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Abstract
This study involves an optimum balance between ordering cost reduction and product deterioration in controllable carbon 
emissions for a sustainable green warehouse. The sensitivity analysis is to simulate the impact of those attributes. Indus-
tries are foraging to find a proper balance between the use of fossil fuels and reducing carbon emissions, as burning fossil 
fuels is also indispensable for industrialization. Carbon can emit through inevitable logistic activities in the chains (e.g., 
lighting, heating, air-conditioning, product deterioration). An industry always attempts to curb those emissions through 
energy-efficient green technology. The green warehouse is a popular store system in present supply chains to limit the car-
bons. Product deterioration, particularly for perishable items, is also important for a practitioner to decide how to preserve 
a perishable product for maximum shelf-life. There is a common tendency among industries to increase order frequencies 
and volumes in search of a better preservation strategy, increasing the ordering cost and the probability of carbon emis-
sions due to increased transportation. A realistic mathematical model is proposed based on those decision parameters by a 
sensitivity analysis to demonstrate the impacts. The results showed an increase of 46.30% profit is achieved when all three 
proposed reduction attributes, but shortages are considered. This improvement is significant without shortage, whereas the 
increased profit is 94.75%.

Keywords Sustainable inventory management · Carbon emission · Product deterioration · Preservation technology; Green 
policy

Introduction

The challenge is to ensure optimal balance between the natu-
ral environment and production capacity by efficiently utiliz-
ing renewable resources and respecting local communities. 
Prior studies showed one major interpretation of sustainable 
developments (SD) studies is the lack of clarity regarding its 

definition and applicability in the last decade (Shamsuddoha, 
2015; Pohlmann et al., 2020). Increasing concern about cli-
mate change and natural resource depletion has instigated 
the SD concern. Essentially, natural environments and social 
equity are increasingly becoming the two foremost pillars for 
industry; while the onus is on the firms to safeguard natu-
ral environments, social equity is also being asked in their 
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everyday chores (Tavassoli & Saen, 2022; Vachon and Mao, 
2008). SD realms span from public policies and international 
trade to economic growth and are linked to the supply chain, 
i.e., natural environments and social impacts are analyzed 
in isolation (Centobelli et al., 2020; He et al., 2020; Nahr 
et al., 2020).

Inarguably, linking supply chain strength consider-
ing social, economic, and environmental dimensions is a 
daunting task and challenging for practitioners. The growing 
consideration paid to sustainable manufacturing has been 
directed to improve logistic models by minimizing internal 
and external costs of logistics. Prior studies focus on reduc-
ing the carbon footprint on logistics accomplishments when 
external expenses are rarely considered and involve carbon 
emissions for perishable products in inventory management 
(Venkat, 2007; Hua et al., 2016; Poursoltan et al., 2021). A 
proper balance among social, economic, and environmental 
dimensions remains a dilemma. For instance, a warehouse 
needs to increase the number of deliveries for their raw 
materials and finished goods, which incurs higher transpor-
tation costs to increase production capacity and manufactur-
ing quantity. (Andiappan et al., 2021; Ansari et al., 2020), 
As a result, the transportation increases result in more green-
house gas (GHG) emissions to hamper environments.

Industries take to green the whole supply chain system, 
spanning from raw material delivery to finished goods trans-
portation toward environmental sustainability (Battini et al., 
2014). It needs to find ways to reduce carbon emissions from 
production-based problems to ensure environmental sustain-
ability (Tseng et al., 2020). In addition to  CO2 emissions 
from transportation, excessive burning of fossil fuels and 
deforestation are generated by urbanization to ensure climate 
change and global warming (Cholette and Venkat, 2009; 
Mtalaa et al., 2009). A proper strategy to reduce the rate of 
emissions is pivotal for an SD (Ansari et al., 2020; Jaiswal 
et al., 2019). Recently, due to technological advancement 
and globalization, many strategies have been taken to ensure 
carbon emission reduction. Many industries have used car-
bon capture, cap-and-trade, carbon offset, and cap and tax 
in recent days to curb emissions. However, some industries 
are not encouraged to modify their ways.

One of the most serious flaws in the cap-and-trade sys-
tem is to encourage companies that are most reliant on fos-
sil fuels to continue harming the environment. There is no 
incentive to switch to renewables or become more inventive 
due to the needed price has no influence. As a result of the 
maximum caps, the government collects more money, but 
no serious effort is made to reduce carbon dioxide or other 
glasshouse emissions. Some corporations may be enticed 
to cheat by cap-and-trade schemes. This arrangement can 
help corporations comply, but it also encourages them to 
game the system. Agencies can continue to pollute, as usual, 
diverting attention away from the larger goal of saving the 

world for future generations. In a cap-and-trade system, it is 
not uncommon for agencies to request extensions or greater 
room under the cap in order to maintain their commercial 
prospects. Continual updates to the program that allows 
more pollution would depreciate the value of the trade 
mechanism, putting this alternative on the verge of failure. 
The implementation costs would be extremely high. Cap-
and-trade systems can only work globally if every country 
participates in programs that operate within the same frame-
work and context. When one country allows higher levels of 
pollution than another, the number of glasshouse gas emis-
sions that are released into the atmosphere each year may be 
insignificant. Despite these disadvantages of the mentioned 
strategies, green technology can only work efficiently with 
a minimum drawback in modern days green supply chain 
to limit the emissions (Mashud et al., 2021; Mishra et al., 
2020a; Mishra et al., 2021; Datta, 2017).

GHG emission happens due to the disposal of deterio-
rated products and many other reasons, while deterioration 
is common for perishable items. Product deterioration has 
significant social and environmental impacts along with its 
outstanding economic aspects. (Jouzdani and Govindan, 
2020). Fundamentally, if the quality of the product deterio-
rates, its functionality diminishes, or values decrease over 
time, that product is contextualized as a perishable product 
(Amorim et al., 2013). The preservation of perishable items 
has a significant connection with GHG emissions. It is a 
natural behavior that applies vastly to agronomic products, 
food items, capricious liquids, perfumes, pharmaceutical 
products, radioactive substances, electronic components, 
gasoline, and photographic films (Jouzdani and Govindan, 
2020). Manufacturers should develop suitable preservation 
technology to control GHG emissions (Mishra et al., 2019). 
For example, the deterioration rate of ice cream condensed 
by keeping the item in a deep fridge or by using ice. Incor-
porating a cool supply-chain policy can diminish the dete-
rioration rate of certain fruits items. The cost of preservation 
technology is expensive; however, it attempts to reduce the 
total preservation costs while ensuring the expected profit 
margin. Studies showed effective ways of preserving prod-
ucts to lengthen their lifetime. Integrating the concept of 
product deterioration factor into the green policy is ignored.

The usual practice is increasing the order quantity and 
frequency to minimize product shortages or unavailability 
of raw material. However, each order brings transportation 
costs, managerial costs, and others. In addition to those 
costs, increased order frequency and quantity also result in 
increased transportation numbers and subsequently escalat-
ing GHG emissions. Unsatisfied customers in the dynamic 
demand pattern and unforeseen buying behaviors due to 
product shortages may leave the brand or switch to other 
products to escalate further firms’ losses (Finco et al., 2022; 
Mashud et al., 2020). Firms take proactive measures to stop 
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that shortage from happening. After transportation the 
products, the retailer needs a considerable amount of order-
ing cost to finish the purchase appropriately and reduces 
GHG emissions by using green technology. The parameters 
involved in this study are product deterioration and order-
ing costs in controllable CO2 emissions. From a sustainable 
perspective, designing a supply chain strategy by an isolated 
consideration of green policy or even green policy and pres-
ervation technology may not include all factors associated 
with environmental impacts (Mishra et al., 2020a).

