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Abstract: The farmed salmon supply chain has a highly complex and integrated structure, where 

activities occur both in the sea and on land. Due to this complexity, the supply chain needs 

appropriate decision-support tools to aid the production planning process, which capture the 

material flows, information flows and behaviours of the decision makers in the chain. This paper 

proposes a hybrid simulation framework for production planning using the case of the Norwegian 

Atlantic salmon supply chain. This hybrid simulation comprises agent-based modelling (ABM) to 

capture the autonomous and interacting decision making behaviour of the supply chain actors, 

while discrete-event simulation (DES) is employed to model the various production processes 

within the chain. The simulation is implemented using AnyLogic™ version 8.0 simulation software, 

using a case study from the Norwegian farmed salmon sector. The proposed modelling framework 

provides a deeper understanding of the activities in the salmon supply chain, thereby enabling 

improved decision making. 

Keywords: farmed salmon supply chain; agent-based modelling (ABM); discrete-event simulation 

(DES); production planning; hybrid simulation 

 

1. Introduction 

The rapid growth in the global population has resulted in an increase in demand for 

sources of protein for the human diet. Although water covers 70% of the surface of the 

globe, only 6.5% of human protein intake is derived from these water sources [1]. This 

presents an opportunity for aquaculture resources such as farmed Atlantic salmon to be 

utilized as a sustainable source of protein. Global fish supply is estimated to reach 186 

million tonnes by 2030, of which around 60% is likely to be provided by aquaculture 

(farmed) sources [2]. Farmed salmon represents 70% of the world’s salmon production 

[3], with Norway producing 80% of the Atlantic salmon consumed in the EU [4]. 

In recent years, the Norwegian salmon industry has experienced significant 

consolidation, resulting in a reduction of 70% in the number salmon farming companies 

[5]. As the remaining companies increased in size and developed a global presence, 

particularly in their customer base, the production planning process becomes more 

challenging. Decision makers therefore need better tools to obtain a comprehensive view 

of supply chain activities and to be able to assess various strategies to improve the end-

to-end efficiency of the chain. 

Simulation modelling and analysis has been widely adopted as a tool to support 

managerial decision making, due to its ability to accurately capture real-world conditions 

and to analyze a range of scenarios in a computationally low-cost and risk-free 
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environment. However, even simulation can prove less effective if the user attempts to 

capture an entire system just through the capabilities of one simulation approach. 

Therefore, the research described in our paper proposes a hybrid simulation 

approach to model the production planning process in the Norwegian Atlantic salmon 

supply chain. While agent-based modelling (ABM) is applied to capture the autonomous 

and interacting decision making behaviour of the supply chain actors, discrete-event 

simulation (DES) is utilized to model the various production processes in the salmon 

supply chain. In this way, the true complexity of the system is captured. The advantage 

of this approach is that it can be used to simultaneously examine various behaviours, 

product and information flows in production planning decisions such harvesting, 

inventory management and sales contracts. 

The remainder of the paper is organized as follows: Section 2 presents an overview 

of the literature related to the use of simulation studies in agribusiness supply chains and 

explains the need for a hybrid simulation approach. Section 3 provides an overview of the 

Norwegian salmon supply chain. The development of the hybrid simulation modelling 

framework is described in Section 4, while Section 5 discusses the implementation of the 

model using the AnyLogic™ version 8.0 simulation software. In Section 6, an 

experimental study is presented. Finally, conclusions and suggestions for future work are 

outlined in Section 7. 

2. Literature Review 

Simulation modelling approaches provide a better representation of supply chain 

reality and tend not to exhibit the same levels of computational complexity as other 

modelling approaches, such as optimization [6]. In an agri-food context, simulation 

provides a convenient modelling methodology as it enables the modeler to capture 

uncertainty associated with activities such as farming [7]. In addition, simulation provides 

capabilities for conducting sensitivity analysis with respect to system variability such as 

those due to weather, yields, costs and revenues and to assess variability in performance 

response for the system of interest under various scenarios [8]. 

