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Abstract: Managing a green Blood Supply Chain (BSC) under stochastic demand and perishability constraints 

presents a critical optimization challenge. This study addresses this by proposing a novel four-echelon, multi-

objective Mixed Integer Programming (MIP) model designed to minimize network costs, transportation time, and 

environmental impacts (waste and emissions) simultaneously. Unlike previous deterministic models, this research 

incorporates stochastic demand utilizing a chance-constrained programming approach and explicitly models the 

shelf-life constraints of three distinct blood products (red blood cells, platelets, plasma). To handle the conflicting 

objectives, the Lp-metric method converts the multi-objective model into a single-objective formulation, enabling 

efficient solution via the CPLEX solver in GAMS. The model's applicability is validated through a numerical case 

study, followed by a comprehensive sensitivity analysis on waste ratios and demand fluctuations. Results 

demonstrate that the proposed framework effectively balances cost-efficiency with sustainability, reducing waste 

by optimizing flow allocations. Furthermore, the study discusses the computational trade-offs between exact 

methods and heuristic approaches for large-scale implementations. This research bridges the gap between 

theoretical green logistics and practical healthcare supply chain management, offering a robust decision-support 

tool for blood center managers to navigate uncertainties in demand and product shelf-life. 
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1. Introduction 

A supply chain network design (SCND) is a sophisticated system for controlling the flow of products, 

data, and cash across different businesses [1,2]. SCND is now the most important area of study in SC 

management. Numerous studies on this issue have previously been conducted [3,4]. One of the main 

problems with SCN is its complexity, especially when the distinctive features of perishable products are 

considered, or demand is uncertain [5-7]. A significant part of people's health can have a profound impact 

on people's functioning and living. Studies in this still brand-new and worth-investigating field have been 

increasing in recent years, demonstrating the importance of healthcare management. In recent years, Blood 

Supply Chains (BSC) have been one of the most intriguing topics in the healthcare systems literature. Blood 

is a necessary resource for people’s health and well-being, making it an extraordinary commodity. Unlike 

business SCs, which focus on profit maximization, BSC focuses on service provision. Blood is a scarce 

product and can only be produced voluntarily by blood donors. Three different forms of blood products, 

including red blood cells, platelets, and plasma, may be made from a single unit of donated blood. 
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Moreover, blood products are perishable, and the lack of these products can directly affect human lives 

by increasing the mortality rate. Patients with an urgent need for blood products are customers of the blood 

SC, and the fact that the process of production is done voluntarily by donors makes BSC more complex than 

other SCs [8,9]. In high-pressure healthcare environments, systemic inefficiencies can overwhelm staff 

(similar to the phenomenon of 'alarm fatigue' observed in clinical settings [10]) thereby compromising 

patient safety. Several steps in SC deliver a unit of blood to the patients. The first one is blood collection 

from donors (suppliers), which succeeded by evaluating and producing blood products in laboratories. The 

products are then delivered to hospitals and patients. However, various research papers have investigated 

multi-echelon SCs instead of two-echelon.  

A major challenge that BSC managers face is when the blood products market demand increases while 

the count of donors diminishes. Moreover, the expenses of testing, production, transportation, storage, and 

distribution are also challenging for managers. Therefore, BSC officials need to meet the demands, reduce 

waste, and minimize expenses. With all that said, what makes the BSC even more sophisticated is the 

perishability of the blood products, which increases the count of constraints and expenses of the system. As 

a result, a numerical scheme would be suitable for the situation and can help achieve diverse objectives, 

ranging from minimizing expenses to maximizing reliability or reducing CO2 emissions in a green SC [11].  

Like conventional SCs, the establishing expenses of a BSC are fundamental. On the other hand, blood 

is vital for patients in need of it. Therefore, blood products must be delivered to the hospitals as soon as 

possible. Furthermore, there is the possibility of generating waste in the process because of blood corruption 

or contamination. Upon conducting the literature review, we concluded that no previous research works 

have simultaneously examined BSC expenses, transportation time, and environmental impacts of the SC as 

the objectives while including shelf lives, stochastic demand, and three blood products into the scheme. 

Considering this, this investigation is to lower system expenses, transportation time, and detrimental 

environmental impacts. 

2. Literature Review 

Optimization of Blood Supply Chains (BSC) has developed considerably over the last decades and 

ceased being a deterministic cost-minimization model and became a complex stochastic model that focuses 

on sustainability and resilience. This section will synthesize the literature that is available to date into three 

main streams: Deterministic vs. Stochastic approaches, Green Supply Chain evolution, and the recent shift 

towards Resilience of the post-COVID-19 era. 

2.1. Deterministic and Stochastic Models 

Experimental studies were mainly directed towards deterministic models. The foundations were made 

by Or and Pierskalla [12] with the location-allocation and integer programming to minimize costs. These 

models, however, could not explain the fluctuations in demand inherent in healthcare. To solve this, Salehi 

et al. [13] and Osorio et al. [11] proposed strong stochastic programming on the basis that deterministic 

models generate stockouts in response to peaked demand. Although robust optimization can deal with 

worst-case scenarios, Dillon et al. [14] observed that it tends to provide solutions that are too conservative, 

indicating that chance-constrained programming, as applied in this study, can provide a more balanced 

solution between reliability and cost. 

2.2. Green Logistics and Compatibility with Contradictory Objectives 

BSC incorporation of environmental issues is a relatively recent phenomenon. One of the earliest 

models of Green BSCs was made by Heidari-Fathian and Pasandideh [15], who addressed the reduction of 

CO₂ emissions. One of the debates that is critical in this field is the tradeoff between Greening and Speed. 