Reducing carbon emission and deriving for economic 
order quantity (EOQ) model or a sustainable inventory 
model has been involved in a recent and challenging research 
domain (Mishra et al., 2020a; Poursoltan et al., 2021). This 
study tried to bridge this gap and is motivated by the neces-
sity of consolidating SD concerns with the EOQ model and 
derives an EOQ model with the concentration on reducing 
ordering cost, impacts of green policy and deterioration of 
products. Carbon emission and green policy are considered 
and along with a consideration of green technology invest-
ment. This study deliberates that the customer’s impatience 
factor depends on the waiting time to minimize the impact of 
shortages due to reducing ordering costs. The total demand 
during the stock-out period is either lost or backlogged, 
and this is allowed deficits with partial back ordering as an 
important assumption. The objective is to derive a sustain-
able inventory model considering product shortage and pres-
ervation technology of perishable items for a controllable 
 CO2 emission green warehouse industry. The contributions 
of this study are mainly in four folds:

• This study shows how optimal replenishment time may 
vary during the business and how it impacts the other 
model attributes.

• It shows how green investment reduces carbon emissions 
to the environment produced due to logistics activities.

• The proposed model provides insights into how the dete-
rioration of products impacts the total profit and how one 
can control the deterioration by implementing preserva-
tion technology.

• This study proposes a model for a sustainable inventory 
system for the industry by simultaneously integrating 
product deteriorations, ordering cost reductions, green 
policy, and shortages into an inventory model and shows 
how they contribute to the proposed model with fluctua-
tions of each parameter individually or combined.

This study’s remaining section is prepared as follows: 
The “Literature review” section delivers a literature review 
about inventory models and green policy integration with 
the inventory models. The problem background, notations, 
and assumptions are described in the “Problem definition” 
section, while the “Mathematical formulations” section 

discusses the mathematical formulation of the model, and 
its associated theoretical derivations have been discussed in 
the “Theoretical derivation” section. The “Case study and 
numerical illustrations” Section provides computational 
experiments with a case study for model validation, the 
“Results analysis” section represents discussions of results, 
the “Sensitivity analysis” section highlights the sensitivity 
analysis of the model, and the “Managerial Insights” section 
leads a few managerial insights. Finally, the “Conclusions” 
section presents the concluding remarks with a narration of 
possible future studies.

Literature review

The literature review section reviews four main streams of 
sustainable greenhouse firms. The streams are the SD con-
cept in sustainable inventory management, the concept of 
product deterioration reduction (preservation technology), 
the ordering cost reduction, and finally, the impacts of inven-
tory system shortages. These four main pillars of the litera-
ture represent our model. At the end of the literature review, 
some striking sentences are provided to reflect the validation 
of the proposed model with the combination of these emerg-
ing issues. A summary of existing literature is provided in 
Table 1 to show the difference between the proposed and 
existing models.

Sustainable inventory management

Bonney and Jaber (2011) included SD on the EOQ model 
and asserted the importance to the economic and environ-
mental point of view but lags in social aspects. Soleymanfar 
et al. (2015) deliberated a model for the sustainable lot-siz-
ing problem under partial backorder shortages and presented 
a lot-sizing problem that later transferred all the emissions 
in a tangible matrix to show the model’s superiority. Xu 
et al. (2016) incorporated the cap-and-trade policy in the 
lot-sizing model to curb emissions. Hariga et al. (2017) 
derived an integrated model with economic and environ-
mental policy for the temperature-controlled supply chain 
model but ignored the social issues. Taleizadeh et al. (2018) 
developed an economic production quantity model with SD 
and shortages with obsolescence in production and proposed 
four different models concerning SD and shortages. Tayyab 
et al. (2019) developed a sustainable model for a multi-
item, multistage textile production system. They claimed a 
3.29% reduction in total cost by investing 86% for defective 
items and 14% for setup cost reduction. Mishra et al. (2020) 
evolved a closed-loop supply chain model with cap-and-
trade policy and waste management and tried to make the 
system more profitable, while Ghosh et al. (2017) antici-
pated carbon cap policy in a lot-sizing problem. Prior studies 
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claimed both SD and inventory issues and highlighted the 
potential impacts of not implementing SD in inventory 
management. The possible way is to desegregate SD phi-
losophy into proper inventory management. Mishra et al. 
(2019) added an attribute called environmental emission. 
Yet, this study illustrates a specific source of environmental 
emissions to improve the prior study, such as transportation, 
lighting, heating, air-conditioning, and product deteriora-
tion. In addition, Mishra et al. (2019) involved a non-linear 
holding cost. On the contrary, this study considers a linear 
holding cost, which is more realistic than non-linear because 
the price of the products varies according to the holding cost 
of the products.

Carbon emission lessening has become a global contest 
for industries worldwide (Ansari et al., 2020; Finco et al., 
2022; Jaiswal et al., 2019). Food wastage is also a big con-
tributor to GHG emissions in the global economy. According 
to an FAO assessment in 2011, the total amount of carbon 
emissions to the environment is approximately 3.6 Gt  CO2 
(See Fig. 1) without counting deforestation. This amount 
is further raised to 0.8 Gt and equivalent to 4.4 Gt  CO2 per 
year. If food wastage were a country, it would become the 
third-highest carbon-emitting country in the world, accord-
ing to Fig. 1.

Considering the production system, Hammami et  al. 
(2015) vested in a multi-echelon production-inventory model 
for carbon emissions with a cap-and-trade policy and lead 
time constraints; as a result, carbon emissions from trans-
portation have applied the cap policy first then the trade.

Hou et  al. (2016) developed an integrated inventory 
model with imperfect quality and environmental impact and 
claimed that the model is useful particularly for inventory 
systems where the vendor and the buyer form a strategic alli-
ance for profit sharing. Zhang (2019) derived a model and 

determined which policy is more effective for carbon reduc-
tion in all industries. Many studies on carbon cap policy are 
related to external carbon emission control systems rather 
than coagulating within the inventory management strategies 
to minimize carbon emitted products (Ansari et al., 2020; 
Hammami et al., 2015). This study argues that the carbon 
emissions control policies for the business profitability and 
a better carbon-free environment.

Preservation technology

In addition to this green policy and carbon emission reduc-
tion measures, deteriorating inventories is another primary 
concern among practitioners and researchers, mostly due to 
a few items’ perishable nature. For instance, due to the high 
uncertainty in demand, the retailer cannot guarantee that 
deteriorating items are sold before it deteriorates entirely. 
Thus, preservation technology is often beneficial for the 
retailer to prevent product deterioration and, consequently, 
the retailer’s profit. Dye (2013) and Mashud et al. (2019) 
concentrated on different deterioration types, including 
variable and constant, whereas both presented their model 
focusing on non-instantaneous deteriorating items while 
Teng et al. (2016) and Taleizadeh (2014) presented their 
model for deteriorating items with an advance payment sys-
tem. These studies showed that every product has a fresh 
lifetime; maybe the time is short; in that period, the products 
have no degradation in quality or quantity. Earlier Goyal 
and Giri (2001) presented a brief survey on deteriorating 
items over a decade in inventory management. Both have 
tried to control the deteriorating items by implementing 
preservation technology. To lessen the deterioration rate 
for food and medicine items, Pervin et al. (2020) derived 
a deteriorating model with preservation technology with 

Fig. 1  Total GHGs emissions (Gt) top 20 countries (the year 2011) vs. food wastage (Source: 1WRI’S Climate Data Explorer)
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stock and price-sensitive demand. The model would maxi-
mize the profit, and the amount for preservation technology 
is minimum concerning optimal cycle length. Combining 
preservation and carbon emission reduction, Sepehri and 
Gholamian (2021) presented a lot-sizing model. They argued 
that cap-and-trade policy effectively curbs emissions and 
discovers pricing strategies in that model. However, some 
countries worldwide still suffer from implementing cap-and-
trade policy strategies due to the weak regulatory adminis-
tration. But some industries want to follow some regulations 
to reduce carbons. Hopefully, these attempts fill gaps with 
the proper use of green technology, which does not need to 
be controlled by any authority but by the owner.