Agent-based modelling and discrete-event simulation are widely used simulation 

approaches to model and study supply chain operations [9,10]. Agent-based modelling is 

a comparatively new approach and is suitable for modelling complex and dynamic 

systems spread across time and space [11]. In agent-based modelling, the actual system of 

interest is modelled as set of interacting agents in a specified environment known as the 

agent system. An agent system consists of a few individual agents with a specific 

relationship with each another within a particular environment. The agents interact with 

each other and with the environment according to predefined rules which generate the 

dynamics of the system. These interactions often consist of resource and/or information 

sharing. The agents are proactive and autonomous, which means they behave according 

to their own individual interest, such as economic gain. However, their understanding of 

the entire system and other agents may be limited [12]. Although the behaviour of 

autonomous agents can be captured using discrete-event approaches such as arrival, 

service and exit events, doing so will exponentially increase the number of events 

resulting in an inefficient simulation model that is hard to evaluate [13]. Therefore, if 

proactive and autonomous agents are necessary to obtain more accurate modelling of the 

system under study, it is more appropriate to adopt agent-based compared to discrete-

event simulation [14]. 

In a multi-agent simulation approach, the behaviour of the individual (or agent) is 

defined by a set of rules. Multi-agent simulation models have increasingly been used in 

resource utilization problems, such as land-use in agri-business supply chains ([15]. To 

address the land acquisition and ownership problem, a multi-agent simulation approach 

was employed to model the farmland auction markets in the Canadian context [16]. The 

model analysed data on farmland transactions between farmland agents to investigate 

whether a particular type of auction was suitable for the land transaction, while 
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considering price uncertainty. The vulnerabilities associated with a food supply chain 

were studied and an agent-based model for food defence training and assessment was 

developed [17]. In this data-driven simulation approach, data was collected regarding 

production, consumption, recall cost, and fatality rate, to investigate the impact of 

decision making on economic and public health in the event of a terrorist attack. In 

another study on food security, an agent-based simulation model for a Canadian wheat 

handling export-oriented supply chain was developed to examine wheat quality testing 

strategies in the context of complex operational and regulatory constraints [18]. This 

agent-based approach enabled modelling of the individual behaviour of the farmers and 

handlers based on their rationality and individual learning experience. In the same 

problem, the agent-based approach was adopted to model the behavioural adaptation of 

a quality assurance declaration system in the modern wheat supply chain [19]. 

In relation to the application of discrete-event simulation in agri-food research, this 

approach was used to address the sugar cane harvesting problem where a simulation was 

used for scheduling the operations and utilization of available resources [20]. In a similar 

problem, a discrete-event model for a harvesting and transportation system in a sugar-

cane plantation was developed to address the issue of amortization of capital invested in 

machinery used in the plantation [21]. Field machinery operations using a discrete-event 

model was used to assess the performance of the machinery in terms of soil workability 

over a number of years [22]. To analyze the supply and transportation of raw material in 

a sugar cane plant, a discrete-event model was developed for the goods-inwards process 

at the plant and examined possible alternative configurations and strategies for its 

operation [23]. A food supply redesign problem was studied where the discrete-event 

approach was used to combine food quality models and sustainability indicators [24]. 

The combination of two simulation methodologies to enhance the capabilities of one 

modelling technique and to build more accurate models is widely acknowledged ([25,26]. 

It has been shown in the literature that hybrid techniques are capable of providing more 

insights into system behaviour, making it possible to provide precise analysis of the 

problem with fewer assumptions ([27]. For instance,  a test case was validated to show 

that a hybrid simulation model, incorporating discrete-event simulation and agent-based 

modelling, enabled superior process analysis compared to a discrete-event simulation 

alone [28]. In a survey of simulation approaches in manufacturing and business, an 

increasing interest in hybrid simulation to model complex enterprise-wide system was 

found [9]. More recently, an increase in the use of hybrid simulation was found in the 

literature, but it was observed that it is still relatively small, with the majority of papers 

being from conferences such as the annual Winter Simulation Conference [29]. In addition, 

it was found that the hybrid simulation literature tends to focus on real-world problems, 

in particular manufacturing, healthcare, supply chain, transportation and logistics [29]. 

However, the application of hybrid simulation approaches in the agri-food sector, and in 

particular the aquaculture sector, are yet to be fully explored, with relatively few 

publications in this area. An agent-based and discrete-event hybrid simulation model was 

developed to incorporate process improvement initiatives in a small regional food hub in 

the US [10], a hybrid approach incorporating system dynamics and agent-based 

simulation was used to analyse the Icelandic cod fishery industry [30]. A multi-stage 

stochastic optimization model for production planning and sales allocation in the salmon 

farming industry was developed [5], with the aim of maximizing profits. The goal of this 

decision tool was to determine the optimal harvest, production and inventory level [5]. 