Eskandari-Khanghahi et al. [16] pointed out that the accelerated ways of transportation (which are necessary 

when using perishable blood) tend to produce more emissions, which is incompatible with the objectives 

of sustainability. In contrast to commercial supply chains, where profit is the key factor, Khalilpourazari 

and Arshadi Khamseh [17] claimed that in BSCs, the loss of the expired blood is a twofold burden: it is an 

economic loss and a risky environmental waste. In our work, we develop our work based on this principle 
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by modeling explicit waste minimization as a fundamental environmental goal, not just simple transport 

emissions. 

2.3. Current Development: Resilience and Technology (2020-2025) 

Since 2020, there has been a shift to resilience, and it is a paradigm shift due to the COVID-19 pandemic 

disruptions. Ameri et al. [18] highlighted the critical role of health literacy and preventive behaviours during 

the pandemic, underscoring the need for resilient systems that can adapt to public health crises. As was 

shown in Li et al. [19], the lateral transshipment policies enhance the resilience to regional shortages by a 

considerable margin. In addition, the deployment of Industry 4.0 has become more popular; Belgada & El 

Abbadi [20] investigated the way in which IoT and Blockchain can be utilized to establish better real-time 

traceability, which would immediately decrease the age of blood when it is delivered. Also, Mohamed & 

Huynh [21] used deep learning to forecast demand to overcome the so-called bullwhip effect when ordering 

blood. In spite of these technological advances, an existing gap in mathematical modeling that is capable of 

measuring the synergy between the management of shelf life and carbon footprint reduction in stochastic 

constraints without pure simulation still exists. The present research is an attempt to fill this particular gap 

in the methodology. 

2.4. Novelty and Contribution of the Proposed Methodology 

The study develops a new mathematical model which is formulated on stochastic mixed integer 

programming with chance constrained programing. The presented model is a step towards improvement 

of deterministic approaches which did not consider stochasticity of demands and perishable characteristic 

of more than one type of blood product including red blood cells, platelets and plasma. While similar 

approaches to MIP and chance constrained programs have been used independently, the combination of 

four echelons and multi-objective optimization in the blood supply chain is what makes the presented 

model distinctive. It enables obtaining results related to cost reduction and sustainability of the blood 

supply chain. 

The novelty of the research is related not only to the methodology used but also to the applicability of 

the developed approach. The problem addressed in the article has gained relatively little attention in 

literature on blood supply chains because of complexity of the system, its dynamics, and uncertainty 

inherent to it. In addition, the efficiency of the proposed model is proved by means of numerical 

experiments and sensitivity analysis that demonstrates the possibility of minimizing costs and wastes. 

Thus, while the research uses proven approaches, the use of stochasticity to achieve sustainability of 

the network is what creates the novelty in optimization theory. 

3. Model Definition 

3.1. Problem Description 

The BSC under investigation is composed of 4 echelons as depicted in Figure 1: blood-collecting centers 

where blood is donated, laboratories where blood units from collecting centers are tested, main blood 

centers where tested blood units produce three blood products of plasma, red blood cells, platelets, and 

hospitals that make up the demand points. Blood groups, blood products, and expiration dates are 

considered in this investigation. 

 
Figure 1. Graphical representation of BSC 
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The location of blood-collecting centers is fixed, but if one will be established in a period is of question. 

Blood can only be donated in the blood-collecting centers, and blood units are then shipped to the 

laboratories where the required tests are executed. In the next step, tested blood units will be transported 

to the main blood centers where three blood products will be produced to be sent to the demand points. 

The blood demands of each blood product in hospitals will be fulfilled by the key blood centers.  

The scheme is a three-purpose MIP: The first objective function minimizes the SC expenses, which 

comprise operational, holding, establishment, and transportation expenses. The second objective function 

tries to lower blood transportation time between collecting centers, laboratories, main blood centers, and 

hospitals. The third objective function is dedicated to the minimization of environmental impacts of the 

network. Carbon emissions and wastes in each center are the environmental impacts the third objective 

function tries to lower. The scheme wants to determine the subsequent decisions at each period: 

• The quantity of each blood group was collected from the collecting center and transported to other 

centers 

• The inventory level of the hospitals from each blood group and blood product 

• Whether or not centers should be established based on the expenses of the establishment 

• The nodes to transport blood units between centers based on transportation expenses, time, and 

environmental impacts 

3.2. Model Assumptions 

• All centers have limited capacities for receiving and storing blood products. 

• Three blood products are produced at the main blood centers: red blood cells, plasma, and platelets. 

• A shelf life is ascribed to each of the three blood products. 

• A percentage of the waste is assigned to each center (except the collecting center) due to the diseases 

and medical considerations that might detect the blood units to be unusable. 

• The operational, transportation, and establishment expenses of the network are deterministic and 

stable. 

• The transportation and operation times are considered deterministic and fixed. This assumption is 

grounded in the tactical nature of the proposed model, where standard delivery routes and 

scheduled laboratory procedures follow strict protocols with minimal variance under normal 

operating conditions. 

• The blood demand is stochastic, with a normal distribution. 

• All collected blood units will be transported to the labs, key blood centers, and hospitals, 

respectively. 

• None of the collecting centers, labs, or main blood centers keeps inventories. Inventories are only 

kept in hospitals. 

4. Mathematical Model 

According to the above description and assumptions of the issue, a numerical scheme of an SC network 

is presented in detail. Also, a nomenclature table is provided in Table 1. 