Ordering cost reduction

In a classical inventory model, setup or ordering cost is 
assumed to be a fixed, constant, and uncontrollable variable. 
However, in practice, the ordering cost is controlled. It is 
essential for sustainable inventory management because due 
to the businessman’s volatile nature in the retailing business, 
it is a prerequisite to reserve some money as an ordering 
cost that ensures completing the order and helps the supplier 
to run the business smoothly. Sometimes in an integrated 
inventory model, the retailer is willing to provide ordering 
costs to a supplier collaboratively to reduce the turnover of 
the supply chain (Glock, 2012; Nahr et al., 2020; Poursoltan 
et al., 2021; Tavassoli & Saen, 2022). Tahami et al. (2016) 
proposed an integrated inventory model with ordering cost 
reduction and controllable lead time by applying a just-in-
time policy. Kim and Sarkar (2017) formulated an inventory 
model with multistage quality improvement, which led to 
time-dependent ordering costs. But it lags to design for mul-
tistage supply chains with environmental issues. Dey et al. 
(2019a) utilized the concept of discrete investment to reduce 
setup costs and improve the quality of products and the con-
templation of environmental impacts in an integrated inven-
tory model. Later, Dey et al. (2019b) proposed a continuous 
investment in reducing the whole production systems setup 
cost and a discrete investment for ordering cost reduction. 
Tiwari et al. (2020) recently provided an integrated inven-
tory model with setup cost reduction. The study showed that 
a setup cost reduction could significantly intensify the profit 
by balancing the relations to other chain attributes.

In most cases, ordering cost reduction was addressed 
through some capital investment, but the important thing 
that was missing was environmental issues. It is commonly 
observed that for a bigger lot, huge amounts of carbon are 
emitted daily in retailing business through transportation or 
holding of products, which is not highlighted in previous 
studies. Moreover, managing a more substantial amount of 
inventory is closely related to the lot size, which is closely 
associated with products’ transportation.

Involving shortages

The shortage is a natural phenomenon and happens in 
real life for a certain situation, and it has a significant 
value for the inventory model. Shortage always nega-
tively impacts the customer, and they usually leave the 
system, except for some fashionable items. In contrast, 
some customers may like to wait for the next slot. But 
the willingness diminishes with increasing the waiting 
time. Hence, a detailed analysis of this system has been 
developed by (Papachristos and Skouri, 2000; Yang, 2005; 
Teng et al., 2007). Taleizadeh et al. (2018) anticipated 
a sustainable economic production quantity model with 
stock-out situations. It illustrates four cases based on real-
life problems and shows the difference between shortages. 
Recently, Khan et al. (2020) presented that the perish-
able product is under partial shortages and considers two 
models based on shortages; one is partially backlogged, 
and another is without shortages. Optimum management 
among deterioration and reduced carbon emissions has 
been correlated in a sustainable supply chain model and 
argues that a proper green technology can significantly 
reduce carbon emissions for both with and without short-
age cases. Mashud et al. (2020) formulated a sustainable 
two-warehouse problem with an advance payment scheme 
and a partially backlogged shortage. It provides a portion 
of demand that is partially backlogged when stock-out 
situations happen. While most of the existing works had 
considered customer’s impatience factor depends linearly 
on the waiting time due to shortages; however, in prac-
tice, this impatience factor depends exponentially on the 
waiting time, which needs further attention for advanced 
research.

In summary, while most of those existing works have 
attempted to reduce emissions by applying different green 
policies (cap-and-trade, carbon offset etc.), however, very 
few of them have considered the deterioration of the product. 
However, despite the necessity of considering green poli-
cies, product deterioration, preservation technology, product 
shortages, and ordering cost reductions significantly impact 
the recent sustainable supply chain. In contrast, surprisingly, 
there has been no work on such a combination yet, which 
instigates this research work and is claimed as a major con-
tribution stemming from this study.

Problem definition

A retailer-customer relationship is presented through the 
projected model, where the retailer’s primary purpose is 
to serve the customers better and increase the profit. The 
retailer makes orders to purchase the desired products 
from the manufacturer and sells them to customers at retail 
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prices. So, replenishment is considered instantaneous. But 
the delivery system is continuous, and no gaps are cre-
ated due to the strong interrelation between the supplier 
and the retailer. In this case, the lead time is ignorable. 
Here, the ordering cost is controlled by the manufacturer 
on investing capital. Upon receivable of the manufacturer’s 
purchased products, the retailer has to store them in the 
warehouse until they are sold. Since the customers’ demand 
depends on many factors, the retailer used a deterioration-
protected technology to protect from erosion during this 
time. Using preservation technology, the rate of deteriora-
tion is reduced by using the function, x(λ) = e−bλ, which 
satisfies 𝜕x(𝜆)

𝜕𝜆
< 0,

𝜕2x(𝜆)

𝜕𝜆2
 Here, λ denotes the investment and 

b the sensitive parameter of investment (He and Huang, 
2013; Mishra et al., 2018).

Moreover, sometimes the sale of products may go faster 
than the retailer thoughts, a shortage often occurs, and the 
retailer needs to backlog some items from the next lot to 
fulfil the customers’ demand. So, in the proposed model, 
this realistic assumption is also considered. If w > 0 be the 
backlogging parameter, then the rate of partial backlogging 
is determined as e−w(L − t) and (L − t)denotes the waiting time 
for the latter replenishment (Tiwari et al., 2018).

As evident, carbon emissions are prone to occur 
during the holding and transportation from suppliers 
to retailers and retailers to end customers. So, it has 
adverse impacts on the environment. Considering these 
emerging issues, it is obvious to obey the government 
rule, e.g., cap-and-trade policy, emission trading, Car-
bon Offset policy, etc. However, some countries, e.g., 
Bangladesh, are still suffering from creating such type 
of rule and its implementation. Thus, in these countries, 
reducing carbon emissions by using green technology is 
a popular tool for a cleaner supply chain. To reduce car-
bon emissions, green technology is considered to reduce 
carbon emissions (motivated by Lou et al., 2015; Datta, 
2017). This green technology needs capital investment 
to improve its efficiency of technology and diminish 
emissions. This model’s main target is to show how a 
retailer can generate maximum profit by investing less in 
ordering costs, preservation costs, and the costs associ-
ated with implementing green technology. Some nota-
tions are used to accomplish the whole model in a har-
monic way (placed in Appendix C).

Mathematical formulations

Three significant elements are taken into concern for the 
proposed model: preservation technology, investment in the 
reduction of ordering cost, and green technology. As short-
age plays a significant role in the daily supply chain system 
from retailing perspective, considering the importance, the 
model’s profit for each situation is discussed below.