In a call for the integration of social science knowledge into the next generation of 

fisheries management models, it is argued that fisheries management may fail when the 

existing models used to inform decision making are based on unrealistic and limited 

assumptions [31]. In our paper, we attempt to address this gap, by developing a hybrid 

simulation model of the Norwegian salmon supply chain, which captures the social 

science knowledge through agent-based simulation and the production process 
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characteristics through discrete-event simulation. This enables the complex interactions 

of an aquaculture supply chain to be modelled effectively. 

3. Research Context: Farmed Salmon Supply Chain 

Approximately 70% of the world’s salmon production is farmed, with the majority 

coming from Norway, Chile, Scotland and Canada. Farmed salmon production consists 

of two cycles: freshwater production followed by seawater production. The total 

freshwater production cycle takes approximately 10–16 months (juvenile production) 

with the seawater production cycle (grow-out phase) lasts approximately 12–24 months, 

giving a total cycle length of 22–40 months. The freshwater production activities start with 

fertilization of eggs using the brood stock. After fertilization, the juvenile salmon are 

reared in fresh water before undergoing a smartification process, through which they 

adapt to living in seawater. These fish are called smolt, which are then transferred to net 

pens located offshore. During the seawater growth phase the salmon reach an average 

weight of 4–5 kg. During this phase, the fish are continuously monitored and treated for 

disease such as lice attacks. Once the salmon have reached their market weight, they are 

harvested and transferred back to land for slaughtering and further processing. The fish 

are first gutted, then graded and packed, and are called fresh HOG (Head-on-Gutted) 

salmon. The secondary processing involves value adding activities, including filleting, 

smoking and cutting. The bulk of the harvested salmon is sold as fresh HOG salmon and 

is delivered directly from the slaughterhouse to the customer, who are either in the food 

service or retail grocery sectors. 

The Atlantic-salmon supply chain truly represents a global food system with a 

complex logistics network taking feed inputs from one part of the world and distributing 

products to different parts of the world after processing them in various locations. For 

instance, the Norwegian salmon industry sources feed ingredients from crops and marine 

systems worldwide and supplies end products to various markets including Europe, Asia 

and America. Some of the secondary processing is carried out in hub markets Poland and 

France that then re-export to other EU countries. The main uncertainties within the salmon 

farming industry relate to growth and duration of production cycles, influenced by 

environmental, biological and political factors. 

The majority of farmed salmon in Norway is produced by large companies such as 

MOWI, which is the largest Norwegian salmon producer and dominates the global 

production of salmon with 20% market share worldwide. Norwegian salmon is mainly 

exported as a commodity and sold to the highest bidder on weekly spot markets. 

However, long-term contractual supplier-customer relationships also exist between the 

large aquaculture-producing companies and secondary processors and retailers in Europe 

[32]. 

Salmon, due to the limited production locations, being generally more perishable and 

covering larger international trade distances than poultry, pork or beef, leads to complex 

logistic and production challenges to preserve fish quality and increase shelf-life [33]. This 

is why production planning and information sharing through vertical coordination is 

crucial in the salmon industry to ensure efficiency in production and to keep waste as low 

as possible. 

Our research focuses on the salmon supply chain activities occurring on the 

downstream side of the seawater growth phase and incorporates both behavioural aspects 

(captured in agent-based modelling) and production process analysis (using discrete-

event simulation). As such, the major decisions include harvesting, production and 

transportation, and downstream demand management strategies such as sales allocation 

and spot market purchasing. These decisions are regarded as operational decisions due to 

comparatively high frequency of decision making. However, salmon producers’ decisions 

regarding which contract to enter with customer are taken over a longer time horizon and 

hence these decisions are called strategic decisions. 
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The purpose of this research is to develop a simulation framework to support 

decision making in production planning activities of an integrated farmed salmon supply 

chain. Due to the long production cycle of smolt relative to the length of the processing 

stage, the freshwater growth process and decisions around this process are excluded from 

the model. Smolt deployment is modelled as an external supply entity to the salmon 

producer. The scope of the model within the farmed salmon supply chain is illustrated in 

Figure 1. 

INSERT FIGURE 1 HERE 

In relation to product flow, two types of products are considered for the model, fresh 

HOG salmon and a value-added processed product, i.e., frozen salmon fillet. The value-

added product is processed as a secondary product that can be stored for a longer period. 

The fish sold as fresh HOG salmon is sent directly from the slaughterhouse to the 

marketplace. The fish used as input for secondary processing to produce the frozen fillets 

are transferred to a processing facility. Therefore, the fresh HOG salmon has two different 

uses in the production activities: (i) as a final product sold directly to customers and (ii) 

as a raw material input for secondary processing. In the case of the processed product, it 

will be stored in inventory before being shipped to customers. 