Table 1. Nomenclature of sets, indices, parameters, and decision variables for the proposed model 

Sets and Indices 

Blood collection center 𝐼 = (𝑖, 𝑖𝑏) 

Lab 𝐽 = (𝑗, 𝑗𝑏) 

Main blood center 𝑀 = (𝑚, 𝑚𝑏) 

Hospital 𝐻 = (ℎ, ℎ𝑏) 

Blood products 𝐾 = (𝑘, 𝑘𝑏) 

Blood groups 𝐺 = (𝑔, 𝑔𝑏) 

Parameters 

M a big enough number 
𝑎𝑖 operation time for each blood unit at the blood collection center i 
𝑎𝑗 laboratory operation duration for each blood unit (j) 
𝑎𝑚 operation time at the blood center m for each blood unit 
𝑎ℎ operation time at the hospital h for each blood unit 
𝑑𝑖𝑗 distance between collection center i to lab j 
𝑑𝑗𝑚 distance between lab j to blood center m 
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𝑑𝑚ℎ distance between blood center m to hospital h 
𝑜𝑡𝑖 overall operation duration at the collection center i 
𝑜𝑡𝑗 overall operation duration at the lab j 
𝑜𝑡𝑚 overall operation duration at the blood center m 
𝑜𝑡ℎ overall operation duration at the hospital h 

𝑑ℎ𝑔𝑡
𝑘  blood demand of hospital h in period t for blood group g and blood product k 

𝑐𝑐𝑖𝑔𝑡 operation cost of collection center i from group g at period t 
𝑐𝑙𝑗𝑔𝑡 operation expense of lab j from group g at period t 
𝑐𝑏𝑚𝑔𝑡 operation cost of blood center m from group g at period t 
ℎℎ𝑔𝑡 holding cost of one unit of blood group g in hospital h, at period t 
𝑒𝑐𝑖  configuration expense of blood collection center i  
𝑒𝑙𝑗 configuration expense of lab j 
𝑒𝑏𝑚 configuration expense of blood center m  
𝑒ℎℎ configuration expense of hospital h 
𝑡𝑟𝑙𝑖𝑗 transportation cost from collection center i to lab j per unit distance   
𝑡𝑟𝑚𝑗𝑚 transportation cost from lab j to blood center m per unit distance 
𝑡𝑟ℎ𝑚ℎ transportation expense from blood center m to hospital h per unit distance 
𝑡𝑡𝑖𝑖𝑗  transportation time between blood collection center i & lab j 
𝑡𝑡𝑗𝑗𝑚 transportation time between lab j & blood center m 
𝑡𝑡𝑚𝑚ℎ transportation time between blood center m & hospital h 
𝑒𝑛𝑣𝑐𝑖𝑗  environmental impacts of travel from collection center i to lab j per unit distance 
𝑒𝑛𝑣𝑙𝑗𝑚 environmental impacts of travel from lab j to blood center m per unit distance 
𝑒𝑛𝑣𝑏𝑚ℎ environmental impacts of travel from blood center m to hospital h per unit   distance 
𝑝𝑗 waste ratio of lab j 
𝑝𝑚 waste ratio of main blood center m 
𝑝ℎ waste percentage of hospital m 
𝑐𝑎𝑝𝑖𝑔𝑡 capacity of blood collection center i from blood group g in period t 
𝑐𝑎𝑝𝑗𝑔𝑡 capacity of lab j from blood group g in period t 
𝑐𝑎𝑝𝑚𝑔𝑡 capacity of blood center m from blood group g in period t 
𝑐𝑎𝑝ℎ𝑔𝑡 capacity hospital h from blood group g in period t 
𝑒𝑥𝑑𝑎𝑡𝑒𝑔𝑚𝑎𝑥

𝑘  maximum time a unit of product k from group g can be used (expiration time) 

Variables 

𝑋𝑖𝑗𝑔𝑡 quantity of blood group g in blood collection center i to be sent to lab j in period t 
𝑌𝑗𝑚𝑔𝑡 quantity of blood group g in lab j to be sent to blood center m in period t 

𝑍𝑚ℎ𝑔𝑡
𝑘  quantity of blood product k from group g produced in blood center m to be sent to hospital h in 

period t 

 

𝑖𝑛𝑣ℎ𝑔𝑡
𝑘  inventory of blood product k from group g at hospital h in period t 

𝑤𝑐𝑖 Binary; equals 1 if a collection center is configured at node i, equals 0 o.w 
𝑤𝑙𝑗 Binary; equals 1 if a lab is established at node j, equals 0 o.w 
𝑤𝑏𝑚 Binary; equals 1 if a blood center is established at node m, equals 0 o.w 
𝑤ℎℎ binary; equals 1 if a hospital is configured at node h, equals 0 o.w 
𝑞𝑖𝑗 Binary; equals 1 if the arc between collection center i and lab j is deployed equals 0 o.w 
𝑞𝑗𝑚 Binary; equals 1 if the arc between lab j and blood center m is used, equals 0 o.w 
𝑞𝑚ℎ binary; equals 1 if the arc between blood center m and hospital h is used, equals 0 o.w 
𝑊𝑃𝑡  amount of waste in period t  

I. Objective Functions 

min 𝑍1 = ∑ ∑ ∑ ∑ 𝑐𝑐𝑖𝑔𝑡 ×

𝑡𝑔𝑗𝑖

𝑋𝑖𝑗𝑔𝑡 +  ∑ ∑ ∑ ∑ 𝑐𝑙𝑗𝑔𝑡 ×

𝑡𝑔𝑚𝑗

𝑌𝑗𝑚𝑔𝑡 + ∑ ∑ ∑ ∑ ∑ 𝑐𝑏𝑚𝑔𝑡

𝑡

×

𝑔ℎ𝑚𝑘

𝑍𝑚ℎ𝑔𝑡
𝑘  

+ ∑ ∑ ∑ ∑ ℎℎ𝑔𝑡 ×

𝑡𝑔ℎ𝑘

𝑖𝑛𝑣ℎ𝑔𝑡
𝑘 + ∑ 𝑒𝑐𝑖 × 𝑤𝑐𝑖

𝑖

+ ∑ 𝑒𝑙𝑗 × 𝑤𝑙𝑗
𝑗

+ ∑ 𝑒𝑏𝑚 × 𝑤𝑏𝑚

𝑚

+ ∑ 𝑒ℎℎ × 𝑤ℎℎ

ℎ

 