Case I (inventory system considering shortage)

Figure 2 delineates the nature of the inventory system during 
the cycle [0, L] In the initial phase; the retailer has Samount 
of product in stock. As observed in Fig. 2, the inventory 
level decreases with time due to product decay and cus-
tomer demands. At the time t = L1,the stock goes blank, and 
a shortage arises during the interval [L1, L]. To compensate 
for this shortage, the retailer makes a new order to re-stock 
the product of Y quantity.

with I1(L1) = 0 = I2(L1), I1(0) = S, I2(L) =  − Y
By solving Eqs. (1) and (2) with boundary conditions, 

we get

At t=0, I1(0) = S the initial inventory for the chain is

At t=L, I2(L) =  − Y, the maximum shortage is

Now total order quantity per cycle
The earnings that a seller earns from the selling of his 

products during certain period is called sales revenue. The 
total sales revenue is written as

Ordering cost represents the cost associated with making 
and processing an order for a certain amount of product to 
the supplier. Ordering cost per cycle is,

In order to purchase a product, the retailer has to spend 
the money decided by the supplier based on the quality or 
level or price of the product. If cpr indicates the purchase 

(1)
dI1(t)

dt
+ �x(�)I1(t) = −D, 0 ≤ t ≤ L1

(2)dI2(t)

dt
= −De−w(L−t) , L1 ≤ t ≤ L

(3)I1(t) =
D

�x

[
e�x(L1−t) − 1

]

(4)I2(t) =
D

w

[
e−w(L−L1) − e−w(L−t)

]

(5)S =
D

�x

[
e�xL1 − 1

]

(6)Y =
D

�x

[
1 − e−w(L1−L1)

]

(8)
SR = ps

{
D

L1∫
0

dt + Y

}

= psD
[
L1 +

1

w

[
1 − e−w(L−L1)

]]

(9)OC =
Ord

L
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cost per unit and Q the order quantity, then the purchasing 
cost per cycle is written as

Holding cost is the expense of storing and managing 
products securely in a certain location, such as a warehouse, 
until the stock becomes zero. If chl indicates the holding cost 
per unit, then the holding cost per cycle is written as

When product supply is low and fails to meet customer 
demand from the stock within a specified lead time, a short-
age of the product occurs. If csr indicates the shortage cost 
per unit, then the shortage cost per cycle is written as

Transportation cost involves the associated expenses of 
delivering ready products to the customer. If g is the fixed 
part of the transportation cost (e.g., expenses related to roads 
(toll, tax fees), loading and unloading fees) per trip, h the 
variable part of transportation cost per trip, m denotes the 
per unit weight of the transported item, and d is the per 
distance travelled, the total number of trips is n1, then the 
transportation cost per cycle is as follows.

(10)
PC =

cprQ

L

=
cprD

L

[
1

�x

[
e�xL1 − 1

]
+

1

w

[
1 − e−w(L−L1)

]]

(11)
HC =

Chl

L

L1∫
0

I1(t)dt

=
ChlD

�xL

[
1

�x

[
e�xL1 − 1

]
− L1

]

(12)
SC =

csr

L

L∫
L1

−I2(t)dt

=
csrD

wL

[
1

w

[
1 − e−w(L−L1)

]
−
(
L − L1

)
e−w(L−L1)

]

During the time of holding products in the warehouse, 
some of them begin to degrade over time and are no longer 
suitable for sale. To prevent deterioration, preservation tech-
nology is projected, which makes an investment. Preserva-
tion cost per cycle is addressed as follows.

Carbon emits due to lightning, heating, air-conditioning, 
and product deterioration while holding the product in the 
warehouse. During transportation, burning fossil fuel from 
trucks also generates carbon emissions. If ef and ev denote 
respectively the fixed and variable carbon emission factor 
per inventory, m is the weight of product, ε the excess pro-
gressive tariff per unit carbon emission, d the distance, n2 
the number of gallons, et the amount of GHG emissions from 
one gallon of diesel truck fuel, and Tx be the carbon emission 
tax, then the carbon emission cost per cycle is written as,

From Eqs. (8) to (15), the total profit per cycle is derived 
as,

(13)TRNC ∶ (g + hmdQ)
n1

L

(14)PRC =
1

L
(�L)

(15)CEC =
1

L

[(
ef + evmQ

)
� + 2dn2etTx

]

(16)

� = SR − OC − PC − HC − SC − TRNC − PRC − CEC

=
1

L

⎡⎢⎢⎢⎢⎣

psD
�
L1 +

1

w

�
1 − e−w(L−L1)

��
− Ord − cprD

�
1

�x

�
e�xL1 − 1

�
+

1

w

�
1 − e−w(L−L1)

��

−
chlD

�x

�
1

�x

�
e�xL1 − 1

�
− L1

�
−

csrD

w

�
1

w

�
1 − e−w(L−L1)

�
−
�
L − L1

�
e−w(L−L1)

�

−(g + hmdQ)n1 − �L −
��
ef + evmQ

�
� + 2dn2etTx

�

⎤⎥⎥⎥⎥⎦

Fig. 2  Graphical illustration of the inventory with shortage system

Fig. 3  Graphical illustration of the inventory system without shortage
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Considering the investment in ordering cost reduc-
tion Ordering costs are to reduce by investment and play 
an important role in increasing the profit of the retailer. 
To reduce ordering cost, an expression v(F) = e−δFis used, 
which satisfies 𝜕v(F)

𝜕F
< 0,

𝜕2v(F)

𝜕F2 > 0where δ(>0)is a constant 
parameter and Fdenotes the investment (motivated by Sarkar 
et al., 2016). Investment in ordering cost reduction per cycle 
is shown in Eq. (17).

By using Eq. (17) in Eq. (16), one can write the total 
profit per cycle as,

Considering the investment in carbon emission reduc-
tion Carbon emission occurs during the holding and trans-
portation of products. This emission can be reduced by using 
green technology, where a certain amount of investment is 
made, as earlier used by Lou et al. 2015 and Datta 2017. The 
fraction of reduction of average emission is defined as Z, 
which isZ = ζ(1 − e−rK). When K = 0, Z becomes zero, which 
means there is no investment. WhenK ⟶ ∞, Z tends to ζ, 
where ζrepresents the efficiency of greener technology in 
reducing emission. Then the green investment cost per cycle 
is,

Adding the GIC per cycle to Eq. (18), the total profit per 
cycle becomes,

Case II (inventory system without shortage)

In this case, the inventory starts with the total Q = S 
units of ordered products. Over time, as product sales 
increase according to customer demand and at the 
same time, the deterioration of goods also increases, 

(17)OIC =
1

L
(FL)

(18)

� =
1

L

⎡
⎢⎢⎢⎢⎢⎢⎣

psD
�
L1 +

1

w

�
1 − e−w(L−L1)

��
− Orde

−�F − cprD

⎡⎢⎢⎣

1

�x

�
e�xL1 − 1

�

+
1

w

�
1 − e−w(L−L1)

�
⎤⎥⎥⎦

−
chlD

�x

�
1

�x

�
e�xL1 − 1

�
− L1

�
−

csrD

w

�
1

w

�
1 − e−w(L−L1)

�
−
�
L − L1

�
e−w(L−L1)

�

−(g + hmdQ)n1 − �L −
��
ef + evmQ

�
� + 2dn2etTx

�
− FL

⎤
⎥⎥⎥⎥⎥⎥⎦

(19)GIC =
1

L
(KL)

(20)�(F,K,L) =
1

L

⎡⎢⎢⎢⎢⎢⎢⎢⎣

psD
�
L1 +

1

w

�
1 − e−w(L−L1)

��
− Orde

−�F − cprD

⎡⎢⎢⎣

1

�x

�
e�xL1 − 1

�

+
1

w

�
1 − e−w(L−L1)

� ⎤⎥⎥⎦
−

chlD

�x

�
1

�x

�
e�xL1 − 1

�
− L1

�
−

csrD

w

�
1

w

�
1 − e−w(L−L1)

�
−
�
L − L1

�
e−w(L−L1)

�

− (g + hmdQ)n1 − �L −

� �
ef + evmQ

�
�

+ 2dn2etTx

� �
1 − �

�
1 − e−rK

��
− KL − FL

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

so during the cycle[0, L], the inventories begin to 
decline and run out att = L. Figure  3 illustrates the 
nature of the inventory system over the length of the 
entire cycle.

