∑
l∈Li

vl −
∑
j∈I
j ̸=i

ηjr
∑
l∈Lj

vl,

∀i ∈ I, ∀r ∈ R.
(1)

This function is an adaptation of the inverse demand
function used in economics to express price as a func-
tion of the quantity demanded. The parameter πi rep-
resents all the factors affecting the price of the product
of firm i ∈ I other than the total demand and green in-
vestment. The parameters σj

r represent the effect that
the demand of each of the firms’ product at demand
market r ∈ R has on the price of the product of firm
i ∈ I at that same demand market. The parameters
ηjr represent the effect of the total green investment of
each firm on the price of the product of firm i ∈ I at
demand market r ∈ R. This signifies the idea that con-
sumers may be willing to pay more to purchase prod-
ucts that are environmentally friendly, a concept which
was explored in [14, 27, 31]. Since the firms’ products
are substitutable, we note that the demands and in-
vestments of one firm also impacts the prices of other
competing firms’ products.
Next, we define the function that will capture the

production/transportation/storage costs associated
with the link flow fl, as well as additional costs
associated with green investments. Note that labour
costs will not be considered in this function and will
be inserted into the objective function separately
by multiplying the number of hours worked hl with
the hourly wage ωl. We define the operational cost
function associated with link l ∈ L as:

ĉl(fl, vl) = γlf
2
l + µlflvl, ∀l ∈ L. (2)

The parameter γl represents the cost per unit squared
of fl. The term fl is squared to model the economic
concept of marginal cost; as the flow along a link l nears
its maximum capacity, which is dictated by the upper
bound on labour available, denoted by h̄l, the cost per
unit increases [27]. The parameter µl represents the
additional marginal cost per unit of flow that may arise
out of the investment, such as increased maintenance
requirements.
Since one of the main features of our model is the

inclusion of labour, we construct a function that relates
the amount of labour hours hl worked with the product
output on each link l ∈ L. A novel feature of our
model is the relation of the amount vl invested in green
initiatives with productivity. To this end, we define the
labour productivity function associated with link l ∈ L
as:

ĝl(hl, vl) = (αl + βlvl)hl, ∀l ∈ L. (3)

The parameter αl represents the factor directly relat-
ing the labour input to production output, such that
one labour hour on link l ∈ L produces αl units of
flow. On the other hand, the parameter βl represents
the impact that green investments have on the pro-
ductivity of employees. This can be interpreted as a

metric of employee engagement, whereby the more en-
gaged employees are with the firm’s investments, the
more productive they are at their jobs.

We also include a function that tracks the amount of
carbon emissions being generated throughout the SCN.
The emissions function associated with link l ∈ L can
be defined as:

êl(fl, vl) = ξlfl − φlflvl, ∀l ∈ L. (4)

In this equation, similar to that defined in [31], the CO2

emissions in tonnes are calculated as a function of the
product flows and green investments. A relationship is
modelled between the product flows and the emissions
on a link l ∈ L, with every unit flow creating ξl units
of CO2. However, for every e1 invested in green initia-
tives, the emissions generated by one unit of flow are
reduced by φl.

Finally, we model the introduction of a carbon tax
on emissions. The carbon tax function associated with
link l ∈ L can be defined as:

t̂l(êl(fl, vl)) = τ êl(fl, vl), ∀l ∈ L, (5)

where τ is the flat tax rate per tonne of CO2 emit-
ted. For example, τ could be equal to e50 per tonne
emitted.

2.2 Objective Function and Constraints

Recall that each firm i ∈ I seeks to maximise its profit
by deciding its strategic product flows and green in-
vestments. Thus, we define the objective function of
firm i ∈ I as the profit function:

U i =
R∑

r=1

ρir(dr,v)d
i
r −

∑
l∈Li

ĉl(fl, vl)−
∑
l∈Li

ωlhl

−
∑
l∈Li

t̂l(êl(fl, vl))−
∑
l∈Li

vl.

(6)

The first term
∑R

r=1 ρ
i
r(dr,v)d

i
r of (6) is the total rev-

enue of firm i ∈ I across the R demand markets, cal-
culated by multiplying the price of the product of firm
i ∈ I at demand market r ∈ R by the demand of that
product in that market. To arrive at the profit figure
for firm i ∈ I, we then subtract from the total rev-
enue term the total operational costs

∑
l∈Li ĉl(fl, vl),

wages
∑

l∈Li ωlhl, carbon taxes
∑

l∈Li t̂l(êl(fl, vl)) and
investments in green initiatives

∑
l∈Li vl across the nLi

SC process links of the firm.
The optimisation of (6) is subject to a number of

constraints. First, we require that the flow fl along a
link l ∈ Li equals the sum of that product’s flow along
all the paths xp that contain that link, such that:

fl =
∑
p∈P i

xpδl,p, ∀l ∈ Li, ∀i ∈ I, (7)

where δl,p is a parameter that indicates whether link l
is contained in path p or not; δl,p = 1 if link l ∈ L is
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contained in path p ∈ P and δl,p = 0 otherwise. Also,
the path flows must be non-negative:

xp ≥ 0, ∀p ∈ P i, ∀i ∈ I. (8)