+ ∑ ∑ 𝑡𝑟𝑙𝑖𝑗 ×

𝑗𝑖

𝑞𝑖𝑗 × 𝑑𝑖𝑗 + ∑ ∑ 𝑡𝑟𝑚𝑗𝑚 ×

𝑚𝑗

𝑞𝑗𝑚 × 𝑑𝑗𝑚 + ∑ ∑ 𝑡𝑟ℎ𝑚ℎ ×

ℎ𝑚

𝑞𝑚ℎ × 𝑑𝑚ℎ 

min 𝑍2 = ∑ ∑ 𝑡𝑡𝑖𝑖𝑗 ×

𝑗𝑖

𝑞𝑖𝑗 + ∑ ∑ 𝑡𝑡𝑗𝑗𝑚 ×

𝑚𝑗

𝑞𝑗𝑚 + ∑ ∑ 𝑡𝑡𝑚𝑚ℎ ×

ℎ𝑚

𝑞𝑚ℎ 

min 𝑍3 = ∑ ∑ 𝑒𝑛𝑣𝑐𝑖𝑗 ×

𝑗𝑖

𝑞𝑖𝑗 × 𝑑𝑖𝑗 + ∑ ∑ 𝑒𝑛𝑣𝑙𝑗𝑚 ×

𝑚𝑗

𝑞𝑗𝑚 × 𝑑𝑗𝑚 + ∑ ∑ 𝑒𝑛𝑣𝑏𝑚ℎ ×

ℎ𝑚

𝑞𝑚ℎ × 𝑑𝑚ℎ  

+ ∑ ∑ ∑ ∑ 𝑝𝑗 × 𝑌𝑗𝑚𝑔𝑡

𝑡𝑔𝑚𝑗

+ ∑ ∑ ∑ ∑ ∑ 𝑝𝑚 × 𝑍𝑚ℎ𝑔𝑡
𝑘

𝑡𝑘𝑔ℎ𝑚

+ ∑ ∑ ∑ ∑ 𝑝ℎ × 𝑖𝑛𝑣ℎ𝑔𝑡
𝑘

𝑡𝑘𝑔ℎ

 

 



AETiC 2026, Vol. 10, No. 3 21 

www.aetic.theiaer.org 

II. Model Constraints 

∑ ∑ 𝑍𝑚ℎ𝑔𝑡
𝑘

𝑚𝑘

− 𝑊𝑃𝑡 − 𝑖𝑛𝑣ℎ𝑔𝑡
𝑘 + 𝑖𝑛𝑣ℎ𝑔𝑡−1

𝑘 = ∑ 𝑑ℎ𝑔𝑡
𝑘

𝑘
 ∀h, g, t (1) 

∑ 𝑋𝑖𝑗𝑔𝑡

𝑗

≤ 𝑐𝑎𝑝𝑖𝑔𝑡 × 𝑤𝑐𝑖  ∀i, g, t (2) 

∑ 𝑌𝑗𝑚𝑔𝑡

𝑚

≤ 𝑐𝑎𝑝𝑗𝑔𝑡 × 𝑤𝑙𝑗 ∀j, g, t (3) 

∑ ∑ 𝑍𝑚ℎ𝑔𝑡
𝑘

ℎ
𝑘

≤ 𝑐𝑎𝑝𝑚𝑔𝑡 × 𝑤𝑏𝑚 ∀ m, g, t (4) 

∑ ∑ 𝑍𝑚ℎ𝑔𝑡
𝑘

𝑚
𝑘

≤ 𝑐𝑎𝑝ℎ𝑔𝑡 × 𝑤ℎℎ ∀ h, g, t (5) 

∑ 𝑋𝑖𝑗𝑔𝑡

𝑖

≥ ∑ 𝑌𝑗𝑚𝑔𝑡

𝑚

 ∀j, g, t (6) 

∑ 𝑌𝑗𝑚𝑔𝑡

𝑗

≥ ∑ ∑ 𝑍𝑚ℎ𝑔𝑡
𝑘

ℎ𝑘

 ∀m, g, t (7) 

∑ 𝑍𝑚ℎ𝑔𝑡
𝑘

𝑚

≥ 𝑑ℎ𝑔𝑡
𝑘  ∀k, h, g, t (8) 

(𝑡𝑡𝑖𝑖𝑗 × 𝑞𝑖𝑗) + (𝑡𝑡𝑗𝑗𝑚 × 𝑞𝑗𝑚) + ∑(𝑡𝑡𝑚𝑚ℎ × 𝑞𝑚ℎ)

𝑚

+ (𝑜𝑡𝑖 × 𝑤𝑐𝑖) 

+(𝑜𝑡𝑗 × 𝑤𝑙𝑗) 

+ ∑(𝑜𝑡𝑚 × 𝑤𝑏𝑚)

𝑚

+ (𝑜𝑡ℎ × 𝑤ℎℎ) ≤ ∑ ∑ 𝑒𝑥𝑑𝑎𝑡𝑒𝑔𝑚𝑎𝑥
𝑘

𝑔𝑘

  

∀i, j, h (9) 