The differential equation that represents the state of the 
inventory system during the interval [0, L] is as follows:

With I3(0) = S, I3(L) = 0

Solving Eq. (21) with boundary conditions, we get

At t=0, I3(0) = S the initial inventory for the chain is

The sales revenue for this inventory is

The purchasing cost per cycle is

The holding cost per cycle is

Taking the other costs as like as case I, excluding the 
shortage cost, the total profit per cycle becomes

(21)
dI3(t)

dt
+ �x(�)I3(t) = −D, 0 ≤ t ≤ L

(22)I3(t) =
D

�x

[
e�x(L−t) − 1

]

(23)S =
D

�x

[
e�xL − 1

]

(24)SR = psD

L

∫
0

dt = psDL

(25)PC =
cprQ

L
=

cprD

�xL

[
e�xL − 1

]

(26)HC =
chl

L

L

∫
0

I3(t)dt =
chlD

�xL

[
1

�x

[
e�xL − 1

]
− L

]

(27)

�(F,K, L) =
1

L

⎡⎢⎢⎢⎢⎣

psDL − Orde
−�F −

cprD

�xL

�
e�xL − 1

�
−

chlD

�xL

�
1

�x

�
e�xL − 1

�
− L

�

−(g + hmdQ)n1 − �L −

⎡
⎢⎢⎣

�
ef + evmQ

�
�

+2dn2etTx

⎤
⎥⎥⎦
�
1 − �

�
1 − e−rK

��
− KL − FL
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Theoretical derivation

In this section, a theoretical derivation for the proposed 
two cases is presented one by one. First, in the “For case 
I (considering shortage)” section, the theoretical deriva-
tion for case I (with Shortage) is given, and the “For 
case II (without considering shortage)” section presents 
the theoretical derivation for the without shortage case 
(case II).

For case I (considering shortage)

The theoretical derivations set out in this section prove 
the profit function’s concavity. The critical points for 
which the profit function behaves concave should be 
figured out. We use the necessary concavity condition 
by differentiating the profit function represented by Eq. 
(20) concerning the decision variables (F, K, L) and then 
setting those derivatives to zero to obtain the required 
critical points.

where
Now solving Eqs. (21), (22), and (23), we get

Where
Since the profit function is highly non-linear, it is difficult 

to prove the concavity regarding all decision variables, as 
usual. Therefore, in this section, it is proved by imposing 
some conditions.

Proposition 1. For any fixed Kand L, ϕ(F, K, L)is a 
pseudo-concave function of ordering cost reduction invest-
ment F, if δ > 0 and hence there exists a unique optimal 
investment F which characterized as

(28)
��

�F
=

1

L

[
�Orde

−�F − L
]

(29)
��

�K
=

1

L

[
r�
[(
ef + evmQ

)
� + 2dn2etTx

]
e−rK − L

]

(30)

��

�L
= −

�

L2
+ we−w(L−L1) +

1

L
e−w(L−L1) +

1

wL2
e−w(L−L1)

(31)F ≅
1

�

(
1 −

L

�Ord

)
= F∗

(32)
K ≅

1

r

(
1 −

L

�1

)
= K∗, where �1 = r�

[(
ef + evmQ

)
� + 2dn2etTx

]

(33)
L ≅

3

√
�1 +

√
�1

2 + �2
3 +

3

√
�1 −

√
�1

2 + �2
3 + �3 = L∗

Proof: Let us take the first and second-order partial 
derivatives of the profit function in Eq. (20) with respect 
to F; one gets

To get the optimum solution, expand the result of Eq. (34) 
in Taylor’s series (taking the first two terms), then set this to 
zero, and after some manipulation, one gets

F ≅
1

�

(
1 −

L

�Ord

)
= F∗ , which is the optimal point where 

one can get the optimum value of the retailer’s profit func-
tion. If the value of δ < 0, then the value of F becomes nega-
tive, which is not acceptable as F is considered an invest-
ment in reducing ordering costs. Thus, when it happens, F 
is considered zero. This proves the first part (a) of the propo-
sition. To check the concavity at F = F∗let us substitute the 
value of F in Eq. (35), and performing some calculations one 
can write,[

𝜕2

𝜕F2

]
F=F∗

= −𝛿 < 0 when 𝛿 < 0 . As the second-order 
derivative satisfies at F = F∗, so the optimal maximum profit 
attains in this point, which satisfies the second part (b) of the 
proposition. This completes the proof.

Some other necessary properties which help to obtain the 
maximum profit for the retailer are:

Proposition 2. For any fixed Fand L, ϕ(F, K, L)is a 
pseudo-concave function of green investment K and hence 
there exists a unique investment K∗.

Proof: To avoid redundancy, the proof is omitted as it is 
akin to that of Proposition 1.

Proposition 3. For any fixed Fand K, ϕ(F, K, L)is a 
pseudo-concave function of the replenishment time L and 
hence there exists a unique period L∗.

Proof: To avoid redundancy, the proof is omitted as it is 
akin to that of Proposition 1.

To prove the retailer’s profit function jointly concave or, 
in other words, provides maximum profit with regard to 
decision variables, one can easily accomplish Eq. (20) by 
exploiting Eqs. (31), (32), and (33).

Lemma 1. When the value ofM > 0, then the retailer’s 
profit function ϕ(F, K, L)attains maximum values.

Proof: Placed in Appendix A.
Now, using Lemma 1, one can easily prove the following 

proposition.

(a) F∗ =

⎧⎪⎨⎪⎩

0,when𝛿 < 0

1

𝛿

�
1 −

L

𝛿Ord

�
, when𝛿 > 0

;

(b) the solution found F∗ in (a) satisfies the sufficient condition

for retailer�s maximum profit.

(34)
��

�F
=

1

L

[
�Orde

−�F − L
]

(35)
�2�

�F2
= −

1

L
�2Orde

−�F
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Proposition 4. For any fixedF, ϕ(F, K, L)is a pseudo-
concave function of green technology investment K and 
replenishment time L,hence, there exists a unique solution 
at (K∗, L∗) and which are characterized as:

Proof: Please see Appendix B
Proposition 5. For any fixed K, ϕ(F, K, L) is a pseudo-

concave function of ordering cost reduction investment F 
and replenishment time Lthus, there exists a unique solution 
at (F∗, L∗)

Proof: To avoid redundancy, the proof is omitted as it is 
akin to that of Proposition 4.