Additionally, we ensure that the demand for the
product of firm i ∈ I at market r ∈ R is satisfied
by the sum of product flows along all the paths p ∈ P i

r

starting from said firm and ending at said demand mar-
ket: ∑

p∈P i
r

xp = dir, ∀i ∈ I, ∀r ∈ R. (9)

To relate flows with labour, we equate the product
flow fl on link l ∈ Li, i ∈ I, to the labour productivity
function (3):

fl = (αl + βlvl)hl, ∀l ∈ Li, ∀i ∈ I, (10)

which is capped by the upper bound h̄l that we set on
the total labour hours hl available on link l ∈ Li, i ∈ I:

hl ≤ h̄l, ∀l ∈ Li, ∀i ∈ I. (11)

The last two sets of constraints which we consider re-
late to the green investments made by the firms: First,
we set bounds for the green investment vl, i.e.,:

vmin
l fl ≤ vl ≤ vmax

l fl, ∀l ∈ Li, ∀i ∈ I, (12)

where vmin
l and vmax

l denote the minimum and max-
imum amounts of green investment per unit flow
through link l ∈ Li, respectively. For most links, vmin

l

can be defined as 0, meaning no minimum investment
would be required. However, there could exist capital-
intensive links with corresponding positive vmin

l , which
cater for scenarios where firms deem a minimum in-
vestment amount per unit of flow necessary to set up
such a link. For example, a transportation link could
represent the option a firm has to invest in an elec-
tric vehicle; for such an investment to be feasible, the
minimum investment required per unit of flow to use
this link would be the cost of one vehicle divided by
the amount of units projected to flow through the link.
By multiplying the parameters vmin

l and vmax
l by the

flow variable fl in (12), we ensure that if a firm decides
not to make use of a link, then no investment will be
made, i.e., fl = 0 =⇒ vl = 0. Second, the total bud-
get constraint for firm i ∈ I, where the total sum of
green investments over the firm’s entire set of links Li

cannot exceed the firm’s budget Θi, i.e.,:∑
l∈Li

vl ≤ Θi, ∀i ∈ I. (13)

Considering the above, the optimisation problem
faced by each firm is therefore to maximise its profit
(6) subject to constraints (7) - (13).

2.3 Variational Inequality Reformulation

To aid the reformulation of the objective function into
a VI problem, we rewrite the optimisation problem of

each firm i ∈ I in terms of the path flow variables x =
{xi}i∈I and green investment variables v = {vi}i∈I .
By constraint (7), we can replace fl with

∑
p∈P xpδl,p

wherever it appears in the objective function (6), as
well as in the green investment constraint (12), giving
us the following constraint:

vmin
l

∑
p∈P

xpδl,p ≤ vl ≤ vmax
l

∑
p∈P

xpδl,p. (14)

A similar replacement can be done for the demand dir
using the relation in constraint (9). Constraints (7)
and (10) can be equated to each other, and then can
be further combined with constraint (11) to give us the
following: ∑

p∈P

xpδl,p ≤ (αl + βlvl)h̄l, ∀l ∈ L. (15)

Thus, our model aims to maximise the profit of each
firm i ∈ I

Ũ i(x,v) =
R∑

r=1

ρ̃ir(x,v)
∑
p∈P i

r

xp −
∑
l∈Li

c̃l(x, vl)

−
∑
l∈Li

ωl

αl + βlvl

∑
p∈P

xpδl,p −
∑
l∈Li

t̂l(ẽl(x, vl))−
∑
l∈Li

vl,

(16)

subject to constraints (8), (13), (14) and (15),
where ρ̃ir(x,v) = ρir(dr,v), c̃l(x, vl) = ĉl(fl, vl) and
ẽl(x, vl) = êl(fl, vl) for every i ∈ I, r ∈ R and l ∈ Li.
We can define the feasible set of this problem for each
firm i ∈ I as:

Ki ≡ {(xi,vi) | (8), (13), (14) & (15) hold}. (17)

However, looking at the objective function (16), we
notice that the profit Ũ i(x,v) of firm i ∈ I is deter-
mined not only by the firm’s optimal choice of (xi,vi),
but also by its competitors’ decisions for their own
product flows and green investments. Thus, we can
use Game Theory (GT) to solve the SCN optimisation
problem using the framework of the non-cooperative
game ⟨I, (x,v),U⟩, where I is the set of firms; (x,v)
is the tuple of strategies consisting of the product flow
and green investment vectors xi and vi of each firm
i ∈ I; and, U = {Ũ i(x,v)}i∈I is the set of objective
functions of all firms. We define the feasible set of this
oligopolistic competition problem as the set:

K =

I∏
i=1

Ki = K1 ×K2 × · · · ×KI . (18)

The optimal solution in such a GT framework would
be what is known as a Nash Equilibrium (NE) solu-
tion [21]. To define the form of a NE solution, let us
first define the decision vectors of the competitors of
firm i ∈ I, relating to the product flows and the green
investments, i.e.,:

x−i = (x1,x2, . . . ,xi−1,xi+1, . . . ,xI), ∀i ∈ I,
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v−i = (v1,v2, . . . ,vi−1,vi+1, . . . ,vI), ∀i ∈ I,

respectively. For our model, a NE (x∗,v∗) is estab-
lished if a firm i ∈ I cannot individually improve its
profit by changing its decisions (xi∗,vi∗), given the
other firms’ decisions (x−i∗,v−i∗).

Definition (Model Nash Equilibrium). A tuple of path
flows and green investments (x∗,v∗) is said to be a NE
for the competitive SCN model if for each firm i ∈ I:

Ũ i(xi∗,vi∗,x−i∗,v−i∗) ≥ Ũ i(xi,vi,x−i∗,v−i∗),

∀(xi,vi) ∈ Ki.
(19)

Under this definition, an optimal solution to our
model is not focused on maximising one individual
firm’s profit, but instead optimising all the firms’ deci-
sion vectors concurrently in such a way that the SCN
is in equilibrium.

2.4 Related VI Theoretical Results

VI theory provides the tools necessary to find the equi-
librium of mathematical problems, a solution concept
that is central to GT. Thus, by reformulating our GT
competitive SCN model into a VI problem, we can
proceed with finding a NE solution. A background
on related theorems and algorithms can be found in
[9, 16, 20]. For our model, we will apply the following
theorem, the proof of which can be found in [10].

Theorem (NE solution). Assume that for each firm
i ∈ I, the profit function Ũ i(x,v) is continuously dif-
ferentiable and concave in x and v. Also, assume that
the feasible set K is convex. Then, (x∗,v∗) ∈ K is
said to be a NE for our competitive SCN model if and
only if it satisfies the VI:

−
I∑

i=1

〈
∇xi

Ũ i(x∗,v∗),xi − xi∗
〉

−
I∑

i=1

〈
∇vi

Ũ i(x∗,v∗),vi − vi∗
〉

≥ 0, ∀(x,v) ∈ K,

(20)

where ⟨·, ·⟩ is the inner product in the n-dimensional
Euclidean space.

The theorem above links the solution of a VI to a NE
solution. We will now proceed with explaining how the
assumptions of the theorem above hold for our SCN
model. The feasible set K in (18) is convex as it is
the Cartesian product of convex sets (each Ki, i ∈ I,
is constructed by considering simple and linear bounds
for the decision variables). Also, from the form of (16),
it can easily be observed that the utility functions are
continuously differentiable in Ki, for each i ∈ I. The
concavity of the utility functions is typically assumed
throughout the SCN modelling literature [18, 30, 31,
27].
For the sake of completeness, we also provide an ex-

istence result that is relevant to our model [26].

Theorem (Existence). The existence of a NE for our
competitive SCN model is guaranteed under the com-
pactness of the feasible set K in (18) and continuous
differentiability of each Ũ i, i ∈ I.

Since K ⊂ RI , compactness of K follows from the
compactness of Ki’s. Each Ki is compact. i.e., closed
and bounded. From (8), we have that xp ≥ 0, ∀p ∈
P i, ∀i ∈ I. Thus, each path flow fl =

∑
p∈P xpδl,p

is bounded below. Moreover, from (15), we know that
each path flow fl is bounded above by (αl + βlvl)h̄l.
From (14), we have that vmin

l fl ≤ vl ≤ vmax
l fl, ∀l ∈

Li, ∀i ∈ I. Thus, vl is bounded below and above.
Inequality (13) is another constraint on the vl’s, such
that

∑
l∈Li vl ≤ Θi, ∀i ∈ I, imposing an upper bound

on the sum of all green investments for each firm. Since
all the inequalities that make up each Ki are not strict,
we have that each Ki is closed as well.

To solve our VI problem, we will be making use of
the Extragradient Algorithm [13]. Assuming that the
function F is monotone and Lipschitz continuous, this
algorithm is guaranteed to converge to a solution with
a polynomial rate of convergence (see Theorem 12.6.4
in [9]).

Algorithm 1 Extragradient Algorithm

Step 0: Initialisation
Set initial solution z0 = (x0,v0) ∈ K.
Let the iteration counter t = 1.
Let ζ be a scalar such that 0 < ζ ≤ 1

L , where L is
the Lipschitz continuity constant.
Set tolerance ε > 0.