𝑎𝑖 × ∑ ∑ ∑ 𝑋𝑖𝑗𝑔𝑡

𝑡𝑔𝑗

≤ 𝑜𝑡𝑖 ∀i (10) 

𝑎𝑗 × ∑ ∑ ∑ 𝑌𝑗𝑚𝑔𝑡

𝑡𝑔𝑚

≤ 𝑜𝑡𝑗 ∀j (11) 

𝑎𝑚 × ∑ ∑ ∑ ∑ 𝑍𝑚ℎ𝑔𝑡
𝑘

𝑘𝑡𝑔ℎ

≤ 𝑜𝑡𝑚 ∀m (12) 

𝑎ℎ × ∑ ∑ ∑ 𝑑ℎ𝑔𝑡
𝑘

𝑡𝑔𝑘

≤ 𝑜𝑡ℎ ∀h (13) 

∑ ∑ 𝑋𝑖𝑗𝑔𝑡

𝑡𝑔

≤ 𝑀 × 𝑞𝑖𝑗  ∀i, j (14) 

∑ ∑ 𝑌𝑗𝑚𝑔𝑡

𝑡𝑔

≤ 𝑀 × 𝑞𝑗𝑚 ∀j, m (15) 

∑ ∑ ∑ 𝑍𝑚ℎ𝑔𝑡
𝑘

𝑡𝑔𝑘

≤ 𝑀 × 𝑞𝑚ℎ ∀m, h (16) 

∑ ∑ 𝑋𝑖𝑗𝑔𝑡

𝑡𝑔

≥ 𝑀 × (1 − 𝑞𝑖𝑗) ∀i, j (17) 

∑ ∑ 𝑌𝑗𝑚𝑔𝑡

𝑡𝑔

≥ 𝑀 × (1 − 𝑞𝑗𝑚) ∀j, m (18) 

∑ ∑ ∑ 𝑍𝑚ℎ𝑔𝑡
𝑘

𝑡𝑔𝑘

≥ 𝑀 × (1 − 𝑞𝑚ℎ) ∀m, h (19) 

𝑊𝑃𝑡 = ∑ ∑ ∑ 𝑝𝑗 × 𝑌𝑗𝑚𝑔𝑡

𝑔𝑚𝑗

+ ∑ ∑ ∑ 𝑝𝑚 × 𝑍𝑚ℎ𝑔𝑡
𝑘

𝑔ℎ𝑚

 

+ ∑ ∑ 𝑝ℎ × 𝑖𝑛𝑣ℎ𝑔𝑡
𝑘

𝑔ℎ

 
∀k, t (20) 
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𝑋𝑖𝑗𝑔𝑡 , ,  𝑌𝑗𝑚𝑔𝑡 ,, 𝑍𝑚ℎ𝑔𝑡
𝑘 ,, 𝑊𝑃𝑡 ≥ 0 ∀i, j, m, h, t (21) 

𝑞𝑖𝑗 , , , 𝑞𝑗𝑚, , , 𝑞𝑚ℎ , , , 𝑤𝑐𝑖 , , , 𝑤𝑙𝑗 , , , 𝑤𝑏𝑚 , , , 𝑤ℎℎ ∊ {0,1} ∀i, j, m, h (22) 

The first function tries to lower the overall expenses of the SC, including operation, establishment, 

inventory holding, and transportation expenses. The second function tries to lower the travel time between 

network centers. In the third function, the environmental impacts of the network, including carbon 

emissions and waste from the centers, are minimized. Constraint (1) ensures that the demands of hospitals 

are met. Constraints (2) to (5) are capacity constraints for blood-collecting centers, labs, main blood centers, 

and hospitals. Constraints (6) and (7) make sure the incoming amounts of blood to the next center are not 

greater than the amounts of blood sent from the latter. Constraint (8) sets the maximum allowed time for 

blood product consumption based on their shelf lives. Constraints (9) to (12) relate to the operation time in 

each center and point, which should not be more than a certain limit. Constraints (13) to (18) manage the 

activation of transportation arcs between nodes. Constraint (19) calculates the total waste generated in each 

center based on the waste ratios. Constraint (20) ensures the non-negativity of all continuous decision 

variables (quantities and inventory levels). Finally, Constraints (21) and (22) enforce the binary nature of 

the decision variables related to facility establishment and arc selection, respectively. 

4.1. Stochastic Parameter 

Since the demand parameter 𝑑ℎ𝑔𝑡follows a Normal distribution with mean 𝜇ℎ𝑔𝑡 and standard deviation 

𝜎ℎ𝑔𝑡(𝑑ℎ𝑔𝑡 ∼ 𝑁(𝜇ℎ𝑔𝑡 , 𝜎ℎ𝑔𝑡
2 )), the stochastic demand constraint can be reformulated via Chance-Constrained 

Programming (CCP) to obtain a deterministic equivalent. 

Probabilistic Formulation 

The demand satisfaction constraint is required to hold with a reliability level 𝛼(e.g., 𝛼 = 0.95): 

𝑃(Supply ≥ 𝑑ℎ𝑔𝑡) ≥ 𝛼 (23) 

This ensures that the available supply meets or exceeds uncertain demand with probability at least 𝛼. 