4. Model Development 

4.1. Model Agent’s Description and Modelling Approach 

Agents are the autonomous decision-making entities in the simulation model. The 

primary step in the agent-based modelling approach is to identify important objects in the 

real system that are necessary to represent the problem under study and to create those 

objects or agents in the model. Also, the behaviour of those objects which are significant 

to the problem need to be captured in the simulation study. Since this research considers 

the integrated supply chain from a high-level modelling point of view, the interactions 

between smolt supplier, producer and customers are modelled. However, production 

planning and sales allocation for the producer involves interactions between various 

functions within the producer’s organization and we capture these decision-making units 

with corresponding agents as shown in Figure 2. We now explain who those agents are 

and how their behaviours can be modelled. 

INSERT FIGURE 2 here 

4.2. Harvester Agent 

The harvester agent undertakes the activities starting from smolt deployment up to 

harvesting. The harvesting decisions are made considering the market situation and 

optimal weight of the fish product to maximize the return on feed. To capture the trade-

off between these two considerations, an additional holding cost of fish, known as 

carrying cost, for delaying the harvest is included, which is primarily the additional 

feeding cost of the fish after it reaches harvesting weight. To simply the model, the weight 

of the fish is divided into two categories. The first category represents the weight of the 

fish which is regarded as not suitable for harvesting and the second represents the weight 

of the fish above this minimum threshold. In practice, fish are never harvested and 

slaughtered before reaching 1 kg. Figure 3 illustrates this decision-making sequence of a 

harvester agent. 

INSERT FIGURE 3 here 

4.3. Processor Agent 

Once the harvesting and the slaughtering is completed, the salmon producer must 

decide how to utilize the slaughtered fish. Fish could be sold as fresh product such as 
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HOG salmon or could be converted into value added product through further processing. 

Fresh HOG salmon and value-added products are processed at separate facilities. This 

study associates these decisions with the processor agent who operates within the 

producer’s organization. In addition, the production process is represented as a sequence 

of operations and hence the processing activities are modelled using the discrete-event 

simulation approach. 

4.4. Inventory Manager 

The shelf-life of fresh HOG salmon is quite short and therefore is sold directly to 

market soon after harvesting and slaughtering. However, valued added processed 

products can be stocked for a certain time, thereby providing a buffer against stochastic 

variation in demand. Moreover, due to the lower degradation rate and lower price 

volatility of these products, the producer has more flexibility in the timing of sales to 

customers. As such, the perishable and durable products require different inventory 

control policies. In the case of perishable fresh products, it is usually decided where it will 

be sold at the beginning of the production process. However, value added processed 

products which are produced to stock will have a longer, but specific shelf-life. Therefore, 

it is also critical to manage how long these products remain in stock. For modelling 

purposes, we classify the available stock into various classes depending on the shelf-life 

of the product with respect to production date and expiry date. As the simulation time 

progresses, the inventory from a particular class is moved to the next class as shown in 

Figure 4. By so doing, the inventory manger will send products within the expiry date 

from available stock depending on the customer’s expected waiting time for the product. 

INSERT FIGURE 4 here 

4.5. Sales Agent 

In this seafood sector, a customer approaches the producer with an offer to purchase, 

so the sales contract is modelled with the customer taking the first step in the contract 

negotiation (Figure 5). It is assumed that if the contract is realized, the full amount of fish 

specified in the contract must be delivered within the specified time period. The model 

assumes a fixed price contract is in place. In this type of contract, the initial price 

mentioned in the contract will remain the same through the contract period, however, 

once the spot price is realized, the final price can be adjusted according to a difference 

between the spot price and the contract price (Figure 5). 

INSERT FIGURE 5 here 

4.6. Transporter 

The salmon producer normally uses an external logistics provider and one of the 

main factors deciding the mode of transportation for downstream customer demand 

fulfillment is whether the product will reach the market within its shelf-life. Other 

considerations include cost of transportation and availability of a particular transportation 

mode to a certain location. 

5. Model Implementation 

Agent-based simulation modelling is usually implemented using an object-oriented 

(OO) programming language. The central concept of the OO programming language is 

classes and objects. A class can be considered as a programme design term and therefore 

it is a description. The class defines a set of objects having similar properties, but these 

objects (known as instances of a class) will be created once the program is executed. That 

means objects exist during the run-time of the programme. During the development phase 

of the model in this research, we only construct agent classes. From a programming 
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perspective, agents are objects of the same class having common structure and 

behaviours, but vary in other aspects, such as parameter values and state information 

including variable values, event status, etc. 