Step 1: Computation
Compute z̄t−1 by solving the VI subproblem:
⟨z̄t−1 + ζF (zt−1)− zt−1, z− z̄t−1⟩ ≥ 0, ∀z ∈ K.

Step 2: Adaptation
Compute zt by solving the VI subproblem:
⟨zt + ζF (z̄t−1)− zt−1, z− zt⟩ ≥ 0, ∀z ∈ K.

Step 3: Convergence Verification
If |zt − zt−1| ≤ ε, then stop; else, set t := t+ 1 and
go to Step 1.

3 Numerical Application

In this section, we will be constructing scenarios in-
spired by the Maltese dairy industry to illustrate the
properties of the proposed model, while sensitivity
analysis on the most important parameters will also
be carried out.

3.1 Data and Scenarios

According to [7], the average cost of raw milk in Malta
in 2021 was 57.44 cents per kilogram (kg). Competition
in this industry exists between farms, as well as with al-
ternative milk products such as dairy free and long-life
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milk. A breakdown of milk production costs was stud-
ied in [8]; on average, labour costs represented around
23% of these costs in 2019, with feed, machinery and
equipment costs representing a further 39%, and gen-
eral operating costs representing the remaining 38%.
Interestingly, the authors of the latter report highlight
that better recognition of labour costs is required, with
the amount of labour hours, experience and knowledge
not corresponding with the average labour costs com-
puted. The median annual salary for persons working
with livestock in 2018 was e12,500 per annum [12],
equating to a wage of approximately e6 per hour. Es-
timating productivity, in 2019 the average yield was
6,843kg of milk per cow, with the average amount of
cows per farm being 67.9 [5], meaning that each Mal-
tese farm had an average output of 464,639kg per an-
num. With an average labour input of 6,115 hours
per farm per annum [5], the milk production per hour
of labour can therefore be estimated as approximately
76kg/hour. With regards to emissions, in a study of
twelve Maltese dairy farms [25], it was found that the
amount of CO2 equivalent emissions per kilogram of
milk ranged between 1.14kg and 3.00kg. In an anal-
ysis of the entire local dairy production process, the
author of [2] commented that almost half of the energy
consumption occurs during the refrigeration (storage)
stage.
Based on this data, let us consider a scenario where

two competing dairy farms, Farm 1 and Farm 2, would
like to optimise the flow of milk and green investments
within their SCs, depicted in the SCN topolgy in Fig.
2. Farm 1 has two production facilities M1

1 and M1
2

and a distribution centre D1
1, while Farm 2 has one

production facility M2
1 and one distribution centre D2

1.
Both farms serve two demand markets, Q1 and Q2.

l1

l3

l2

l4

l5

l8

l9

l10

l6 l7 l11 l12

M1
1

F̂1

M1
2

D1
1,1

D1
1,2

Q1 Q2

F̂2

M2
1

D2
1,1

D2
1,2

Figure 2: SCN topology for two competing farms.

We define the operational cost (in cents), labour pro-
ductivity (in kgs of milk produced per labour hour) and
carbon emissions (in kgs of CO2 per kg of flow of milk)
functions in Table 1. Looking at the parameters in this
table, we note that the cost and emissions parameters
for Farm 1’s second production facility M1

2 are lower

since it is equipped with more modern machinery. Sim-
ilarly, Farm 2 has recently invested heavily in the latest
technologies across its SC, thus we notice lower param-
eters in the emissions functions for Farm 2 compared
to those of Farm 1, as well as some slightly higher costs
due to using more sustainable materials.

With regards to the cost of labour, Farm 1 pays its
workers e6 per hour, while Farm 2 opts to pay a higher
wage of e7 per hour. Thus, ωl = 600, ∀l ∈ L1 and ωl =
700, ∀l ∈ L2. Assuming a 40 hour week and that Farm
1 employs 3 full-time workers while Farm 2 employs 6
full-time workers and one part timer, the upper bounds
on labour h̄l = 120, ∀l ∈ L1 and h̄l = 250, ∀l ∈ L2.
In the demand price functions of Farm 1 (in cents),

we set the baseline price at π1 = 100, which falls within
the range of current market prices. When setting the
parameters η, we specify higher values at Market 2 to
simulate customers at this market being more environ-
mentally conscious than those at Market 1. Thus, we
set σ1

1 = σ1
2 = 0.001, σ2

1 = σ2
2 = 0.0003, η11 = 0.001,

η12 = 0.0015, η21 = 0.0008 and η22 = 0.001. For Farm
2’s functions, we set π2 = 130, σ1

1 = σ1
2 = 0.0002,

σ2
1 = σ2

2 = 0.001, η11 = 0.0008, η12 = 0.001, η21 = 0.001
and η22 = 0.0015. We note that Farm 2 has a higher
baseline price of 130 cents, owing to the significant in-
vestments it has made to set up sustainable operations.