Standardization 

Because 𝑑ℎ𝑔𝑡is normally distributed, define the standardized variable: 

𝑃(𝑍 =
𝑑ℎ𝑔𝑡 − 𝜇ℎ𝑔𝑡

𝜎ℎ𝑔𝑡
∼ 𝑁(0,1) (24) 

Then, 

𝑃(Supply ≥ 𝑑ℎ𝑔𝑡) = 𝑃  (
𝑑ℎ𝑔𝑡 − 𝜇ℎ𝑔𝑡

𝜎ℎ𝑔𝑡
≤

Supply − 𝜇ℎ𝑔𝑡

𝜎ℎ𝑔𝑡
) (25) 

Using the cumulative distribution function (CDF) of the standard normal distribution, Φ(⋅): 

Φ  (
Supply − 𝜇ℎ𝑔𝑡

𝜎ℎ𝑔𝑡
) ≥ 𝛼 (26) 

Deterministic Equivalent 

Applying the inverse standard normal CDF: 
Supply − 𝜇ℎ𝑔𝑡

𝜎ℎ𝑔𝑡
≥ Φ−1(𝛼) = 𝑍𝛼 (27) 

Rearranging yields the linear deterministic constraint: 

Supply ≥ 𝜇ℎ𝑔𝑡 + 𝑍𝛼𝜎ℎ𝑔𝑡 (28) 

Define the deterministic demand upper bound as: 

𝑑̂ℎ𝑔𝑡 = 𝜇ℎ𝑔𝑡 + 𝑍𝛼𝜎ℎ𝑔𝑡 (29) 

Interpretation in the MIP Model 

In the final Mixed-Integer Programming (MIP) formulation, the stochastic demand parameter 𝑑ℎ𝑔𝑡is 

replaced by 𝑑̂ℎ𝑔𝑡 . 

This term consists of: 

• The expected demand 𝜇ℎ𝑔𝑡, and 

• A safety stock component 𝑍𝛼𝜎ℎ𝑔𝑡, which ensures the desired service level 𝛼. 
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For instance, if 𝛼 = 0.95, then 𝑍0.95 ≈ 1.645, meaning the model protects against demand realizations 

up to the 95th percentile of the distribution. 

Thus, CCP enables the incorporation of stochastic demand uncertainty into a linear deterministic 

framework while preserving tractability and guaranteeing a predefined reliability level. 

5. Numerical Examples 

5.1. Computational Experiments 

The availability of full, real-time information about a particular blood supply network in a healthcare 

system is limited by the stringent privacy laws (including HIPAA) and the confidentiality of operational 

data. Thus, to confirm the quality and the soundness of the proposed model, we used a simulated dataset 

that was developed on the basis of the realistic parameters that are found in the literature. This will enable 

a detailed sensitivity analysis to be conducted on a broader set of conditions than would be possible on a 

single static dataset. To evaluate the recommended scheme's performance, the scheme is solved as a 

problem of small size with an exact approach. GAMS is used to resolve small issues because GAMS is a 

modeling language that quickly translates optimization problems into computer codes. Once the code has 

been written, the GAMS compiler converts it into a format that the solvers can read and execute. As the 

design is adaptable to different solvers, it allows for a wide range of modeling possibilities to be explored 

without reworking the original model. The solver that we used to solve our small problem is CPLEX. As 

we are working with a multi-purpose scheme, we used the LP-metric tactic to turn the objective functions 

into a single one. While the proposed model has practical usage, the complexity of larger-scale systems 

requires the adoption of heuristics to solve the computational complexities. In large cases, it would be better 

to adopt other techniques like Genetic Algorithm or Particle Swarm Optimization due to the complexity of 

the problem at hand. To gain better and more reliable answers that are more realistic, the scheme should be 

solved on a large scale. To increase the size of the problem, we should allocate greater numbers to the sets—

for example, more blood collection centers, labs, hospitals, etc. Since calculations take a long time to solve 

large problems with GAMS software, heuristic or meta-heuristic methods should be employed. In this 

paper, a small-scale numerical case is shown and solved using precise techniques in the GAMS program. 

The presumed value of parameters for the small size of the issue is indicated in Table 2. 

Additionally, the set size of the Blood Collection Centers is 6, Labs are 2, Main Blood Centers are 2, 

Hospital is 1, Blood Products are 3, and Blood Groups are 4. We considered the duration of checking the SC 

in the network to be 12 months. For convenience, we have written the distance of cities in kilometers and 

the operating time in minutes. 

Table 2. Parameters Values 

Parameters Value Parameters Value Parameters Value Parameters Value 

Di11 100 trl22 120 tti41 3.9 envc52 2 

Di12 200 trl31 160 tti42 1.9 envc61 8 

Di21 150 trl32 130 tti51 1.9 envb11 5 

Di22 500 trl41 170 tti52 1.9 envb21 2 

Di31 200 trl42 190 tti61 2.0 envc62 9 

Di32 100 trl51 200 tti62 2.3 envl11 1 

Di41 300 trl52 100 ttj11 1.2 envl12 5 

Di42 50 trl61 180 ttj12 1.5 envl21 1 

Di51 100 trl62 100 ttj21 1.0 envl22 8 

Di52 100 trm11 140 ttj22 0.9 exdate11 500 

Di61 400 trm12 150 ttm11 1.0 exdate12 400 

Di62 200 trm21 130 ttm21 1.6 exdate13 550 

Dj11 200 trm22 200 envc11 4 exdate14 450 

Dj12 100 trh11 150 envc12 5 Exdate21 600 

Dj21 400 trh21 100 envc21 5 Exdate22 500 

Dj22 200 tti11 1.2 envc22 5 Exdate23 525 

Dm11 200 tti12 1.0 envc31 6 Exdate24 375 

Dm21 100 tti21 1.1 envc32 3 Exdate31 550 

trl11 140 tti22 8.7 envc41 7 Exdate32 430 

trl12 150 tti31 2.9 envc42 9 Exdate33 490 

trl21 160 tti32 3.4 envc51 2 Exdate34 600 
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6. Result and Discussion 

6.1. Result 

The outcomes of solving the scheme with GAMS software are illustrated in Tables 3 and 4: 