Proposition 6. For any fixed L, ϕ(F, K, L)is a pseudo-con-
cave function of ordering cost reduction investment F and 
green technology investment K, hence there exists a unique 
optimal investment at (F∗, K∗)

Proof: To avoid redundancy, the proof is omitted as it is 
akin to that of Proposition 4.

For case II (without considering shortage)

To derive the concavity of Eq. (27), it is required to obtain 
the critical points by aggregating the first-order deriva-
tive with reliant to decision variables to zero. However, 
the critical points are revealed through some relations, 
which are:

The critical points are:

(a) K∗ =

⎧⎪⎨⎪⎩

1

r

�
1 −

L

𝜛1

�
, if r > 0 and 𝜛1 > 1

o, otherwise
;

(b) L∗ =
3

�
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�
𝜂2
2
+
�
𝜂3 − 𝜂2

1

�3
+

3

�
𝜂2 −

�
𝜂2
2
+
�
𝜂3 − 𝜂2

1

�3
+ 𝜂1

(c) the solution found K∗ in (a)

and L∗ (b) satisfies the sufficient condition for retailer�s

maximum profit jointly.
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,�6 = Orde
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2

9�4
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 .

Now, need to put these critical points obtained from 
Eqs. (39), (40), and (41) in second-order derivative regard 
to respective decision variables to verify the sufficient 
conditions and the derivation system is the same as case 
I. So, similar way as shown in case I, it is possible to 
derive the concavity of the profit function (27) with the 
help of some propositions and a lemma’s. As the nature 
of the profit function of case II is almost the same as 
the profit function for case I, so the need for the same 
solution approach has been avoided here to circumvent 
redundancy.

Case study and numerical illustrations

To validate the proposed theoretical model, we have 
considered a practical case study of a green warehouse 
in India (motivated by the works of Taleizadeh et al., 
2018 and Mishra et  al., 2020), where the main item 
is vegetables. Here, the assumption is that the garden 
manager stores some vegetables that are highly prone 
to deteriorate over time (Fig. 4). To reduce the dete-
rioration of items, the manager used air-conditioning 
system. To secure a long lifetime of the items, the gar-
den manager uses limited lighting and heating systems 
whenever needed. All these systems (air-conditioning, 
heating, lightning) produce carbons for the environment. 
The manager always tries to curb the emissions by intro-
ducing energy-efficient green technology, which helps 
the warehouse to become greener and cleaner than tra-
ditional ones. We have accumulated some relevant data 
from the garden with a face-to-face discussion with the 
garden manager to illustrate the model and then tried to 
fit it into the presented model. All those primary data 
are employed and exemplified with three sample cases 
(i.e., examples 1, 2, and 3).

A proper experimental setup and result analysis have 
demonstrated that using green technology investment to con-
trol the carbon emission and implementation of advanced 
preservation technology can give better benefits to moni-
toring the environment and sustainable developments with 
healthy profit margins. To solve these examples, we have 
considered the key steps as outlined in Algorithm 1. More 
importantly, all the numerical examples are based on the 
original model. At the same time, Taylor expansion is used 
only to show the theoretical derivations as the profit function 
is highly non-linear.
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Example 1. Let us assume that the following parameters 
are collected from the green warehouse industry of India.

Initial expense for placing order product demand 
D =

1000unit

year
, cost on product purchases cpr =

$160

unit
, cost of 

holding the purchased items chl =
$2

unit
, cost for a backlog-

ging item due to shortage csr =
$3

unit
, deterioration rate 

γ = 0.55, investment cost to preserve items from decay 
λ = $10, the sensitive parameter of investment in preserva-
tion technology b = 0.6, sale price ps = $250, the backlog-
ging parameter w = 0.2, the constant parameter of order 
cost reduction investment δ = 0.95, fixed part of transpor-
tation cost of transporting items g = $0.03/trip, variable 
part of transportation cost per trip h = 0.02, the distance 
to travel d = 100km, weight to carry during transportation 
m = 2kg/unit, number of travel times n1 = 5, fixed carbon 
emissions while holding inventory ef = 0.9 variable car-
bon emission factor per holding cost ev = 0.7, additional 
progressive tariffs per unit of carbon emissions ε = 5, 
number of gallons per truck n2 = 30, the amount of GHG 
emitted from one gallon of diesel truck fuel et = 0.4, tax 
imposed on carbon emissions Tx = $3/ton CO2, the part 
of carbon emissions when investing in green technology 

ζ = 0.2, green technology efficiency in reducing emis-
sions r = 0.6.

Now, by dint of Algorithm 1 and exploiting sufficient 
conditions presented in Eq. (35), one gets[

𝜕2𝜙

𝜕F2

]
F=F∗

= −0.95 < 0 By using Proposition 1.
And from Equation (42), the value of M = 17778.23, 

which is positive and so large value.
So, by using Lemma 1, from Eq. (50), one has[
𝜕2𝜙

𝜕L2

]
L=L∗

= −762.7210 < 0 And it satisfies the condition 
stated in Proposition 4.

Now, with the help of Lingo 17 software with the aid of 
an exact optimization approach, we have obtained the fol-
lowing optimal solutions:

time from which shortage starts

The graphical view of the profit margin under various 
investments and timeframes is displayed through the follow-
ing 3D graphs. Figure 5 delineates the concavity of the profit 
function subject to F and L. In contrast, Fig. 6 delineates 
the profit function subject to K andLAfter these, a complete 

L1 = 2.498, � = 18.56,F = $5.393,K = $7.897,

L = 2.831, and � = $58107.45.
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procedure of the total solution system is depicted in Fig. 7 
through a flowchart. It provides a clear idea about calculat-
ing the proposed model numerically by imposing preserva-
tion technology, order cost reduction, and green technology 
investment.

Example 2. If we contemplate such a situation when car-
bon emissions do not occur, then taking the same param-
eter values mentioned in Example 1 and neglecting the 

carbon-related parameters, we obtain the following optimal 
solutions:

As per the result, the capital investment on ordering costs 
and the system’s profit has increased. It is rational since 
there is no carbon emission during the chain’s transporta-
tion; the retailer does not need to invest in a green policy 
and can order a bigger lot with the money he is supposed to 
use to control carbon emissions. Some further investment in 
ordering cost is required to maintain a bigger lot. Therefore, 
to control the intensification of ordering costs, the retailer 
raised the capital investment in it.

Example 3. When there is no shortage, then taking the 
same parametric values mentioned in Example 1 and the 
backlogging parameter w = 9999999999 (here, we have 
taken backlogging parameter as large as possible because in 
the proposed model, when the backlogging parameter tends 
to infinity, the solver generates a case without shortages). 
By applying this concept, we obtain the following optimal 
solutions,

λ  = 18.87, F  = $5.459, K  = $7.930, L  = 2.657, 
and ϕ = $57789.01. which shows the result is less profitable 

L1 = 0.011, � = 9.443,F = $11.092, L = 0.012, and � = $69953.54.

Fig. 4  A sustainable green warehouse supply chain with emissions and preservation technology

Fig. 5  Concavity of total profit function with respect to F and L 
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than the case with shortages. When there is no shortage, it 
means that all the stocks need to be held by the retailer for 
a certain period together with their deterioration. Thus, to 
maintain these consequences, it needs some expenses. Con-
sequently, the case without shortages provides less profit 
than the case of shortages in the supply chain.