To combat a newly introduced carbon tax, manage-
ment at the farms would like to invest in green ini-
tiatives in order to reduce their CO2 emissions. To
this end, they allocate a budget of e5,000 and set
vmin
l = 0, vmax

l = 0.5 ∀l ∈ L, such that they would
not like to spend more than 0.5c per kg of flow of milk
on any specific link.

We can define the paths in this model as
p1=(l1, l3, l5, l6), p2=(l2, l4, l5, l6), p3=(l1, l3, l5, l7), p4
= (l2, l4, l5, l7), p5 = (l8, l9, l10, l11), and p6 = (l8, l9,
l10, l12). The set of links L = {l1, l2, . . . , l12} can be
split into those in Farm 1’s SC as L1 = {l1, l2, . . . , l7}
and those in Farm 2’s as L2 = {l8, l9, . . . , l12}.

Scenario 1 (Base Case). We solve the base scenario
in MATLAB1 using the Extragradient Algorithm with
a step size of ζ = 50, tolerance of ε = 0.01 and all path
flows xp initialised at 3000 and green investments vl
initialised at 0. The parameter ζ has been chosen by
performing a grid search and by assuming a sufficiently
large Lipschitz constant L. We obtain the following NE
solution:

x∗
p1

= 4599, x∗
p2

= 5780, x∗
p3

= 4900, x∗
p4

= 6080,

x∗
p5

= 16543, x∗
p6

= 17207,

with a profit of e11,804 for Farm 1 and e24,603
for Farm 2, equilibrium demands d1∗1 = 10379 and
d1∗2 = 10981 for Farm 1 with corresponding prices
ρ11(d

∗
1,v

∗) = 86 and ρ12(d
∗
2,v

∗) = 86 c/kg, and equi-
librium demands d2∗1 = 16543 and d2∗2 = 17207 for

1The code for the numerical scenarios can be accessed at:
https://github.com/kurtpacedebono/A-Game-Theoretic-Com

petitive-Supply-Chain-Network-Model-with-Green-Investm

ents-and-Labour.git
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Table 1: Operational cost, labour productivity and carbon emissions functions for Farms 1 and 2.

Link ĉl(fl, vl) ĝl(hl, vl) êl(fl, vl)

Farm 1:
l1 0.00042f2

l1
+ 0.0005fl1vl1 (76 + 0.01vl1)hl1 0.45fl1 − 0.000005fl1vl1

l2 0.00032f2
l2
+ 0.0004fl2vl2 (80 + 0.01vl2)hl2 0.34fl2 − 0.000004fl2vl2

l3 0.00008f2
l3
+ 0.0001fl3vl3 (300 + 0.01vl3)hl3 0.05fl3 − 0.000001fl3vl3

l4 0.00008f2
l4
+ 0.0001fl4vl4 (300 + 0.01vl4)hl4 0.05fl4 − 0.000001fl4vl4

l5 0.0001f2
l5
+ 0.0005fl5vl5 (150 + 0.01vl5)hl5 0.45fl5 − 0.000005fl5vl5

l6 0.00008f2
l6
+ 0.0001fl6vl6 (300 + 0.01vl6)hl6 0.05fl6 − 0.000001fl6vl6

l7 0.00008f2
l7
+ 0.0001fl7vl7 (300 + 0.01vl7)hl7 0.05fl7 − 0.000001fl7vl7

Farm 2:
l8 0.00052f2

l8
+ 0.0001fl8vl8 (85 + 0.01vl8)hl8 0.25fl8 − 0.000003fl8vl8

l9 0.0001f2
l9
+ 0.0001fl9vl9 (450 + 0.01vl9)hl9 0.01fl9 − 0.000001fl9vl9

l10 0.00006f2
l10

+ 0.0001fl10vl10 (250 + 0.01vl10)hl10 0.3fl10 − 0.000004fl10vl10
l11 0.00004f2

l11
+ 0.0001fl11vl11 (450 + 0.01vl11)hl11 0

l12 0.00004f2
l12

+ 0.0001fl12vl12 (450 + 0.01vl12)hl12 0

Farm 2 with corresponding prices ρ21(d
∗
1,v

∗) = 112
and ρ22(d

∗
2,v

∗) = 113 c/kg. The equilibrium link flows,
green investments, labour requirements and emissions
can be seen in Table 2.

Table 2: Results for Scenario 1.