Table 3. Model Outcomes 

Variable 

(V1) 

Value 

(V2) 
V1 V2 V1 V2 V1 V2 V1 V2 

Z1 911144.4 X1229 190.08 Y2213 190.08 Z121111 87 Z22112 39 

Z2 39.4 X12210 190.08 Y2214 242.37 Z121112 128.08 Z22113 18 

Z3 17600.31 X12211 190.08 Y2215 190.08 Z12121 25 Z22114 48 

X1111 52 X12212 190.08 Y2216 190.08 Z12122 18 Z22115 27 

X1113 1409.92 X1237 190.08 Y2217 219.96 Z12123 37 Z22116 28 

X1123 2309.92 X1238 190.08 Y2218 212.49 Z12124 38 Z22117 59 

X1131 52 X1239 190.08 Y2219 205.023 Z12125 29 Z22118 59 

X1143 2309.92 X12310 190.08 Y22110 197.55 Z12126 28 Z22119 38 

X1211 1948 X12311 190.08 Y22111 190.08 Z12127 54 Z221110 134 

X1212 190.08 X12312 190.08 Y22112 190.08 Z12128 40 Z221111 72 

X1213 190.08 X1247 190.08 Y2227 190.08 Z12129 57 Z221112 18 

X1214 242.379 X1248 190.08 Y2228 190.08 Z121210 126 Z22121 20 

X1215 190.08 X1249 190.08 Y2229 190.08 Z121211 25 Z22122 42 

X1216 190.08 X12410 190.08 Y22210 190.08 Z121212 153 Z22123 19 

X1221 5300 X12411 190.08 Y22211 190.08 Z12131 27 Z22124 15 

X1223 190.08 X12412 190.08 Y22212 190.08 Z12132 19 Z22125 19 

X1224 190.08 X2121 98 Y2237 190.08 Z12133 16 Z22126 18 

X1225 190.08 X2133 1500 Y2237 190.08 Z12134 18 Z22127 50 

X1226 227.437 X2221 3018 Y2238 190.08 Z12135 37 Z22128 38 

X1231 1948 X2222 2300 Y2239 190.08 Z12136 38 Z22129 59 

X1232 190.08 X2231 190.08 Y22310 190.08 Z12137 29 Z221210 54 

X1233 249.851 X2241 6252 Y22311 190.08 Z12138 38 Z221211 48 

X1234 190.08 X3133 2300 Y22312 190.08 Z12139 127 Z221212 18 

X1235 234.908 X3142 2800 Y2247 190.08 Z121310 134 Z22131 10 

X1236 190.08 X4133 1800 Y2248 190.08 Z121311 87 Z22132 39 

X1241 5300 X4142 5900 Y2249 190.08 Z121312 128 Z22133 18 

X1242 257.322 X5133 4700 Y22410 190.08 Z12141 25 Z22134 48 

X1243 190.08 X6133 2800 Y22411 190.08 Z12142 18 Z22135 27 

X1244 190.08 X6141 98 Y22412 190.08 Z12143 37 Z22136 28 

X1245 190.08 Y1211 52 Z12111 27 Z12144 38 Z22137 59 

X1246 190.08 Y1221 98 Z12112 126.08 Z12145 29 Z22138 59 

X1217 219.965 Y1231 52 Z12113 158.08 Z12146 38 Z22139 38 

X1218 212.49 Y1241 98 Z12114 119.08 Z12147 54 Z221310 40 

X1219 205.02 Y2111 4966 Z12115 131.08 Z12148 40 Z221311 72 

X12110 197.55 Y2121 7600 Z12116 38 Z12149 121 Z221312 18 

X12111 190.08 Y2131 8200 Z12117 29 Z121410 15 WP1 332.8 

X12112 190.08 Y2141 7600 Z12118 38 Z121411 25 WP12 0.086 

X1227 190.08 Y2142 67.2.08 Z12119 127.08 Z121412 153   

X1228 190.08 Y2212 190.08 Z121110 40 Z22111 10   

Table 4. Objective Functions Outcomes 

Z1 min Z2 min Z3 min Z4 

911144.485 39.4 17600.313 -1.091 

Because of working with a multi-purpose scheme, the LP-metric tactic is deployed to achieve a single 

objective value (𝑍4). We first solve each objective function independently of the other objective functions. In 

other words, we treat each function as a single-objective issue. In this way, we get the modes Z1 min, Z2 min, 

and Z3 min, as written in Table 4. The best-case scenario occurs when we minimize the relative deviations 

from the ideal value of the objective functions.  

The outcomes show that blood pack transfusions are always performed between all Blood Collection 

Centers, Labs, Main Blood Centers, and Hospitals. All three target functions, which represent SC expenses, 

transport time, and environmental impacts, have the same value and weight, respectively. The best case for 

each of the target functions is 911144.485, 39.4, and 17600.313, respectively. 
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6.2. Sensitivity Analysis 

Reducing and increasing some parameters can affect the outcomes. In this problem, we chose the waste 

percentage of the key blood centers, the waste percentage of the hospital, and the blood demand of the 

hospital to analyze the sensitivity of the objective functions to their different values. So, the problem is 

resolved in eleven different situations for each parameter. Then, the effects of shifting the parameters on the 

objective functions are shown in the figures. 

The results of the sensitivity analysis are graphically represented to show the effect of variation in 

parameters. Figures 2, 3, 4, and 5 depict the sensitivity of SC costs, transportation time, environmental 

impacts, and the LP-metric function, respectively, to the waste percentage of the main blood center. As it 

can be seen in Figures 2 and 4, the lower the waste percentage, the lower the costs and environmental 

impacts. On the other hand, a ten percent change in waste ratio would cause a significant increase in the 

two measures. Interestingly, as observed in Figure 3, the transportation time does not significantly change 

even when there are changes in the percentages of waste. 