Results analysis

A recent and challenging study domain has been involved 
in reducing carbon emissions and developing an economic 
order quantity (EOQ) model or a sustainable inventory 
model (Mishra et al., 2020a; Poursoltan et al., 2021). This 
study attempted to close the gap by combining SD issues 
with the EOQ model and developing an EOQ model that 
focuses on lowering ordering costs, green policy implica-
tions, and product deterioration. Carbon emissions and green 
policies are taken into account, as well as a green technology 
investment. The customer’s impatience factor is based on 
the waiting time to minimize the impact of shortages due 
to lower ordering costs, according to this study. During the 
stock out phase, the complete demand is either lost or back-
logged, and thus allows for deficits with partial back order-
ing as a key assumption. The goal is to create a sustainable 
inventory model that takes into account product shortages 
and perishable item preservation technology for a low-CO2 
green warehouse sector. To form Fig. 8, Lingo 15 software 
and Algorithm 1 (for case I) with the flowchart depicted 
in Fig. 6 are combinedly used and alternatively plugged-
in different parameters for both the cases in a Core 2 duo 
PC of speed 3 GHz. Figure 7 provides information about 
the earned profits of two cases through bar diagrams and 
compares them in 8 different situations. Overall, in all cir-
cumstances, it is promptly evident that case I (with shortage) 
acquired maximum profits than case II (without shortage).

It is noted that when investments in preservation, order 
cost reduction, and green technology are present together, 
the profit obtained is 58107.45 for case I and 57789.01 for 

case II, which are the highest among all the other combina-
tions or sub-cases. The profit for case II is 0.55%, lower 
than case I. In the absence of all these three investments, 
the margin of the profit declines massively, and the value is 
48994.86 for case I, 15.68% lower than case I (with short-
age), and reduced profit is 21416.18 for case II, which is 
62.94% lower than case I (without shortage).

However, when only green technology is absent, the 
profit for case I is 57926.91. At the same time, 57604.65 for 
case II, which is slightly lower (0.31%, with shortage and 
0.32%, without shortages), than the profits of the situation 
in the presence of all three investments. However, the sec-
ond smallest profit arises in the case (both with and without 
shortages) when preservation and ordering cost reduction 
are absent. Moreover, it is in a better position compared to 
the lack of only preservation technology. On the other hand, 
we can see that the profit rate decreases dramatically when 
a single investment in order cost reduction is absent. Gener-
ally speaking, a significant fall in profit was noticed in some 
situations where order cost reduction is absent.

Interestingly, only order cost reduction is present when 
preservation and green technology are absent. The profit 
rates are in a much inferior position. The value is 49434.15 
for case I with 22823.08 for case II, which are 14.93% and 
60.51% lower than case I (with shortage) and case II (with-
out shortage), respectively, when all three investments are 
imposed.

Sensitivity analysis

Based on the above examples and on the collected data from 
the greenhouse vegetable garden, a sensitivity analysis has 
been executed to further evaluate the relative impact of 
different parameters on the profit margin, which helps the 
retailer to make informed strategical decisions. This sen-
sitivity analysis is conducted through some bar diagrams 
(Figs. 9, 10, 11, 12, 13, 14, 15, 16, 17, 18) by varying a spe-
cific parameter from −20% to +20%, while other parameters 
are considered fixed at that time.

Based on the results obtained from the sensitivity analy-
sis, as outlined in Figs (9–18), the following observations 
can be enumerated:

• Increasing the values of (cpr), (chl), and (csr) minimizes 
the total profit significantly (Figs 9, 10, 11), which is 
analogous to Mishra et al. (2020a), while the vice versa is 
noticed in (δ). An important observation has been noticed 
that without preservation technology, the profit bar is sig-
nificantly smaller than other bars in Figs 10, 11, and 12 
while the vice versa is noticed in Figs 9, 13, 14, and 
15. Moreover, with the increase in demand, the value of 
profit without preservation slowly increases (Fig. 18).

Fig. 6  Concavity of total profit function with respect to K and L 
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Fig. 7  Structural model of the numerical solution system considering shortages
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• With the increase in deterioration rate (γ), total profit 
decreases (Fig. 12). Because when the rate of deteriora-
tion increases, the inventory starts to decline, and so the 
retailer has to make an investment to prevent this dete-
rioration. The same observation was noticed in Mishra 
et al. (2019). As the deterioration goes high, the profit 
bar follows a downward direction for the case without 
preservation technology.

• As the distance(d)increases, the total profit decreases 
(Fig. 13). This is because to cover this increasing dis-
tance, transportation cost increases.

• Total profit declines with the increase in product weight 
(m) (Fig. 15). Because the truck cannot carry overload 
when the weight is increased. Therefore, to carry all 
the products, a new trip n1has to be added, which raises 
transportation and carbon emission costs. Overall, the 
profit decreases (Fig. 14).

• From Fig. 16, one can easily notice that an increase in 
the amount of GHG emissions (et) enhances the carbon 
emission cost. To control these emissions, the retailer 
must increase the investment in green technology. This 
causes a decrease in profit for all the cases. The special 
effect has been noticed without preservation investment.

• Investment in green technology (K∗) increases, and total 
profit decreases with the increase of carbon emission tax 
(Tx) (Fig. 17) which is a similar observation as (Datta 
2017; Mishra et al. 2020a). This means that the retailer 
raises his investment (K∗) in reducing carbon emissions 
in order to pay less tax (Tx)

• When the demand (D) for the products increases, cycle 
time (L∗) decreases, which means that the time of hold-
ing inventory decreases, and this minimizes the holding 

cost of the retailer. So, the total profit increases similar 
to Mishra et al. [29] (Fig. 18).

• For all parameters, the retailer faces the maximum profit 
when he invests money in reducing order cost, deteriora-
tion of products, and carbon emission.

Managerial insights

Some valuable managerial insights can make from the study, 
which the practitioners and decision-makers can easily fol-
low to secure a better, sustainably developed industry with 
a healthy profit margin. Some of them are:

• The intensification of GHG emissions causes some 
additional carbon emission costs. So, to manage these 
emissions, the firm’s manager should invest in carbon 
reduction technology. Moreover, the manager should 
remember that he needs to invest up to a certain level; 
otherwise, he may face some losses in his business.

• Product deterioration is also an essential issue in inven-
tory management. So, reducing the deterioration of the 
products simultaneously with carbon emission is a very 
arduous task for an industry manager. This study pro-
vides some critical suggestions for the industry managers 
to follow to ensure a better profit margin. However, they 
need to be mindful of the appropriate investment in pres-
ervation technology. Figure 7 supports the contribution 
in controlling the deterioration of the products where the 
investment brings more profit for the retailer than without 
investment.

• Ordering cost is vital for the retailer. Retailers want to 
make the best use of their capital. The retailers order 

Fig. 8  Comparative structure of 
profit for case I and case II
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something from the supplier to complete the order. 
The total cost needs to be paid as an ordering cost on 
maintaining that order component (i.e., the labor cost 
of receiving the product, the labor cost of making the 
voucher). This model gives insight (see Fig. 7 to visual-
ize the fact) to the industry managers. They can quickly 

reduce the ordering cost by investing capital in it and 
knowing the investment range to bring profits.

• This study also explores how inventory shortages can 
play a part in the economic benefits of a retailer.

• Green transportation is suggested to avoid the emis-
sion to the environment. This study has highlighted the 

Fig. 9  Variations in profit with respect to cpr

Fig. 10  Variations in profit with respect to chl

Fig. 11  Variations in profit with respect to csr

Fig. 12  Variations in profit with respect to 𝝲

Fig. 13  Variations in profit with respect to d 

Fig. 14  Variations in profit with respect to n1
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impact of the number of trips on the greenness of a 
supply chain and its subsequent impact on profit. How 
a practitioner can easily optimize the travel distance 
by compared with other costs is also explained in this 
study.