Link f∗
l v∗l h∗

l êl(f
∗
l , v

∗
l )

l1 9500 316 120 4260
l2 11860 1884 120 3943
l3 9500 0 32 475
l4 11860 0 40 593
l5 21360 2800 120 9313
l6 10379 0 35 519
l7 10981 0 37 549
l8 33750 5000 250 7931
l9 33750 0 75 337
l10 33750 0 135 10125
l11 16543 0 37 0
l12 17207 0 38 0

From these results, we can see how Farm 2 per-
forms strongly in both markets, managing to attract
higher demands whilst still maintaining higher prices
that reflect the higher sustainability of the farm’s prac-
tices. As a testament to this better environmental
track record, Farm 2 produces 6.4% less total emis-
sions than Farm 1 whilst having a 58% higher total
flow of milk throughout its SC. Should Farm 1 wish to
improve its position in the market, it should consider
investing more into sustainable operations. These ob-
servations highlight the impact that competition can
have in the market, such that if one firm in a SCN opts
to go green and this is well received by the consumers,
then this may have a domino effect and convince other
competitors to become more sustainable themselves.

Scenario 2 (No Employee Engagement with Sustain-
ability). In this scenario, we explore what happens
when we remove the increase in labour productivity
experienced due to employee engagement with green

investments. Thus, we set the parameter βl = 0 for
all links l ∈ L, affecting the productivity functions
ĝl(hl, vl), as well as the product flow constraints (15).

Solving this scenario, we obtain the following NE
solution:

x∗
p1

= 4048, x∗
p2

= 4648, x∗
p3

= 4352, x∗
p4

= 4952,

x∗
p5

= 10294, x∗
p6

= 10956,

with a profit of e10,825 for Farm 1 and e18,462
for Farm 2, equilibrium demands d1∗1 = 8695 and
d1∗2 = 9305 for Farm 1 with corresponding prices
ρ11(d

∗
1,v

∗) = 89 and ρ12(d
∗
2,v

∗) = 90 c/kg, and equi-
librium demands d2∗1 = 10294 and d2∗2 = 10956 for
Farm 2 with corresponding prices ρ21(d

∗
1,v

∗) = 119 and
ρ22(d

∗
2,v

∗) = 120 c/kg. We can note that the profit
declined for both farms, declining by 8.3% for Farm
1 when compared to the Base Case, and by 25% for
Farm 2. The dramatic decline for Farm 2 can be at-
tributed to the significantly lower output from its man-
ufacturing link; with productivity falling from 33,750kg
to 21,250kg. We also note that the decrease in output,
especially that experienced by Farm 2, has driven up
the prices, with the two farms’ prices increasing be-
tween 3.5% and 6.3% at the two demand markets. In
Table 3, we note that due to the removal of the rela-
tionship between productivity and investments, we can
see a shift in the way the e5,000 is invested by both
firms. The results of this scenario therefore highlight
the importance that employee engagement has on the
effectiveness of green investments and the overall prof-
itability of a SCN.

Scenario 3 (Labour Shortages). Inspired by the
COVID-19 pandemic, we construct a scenario where
an outbreak occurs at Farm 1’s manufacturing facility
M1

2 with corresponding link l2, leaving only 10 labour
hours available out of the usual 120. Solving such a
scenario yields the following NE solution:

x∗
p1

= 7409, x∗
p2

= 249, x∗
p3

= 7710, x∗
p4

= 551,

x∗
p5

= 16543, x∗
p6

= 17207,
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Table 3: Results for Scenario 2.

Link f∗
l v∗l h∗

l êl(f
∗
l , v

∗
l )

l1 8400 0 111 3780
l2 9600 0 120 3264
l3 8400 348 28 417
l4 9600 0 32 480
l5 18000 0 120 8100
l6 8695 0 29 435
l7 9305 4652 31 422
l8 21250 0 250 5312
l9 21250 0 47 212
l10 21250 5000 85 5950
l11 10294 0 23 0
l12 10956 0 24 0

with a profit of e9,014 for Farm 1 and e25,378 for
Farm 2, equilibrium demands d1∗1 = 7659 and d1∗2 =
8261 for Farm 1 with corresponding prices ρ11(d

∗
1,v

∗) =
88 and ρ12(d

∗
2,v

∗) = 90 c/kg, and equilibrium demands
d2∗1 = 16543 and d2∗2 = 17207 for Farm 2 with corre-
sponding prices ρ21(d

∗
1,v

∗) = 113 and ρ22(d
∗
2,v

∗) = 114
c/kg.
We can see that these results represent a 23.6% de-

crease in profit for Farm 1 when compared to the base
case, owing to a 25.5% decrease in output capacity.
From the equilibrium results in Table 4, we can see
that even though production is ramped up at the first
manufacturing facility M1

1 to make up for the severely
restricted capacity at M1

2 , this is not enough to make
up for the lost output. We can also note how the
e5,000 budget is fully allocated to the first manufac-
turing facility to increase the flow capacity as much as
possible. This highlights the importance of safeguard-
ing employee health, a theme that has emerged and
been strongly prioritised throughout the pandemic.