 
Figure 2. Waste percentage of the main blood center and cost of supply chain 

 
Figure 3. Waste percentage of the main blood center and transportation time 

 
Figure 4. Waste percentage of the main blood center and environmental impacts of the network 
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Figure 2. Waste percentage of the main blood center and LP-metric objective function 

Figures 6, 7, 8, and 9 show the sensitivity of the first, second, and third objective functions and the LP-

metric objective function to the waste percentage of the hospital, respectively. By reducing the waste 

percentage of the hospital, the number of environmental impacts remains constant, and the amount of SC 

expenses, transportation time, and LP-metric objective function are reduced. According to the figures, it is 

clear that as the percentage of waste increases, the environmental impacts decrease, the expense of the SC 

and time of transportation, and the LP-metric objective function have an upward slope and increase. 

 
Figure 3. Waste percentage of hospital and cost of SC 

 
Figure 4. Waste percentage of hospital and transportation time 
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Figure 5. Waste percentage of hospital and environmental impacts of the network 

 
Figure 6 Waste percentage of hospital and LP-metric objective function 

In this part, we measure the sensitivity of each of the target functions with changes in the blood 

demand of the hospital. Figures 10, 11, 12, and 13 show the sensitivity of SC expenses, transportation time, 

environmental impacts, and the LP-metric objective function to the blood demand of the hospital. The 

figures show that as demand decreases, SC expenses increase contrary to our expectations, environmental 

impacts decrease, and transportation time and LP-metric object function remain constant. As demand rises, 

the total amount of expenses decreases, and the transportation time and the LP-metric objective function 

increase. Environmental impacts are also increasing with an upward slope. 

 
Figure 7. Blood demand of hospital and transportation time 
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Figure 8. Blood demand of hospital and cost of supply chain 

 
Figure 9. Blood demand of hospital and environmental impacts of the network 

 
Figure 10. Blood demand of hospital and LP-metric objective function 

7. Discussion 

There are some real-world applications and management gains to be had from this investigation. Green 

SC network design has been the focus of a lot of recent studies, including those by Heidari-Fathian and 

Pasandideh [15] and Eskandari-Khanghahi et al. [16]. However, most of them have applied green constraints 

on the GHG emissions of the network. There are lots of other parts of an SC that may cause undesirable 

impacts on the environment, such as waste in subsystems. In this investigation, this issue has been tackled 

by integrating the waste produced in each center and the GHG emissions caused by transportation between 

centers. 

Furthermore, many explorations, such as those done by Fahimnia et al. [19], Khalilpourazari and 

Khamseh [17], and Salehi et al. [13], the expiration date of blood products is not considered in the constraints, 
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while in this investigation, we have included three blood products as well as the perishability time of these 

products in the scheme to make the outcomes more reliable and close to reality. Moreover, unlike many 

other studies, such as research by Fahimnia et al. [22] and Asadpour et al. [23], in this investigation, we have 

considered the blood demand in hospitals to be stochastic and have solved the scheme with uncertain 

demand. Considering that the objectives of this investigation are network expenses, transportation time 

between centers, environmental impacts, and the constraints related to blood product expiration, the 

outcomes and sensitivity analysis can help managers make informed decisions and allocate resources 

properly to lower expenses and transport time; while keeping an eye on the consequences the network will 

have on the environment.  

In terms of scalability, although the suggested precise solution algorithm (CPLEX) ensures global 

optimality in small-to-middle scale cases, it is restricted in computation with large-scale real-life networks 

since the issue is NP-hard. The solution time increases exponentially as the number of nodes (hospitals and 

centers) increases. In these large-scale cases the heuristic and metaheuristic methods (such as, Genetic 

Algorithms, NSGA-II or Particle Swarm Optimization) are suggested as the alternative ones. Although these 

approximate techniques minimize the assure of optimum, they provide highly reduced computational 

times (polynomial complexity), which in turn makes it more workable in dynamic and large-scale national 

blood supply network. 

One should take note of some of the modeling assumptions. To start with, we took the demand to 

follow a normal distribution. Although rare blood groups tend to follow a Poisson distribution, the Central 

Limit Problem indicates that the aggregated demand at the hospital level (combining many patients) takes 

a normal form, which is adequate to plan tactically. Second, on the shelf-life constraint (Eq. 9), the model 

adds transportation and operation times in a linear manner. In a complicated mesh network, this is a 

conservatization of the longest path. Although this eases the real flow splitting, it guarantees that any 

solution arrived at is also resistant to the risk of expiration, giving a safe upper limit to the decision-makers. 

8. Conclusion and Future Investigations 

In this investigation, a 4-echelon, three-objective LP scheme for green blood SCND with stochastic 

demand was recommended. The four echelons include blood collection centers, labs, main blood centers, 

and hospitals. The three objectives of the scheme are network expenses, including establishment, 

operations, transportation and inventory expenses, transportation time, and detrimental environmental 

impacts of the network, including GHG emissions while transportation and wastes in each center, which 

the scheme tries to lower. The important factors taken into consideration in this model are three blood 

products, including red blood cells, platelets, and plasma, blood product expiration date, and stochastic 

demand. A sensitivity analysis is done on blood demand and waste percentage to check their effects on the 

objective functions to create an appropriate green blood SCND. 

For future studies, extending the size of the scheme and solving it with heuristic and meta-heuristic 

methods is recommended. It is also possible to consider shortage minimization and test reliability 

maximization in the objectives and use varied solution methods such as ε-constraint, goal programming, 

utility function, etc.  
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