• Inarguably, an increase in the amount of GHG emis-
sions increases the carbon emission cost. To control 
these emissions, the retailer must increase the invest-
ment in green technology. This causes a decrease in 
profit for all the cases. This study has highlighted the 
‘green investment’ impact on profit by comparing this 
with the resulting profit without preservation invest-
ment. This can lead to a good managerial insight for 
practitioners.

• Customers nowadays are excessively concerned about 
product quality. As a result, industry executives must 
pay close attention to product quality in order to obtain 
the best possible quality at the lowest possible cost. 
For example, the quality could be the highest, but the 
price could be too costly compared to current real-world 
markets, preventing those high-quality products from 
being sold. As a result, industry executives must choose 
between optimum quality and total cost. The proposed 
study advises managers on the best product quality 
values to retain the worldwide optimum solution while 
keeping the overall cost low (this has been observed 
based on the study executed to observe the impact of 
cots spent for controlling product deteriorations, e.g., 
Fig. 7).

• This model demonstrates that by introducing envi-
ronmentally responsible production, the industry can 
play a significant role in reducing global warming. 
When the number of trips increases, environmen-
tal pollution is promptly increased. However, that 
increment is mediated by implementing an emission 
reduction strategy, ensuring that sustainability is 
maintained. However, it has been discovered that, in 
order to maintain completed products, an industry 
can determine how much time should be spent pre-
paring ready-to-sell finished products based on the 
rate of degradation. Finally, by including a quality 

Fig. 15  Variations in profit with respect to m 

Fig. 16  Variations in profit with respect to et

Fig. 17  Variations in profit with respect to Tx

Fig. 18  Variations in profit with respect to D 
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control approach, the entire supply chain cost is dis-
covered to be minimized, allowing the market status 
to be maintained.

Conclusions

This study provides a sustainable green warehouse inventory 
system, including suitable investments to reduce order cost, 
product degradation, and  CO2 emissions. The model showed 
the appropriate use of green technology to reduce GHG from 
the environment to the holding and transportation of prod-
ucts. After shipment of the products, the retailer may need a 
considerable amount of ordering costs to finish the purchase 
appropriately and reduce carbon emissions by using green 
technology. To minimize such expenses, the retailer may 
order more products with the same amount, which leads to 
more carbon emissions.

A proper balance ensures maximum supply chain profit 
and sustainable development. This study gives insights into 
reducing the ordering cost by investing some capital in the 
original ordering cost and showing its validity range by 
which one can invest safely. This study also integrated that 
product deterioration factor into the green policy, ensuring 
product deterioration and ordering cost reduction. However, 
the effective way of preserving products is to lengthen their 
lifetime. In the absence of these three investments, the pro-
posed models showed a decrease in profit, and the value 
is 15.68% lower than when all the investments were active 
for case I (with shortage). Likewise, for the second case 
(without shortage), a similar observation is true, i.e., the 
profit (obtained without considering the three investments) 
was reduced by 62.94% when all the three investments are 
considered. Meanwhile, this study has also proved that there 
might be an economic benefit for case I (with shortage) 
against case II (without shortage), should that be at a mar-
ginal level. The theoretical derivations have been given to 
justify the model for the practitioners to support the numeri-
cal results.

This model lags in noticing some crucial issues respon-
sible for producing carbon in the environment, e.g., carbon 
emissions from production processes and waste disposal. 
This study has some limitations regarding the model’s 
choice and the features included in the model. One can 
quickly investigate a situation where more carbon emitted 
means (e.g., oil and gas industries) can consider. In contrast, 
this study only examines product retention and transporta-
tion as a means of carbon emissions. This study is to intro-
duce some payment systems, such as trade-credit policy and 
advance payment scheme. Incorporating variable customers’ 
demands can be another exciting extension of this proposed 
study.

Appendix 1

The expression for M is,

From the above term, it has been noticed that M contains 
ϖ2, ϖ3, and ϖ4 and the individual values are:

Appendix 2

Let us take the first-order partial derivative of the retailer’s 
profit function in Eq. (20) with respect to green investment 
K,one has

and

To obtain the optimal investment K∗ by expanding the 
above result (B1) in Taylor’s series (taking the first two 
terms), then setting this to zero and rearranging the terms, 
one gets

Where
ϖ1 = rζ[(ef + evmQ)ε + 2dn2etTx]. So, this K∗ is the opti-

mal green investment to reduce the significant amount of 
carbon. It is held for only when the values ofr > 0 and ϖ1 > 0. 
If it is violets, the optimal green investment K∗ will provide 
a negative value, which is absurd regarding this proposed 
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model, and hence it concludes optimal point zero. Which 
proves the first part (a) of the proposition.

Now placing the value of K∗ in profit function, one gets

Taking the first and second-order partial derivatives of 
(B4) with respect to L, we get

Where

(46)
�(L) =

1

L

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

psD
�
L1 +

1

w

�
1 − e−w(L−L1)

��
− Orde

−�F − cprD
�

1

�x

�
e�xL1 − 1

�
+

1

w

�
1 − e−w(L−L1)

��

−
chlD

�x

�
1

�x

�
e�xL1 − 1

�
− L1

�
−

csrD

w

�
1

w

�
1 − e−w(L−L1)

�
−
�
L − L1

�
e−w(L−L1)

�

−(g + hmdQ)n1 − �L −
��
ef + evmQ

�
� + 2dn2etTx

� �
1 − �

�
1 − e

−
�
1−

L

�1

���

−
L

r

�
1 −

L

�1

�
− FL

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(47)

��

�L
=

1

L2
�2 +

1

r�1
+ we−w(L−L1) +

�3

L
e−w(L−L1)

(
w +

1

L

)

+
�4

L
e
−

(
1−

L
�1

)(
1

L
−

1

�1

)

−
�5

L
e
−

(
1−

L
�1

)

e−w(L−L1)
(

1

L
+

1

�1
− w

)

(48)

�2�

�L2
= −

2

L2
�3we

−w(L−L1) −
1

L
w2�3e

−w(L−L1) −
�4

L
e
−

(
1−

L
�1

)(
2

L2
+

1

�2
1

)

−
1

L3

[
2�3e

−w(L−L1) − 2�2 +�4e
−

(
1−

L
�1

)

e−w(L−L1)
{(

1

�1
− w

)2

L2 − 2

}]

�2 = Orde
−�F +

D

�x

[
e�xL1 − 1

]{
cpr +

chl

�x
+ evm�(1 − � ) + hmdn1

}

−
chlDL1

�x
+ gn1 + (1 − � )

(
ef � + 2dn2etTx

)

−psD
(
L1 +

1

w

)
−

cprD

w
+

csrD

w2
+

evm�D(1−�)

w
+

hmdn1D

w

�3 = psD − cprD −
csrD

w
− evm�D(1 − �) − hmdn1D − L1

�4 = �

{
ef � +

evm�D

�x

[
e�xL1 − 1

]
+ 2dn2etTx

}

�5 =
evm��

w
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Eq. (4949), it is observed that the optimal replenishment 
time for the retailer is L∗ and proves the second part (b) of 
the proposition.

Now to prove the concavity, let us substitute the value of 
L in (B6); we get
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