Table 4: Results for Scenario 3.

Link f∗
l v∗l h∗

l êl(f
∗
l , v

∗
l )

l1 15120 5000 120 6426
l2 800 0 10 272
l3 15120 0 50 756
l4 800 0 3 40
l5 15920 0 106 7164
l6 7659 0 26 383
l7 8261 0 28 413
l8 33750 5000 250 7931
l9 33750 0 75 337
l10 33750 0 135 10125
l11 16543 0 37 0
l12 17207 0 38 0

3.2 Sensitivity Analysis

Since the scenarios highlighted an important link be-
tween employees, green investments and profitability,
using the same functions and topology, we will be con-

ducting sensitivity analysis on the employee engage-
ment with green investments β, and the green invest-
ment budget Θ.

To study the impact that employee engagement with
green investments has on the SC of a firm, we consider
productivity factors β between 0 and 1 kg/e invested,
increasing in increments of 0.05. We note that we vary
the productivity factor for Farm 1, while those of Farm
2 remain fixed at 0.1kg/e. In Fig. 3, we can note
that Farm 2’s profits are not impacted by the varia-
tions in the employee engagement at Farm 1, which
is to be expected. For Farm 1, up to a productiv-
ity factor of 0.25kg/e invested, its profit increases at
an average rate of 3.3% per 0.05 increment. However,
at the 0.3kg/e point we note that this profit takes
a hit, initially decreasing by 14.4% and then climb-
ing at an average rate of 0.5% thereafter. This drop
can be attributed to the employees’ perceptions and
expectations regarding green investments. Keeping in
mind that the budget Θ is fixed at e5,000, initially the
ratio between the productivity factor and the budget
results in an increase in profits due to the increased
employee engagement. However, beyond the 0.25kg/e
point, productivity diminishes due to the gap between
the employees’ environmental expectations and what
is actually being carried out by the firm. This is in
line with findings that employees at purpose-driven
firms are more likely to remain working with them
[24], with employee engagement being one of the link-
ing factors. This also highlights that the more envi-
ronmentally aware employees are, the more they will
demand from their employer. To confirm this think-
ing, we carried out the same sensitivity analysis again
with a higher budget of e7,000 and could note that
the inflection point occurred at a higher productivity
factor of 0.35kg/e.

Finally, we carry out sensitivity analysis on the bud-
get parameter Θ to study the impact the amount that
a firm invests in green initiatives has on its SC. To this
end, we consider budgets between e0 and e100,000 in
increments of e5,000 for Farm 1, while keeping Farm
2’s budget fixed at e10,000. From Fig. 4, we can see
that an increase in budget leads to an increase in pro-
ductivity, demands and ultimately profits for Farm 1.
This in turn impacts Farm 2’s performance, which loses
market share and as a result sees a decline in profit. On
average, profits for Farm 1 increase by e2,598 for ev-
ery additional e5,000 invested, representing an average
return on investment of 52%, while profits for Farm 2
decrease by e1,420 with every increment. Farm 1 over-
takes Farm 2 in terms of profits at an investment level
of e30,000, at which point Farm 1 invests 3 times that
of Farm 2. At a budget of e90,000, Farm 1’s profit
reaches a maximum of e60,223, which cannot be im-
proved beyond this point, regardless of the budget in-
crease. This is because at this point, the ratio of green
investments to link flows is at 0.5 for all links, which
we recall is the upper bound per kg of flow. We can
also see how Farm 1 prioritises Market 2 over Market
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Figure 3: Equilibrium profits, demands and prices for different values of β.

0 0.2 0.4 0.6 0.8 1

·105

0

2

4

6

·104

Θ1

P
ro
fi
t
(e

)
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Figure 4: Equilibrium profits, demands and prices for different values of Θ.

1 due to the higher consumer sensitivity to green in-
vestments at that market (η12 > η11). Until a budget of
e45,000, demand at Market 1 and Market 2 for Farm
1’s product increases at an average rate of 6.9% and
14.3% per e5,000 budget increase, respectively. Be-
yond this point, the demand at Market 1 shrinks at
an average rate of 4% while the demand at Market 2
continues to increase at an average rate of 2%, thus
seeing how the demand at Market 2 cannibalises that
at Market 1. The demand for Farm 2’s product is also
impacted, with this decreasing by an average 2.8% and
8.4% at the two markets, respectively. The increases in
investments are passed on to the consumers through an
increase in price, with prices at Market 1 and Market
2 increasing by 4.4% and 5.4% respectively for Farm 1,
while decreasing by the same percentages for Farm 2.

4 Conclusions

4.1 Contribution of This Paper

In this paper, we proposed a model incorporating
together SC competition, employee engagement and
green investing. To do so, we resorted to GT, the math-
ematical field of conflict and competition between mul-
tiple players. By modelling a static, non-cooperative
game between multiple firms producing substitutable
products, we managed to capture oligopolistic competi-

tion where each firm seeks to maximise its own profits.
To the best of our knowledge, for the first time in SCM
literature, we combined the still nascent modelling of
labour productivity with the modelling of sustainable
investments and emissions tracking. The model can
provide SC decision makers with:

• the optimal amount of products to produce at dif-
ferent manufacturing facilities in the SCN, and the
selection of manufacturing technologies and pro-
cesses to utilise at these facilities;

• the mode of transport that should be used to de-
liver the products to distribution centres, which
centres should be utilised and in what proportions;

• the choice of technologies to be used for storing
the products;

• the selection of means to eventually distribute the
products to the target markets;

• the method for optimal investment in green tech-
nologies and initiatives throughout the SC accord-
ing to a predetermined total budget, the specified
maximum budget per unit flow on each link, and
in case of capital-intensive links, the minimum in-
vestment amounts per unit flow that would be re-
quired to set up new green links;

• the amount of emissions generated at each link in
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the SC, the resultant carbon tax owed, and the
amount that will be saved through green invest-
ments;

• the labour hours required on each link to achieve
such operations, as well as the impact that the
engagement of employees with green investments
has on productivity; and, finally,

• the optimal profit generated when considering all
the above elements together.

Moreover, the model can be used in order to investi-
gate the effects of changes in the SC, be it changes in
cost functions, the introduction of new nodes into the
SCN or the deletion of nodes, changes in consumers’
attitudes with regards to sustainability, changes in the
competitors’ outputs, increases/decreases in employee
engagement levels, and the addition/deletion of de-
mand markets. The model can also be used to conduct
sensitivity analysis on a number of different parame-
ters. Finally, the model can be applied by policymakers
who would like to study the impact of the introduction
of a carbon tax on a specific industry, the effects of in-
ternational competition and/or the effects of a merger
in a specific industry on the resulting competitiveness.

In order to demonstrate the utility of the model in
practice, we considered three scenarios inspired by the
Maltese dairy industry. Through these scenarios, a
number of managerial insights emerged. We could see
how having a more environmentally conscious competi-
tor in the market can have an impact on the demands,
prices and eventual profits of competitors. Through
the sensitivity analysis on the budget parameter, it
was shown that one way to recover the market posi-
tion would be through increased investments in green
initiatives, to render the firm more attractive to con-
sumers, to boost the engagement and productivity of
employees and ultimately to reduce the harm to the
environment. This highlights the impact that SC com-
petition can have on firms, such that one firm opting to
prioritise sustainability in its SC could have the domino
effect of causing other firms to follow suit.

A key finding of this paper is the importance of em-
ployee engagement and well-being within the SC. In
Scenario 2, we studied a situation where there was no
employee engagement with the green investments being
made. Results showed a decline in profitability of both
farms, with Farm 2 feeling the effects even stronger
due to its considerable investments in building a sus-
tainable SC. Without the engagement of employees,
the benefits of the investments could not be enjoyed
to their full potential. This highlights how essential
employee engagement is in the shift towards a greener
SC, thus meriting more research to be focused on this
area. Sensitivity analysis on the employee engagement
parameter also highlighted that if a firm is perceived
as not doing enough (by not investing enough in green
initiatives) by its employees, then this will have a neg-
ative impact on its profits. Finally, the labour disrup-
tion scenario, presented in Scenario 3, highlighted how

essential the health of employees is, a theme that was
also emphasised in [18]. Thus, as the pandemic re-
cedes into the background, the responsibility now falls
on individual firms to ensure that employee health and
well-being is prioritised.

4.2 Future Research

Currently, the model is in the form of a static, non-
cooperative game, where decisions are made once and
simultaneously by all competing firms. An interesting
extension to this would be the modelling of a multi-
period dynamic game, where decisions are taken mul-
tiple times over a number of successive time periods,
as in [27, 31]. In our model, we also assumed that all
parameters are common knowledge amongst all firms.
Thus, future research could include asymmetric infor-
mation or utilise stochastic programming to model the
uncertainty in various parameters. Furthermore, more
sophisticated solution algorithms, such as metaheuris-
tic methods [15], may need to be considered when ap-
plying the model to more complex SCNs.

With regards to the sustainability aspect, the model
could be expanded to consider progressive taxes and
emissions penalty systems as in [30], as well as govern-
ment subsidies for investment as in [31]. With regards
to the labour element, future research could implement
Lagrange analysis of the variable bounds, as well as the
inclusion of elastic wages such that the availability of
labour is dependent on the level of wages paid by the
firm, as in [17, 19]. Competition between firms for
labour could also be modelled through shared labour
bounds for all firms, as in [18].
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