The interface of an agent (object) is a set of attributes that is visible to other agents or 

the external elements of the model who interact with the agent. Interfaces can be variables, 

functions, messages or ports. Our study uses ports as the interface for active classes such 

as supplier, producer, etc., so the social interaction and physical connection between 

agents are established through this port method. Separation of active agent classes and 

implementation in OO programming allows properties such as autonomous existence and 

behaviour of agent-based models to be captured. 

5.1. Choice of Simulation Platform-AnyLogic™ 

The implementation of the hybrid simulation model in this paper is done using 

AnyLogic™ version 8 because of its capabilities to build multi-method simulation models 

(i.e., Agent-based and Discrete-event) in single interface [29]. 

AnyLogic is an object-oriented modelling tool. The active objects, i.e., the main 

building blocks of the agent-based model, can be easily implemented through the object-

oriented programming approach using ‘classes’. This is a feature of the programming 

language that combines the functionality and characteristics of active objects. The 

processors, suppliers and customer in the salmon supply chain can be easily represented 

as active objects or classes. Furthermore, the agents’ actions and decision-making logic 

can be added to modelling entities in JAVA code, using properties, equations, state charts 

and user-defined functions. 

The unique characteristic of the proposed simulation approach is its ability to 

combine discrete-event simulation with autonomous decision-making agents in a hybrid 

simulation framework. In that sense, the proposed simulation approach is superior to 

single simulation approaches due to its ability to enable run-time reconfiguration, for 

example, the decision to delay the harvesting process based on market conditions. In 

addition, the entities of the simulation model are not only controllable in terms of 

parameter values, but also manageable in its overall behaviour through agents’ decision-

making logic. 

5.2. Protocol Diagrams 

The protocol diagram depicts high-level agent interactions, decisions and tasks 

associated with each agent. The protocol diagram or sequence diagram is an interaction 

diagram that explains how and in what sequence a group of objects or agents work 

together. In Figure 6, the interactions and individual actions from top to the bottom can 

be considered the actions sequence for the simulation run. The model developers use the 

protocol diagram to document and communicate agents’ actions and interactions. It also 

helps to model the logic of complex agent interactions and operations. The agents’ 

interactions primarily take place through the message flow between agents and the 

protocol diagram describes the message flow between agents. These messages include 

explicit information such as customer demand and implicit knowledge related to a 

particular agent’s decision-making, for example, harvesting decisions. 

INSERT FIGURE 6 here 

As illustrated in Figure 6, the customer is responsible for triggering the activities on 

the downstream side of the salmon supply chain. The customer orders the product 

through contracts, where the customer specifies the price, type of product, quantity 

required and expected delivery lead time. If the sales agent of the producer agrees with 

the contract, it will check the product availability with the inventory manager and if 

sufficient inventory is not available, the additional product will be purchased from the 

spot market. In the case of frozen fish fillets, the inventory manager checks the customer’s 
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expected lead-time and decides which stock of products with a given shelf-life is to be 

delivered. If the customer lead-time is short, older stocks of products (closer to expiry) can 

be delivered and vice versa, as it is assumed that the customer uses the product 

immediately on receipt. Once the decision is made, the available amount of product is 

forwarded for dispatch and the transporter agent decides which mode of transportation 

is to be employed depending on the customer lead-time. The activities on the upstream 

side of the value chain are independent of downstream activities due to the long relatively 

long production cycle of salmon starting from the smolt deployment. The current model 

only considers the supply chain from the smolt supplier, so the upstream activities of the 

supply chain are simplified and modelled by the producer placing an order for smolt 

supply and this being delivered to the salmon producer once the order for smolt supply 

is processed. 

5.3. High-Level Class Diagram and Its Implementation in Any Logic™ 

As outlined in the previous section, the agents are implemented through the objects 

of a class where class represents agents’ characteristics and actions. The UML (Unified 

Modelling Language) class diagram is a visual representation to construct and visualize 

object-oriented systems. In that sense, the high-level class diagram (Figure 7a) a is a 

depiction of all agent classes in the modelling system. This diagram provides a high-level 

view of agents or the associated functions and interactions of the agents before the 

implementation in an object-oriented framework. The class diagram is a structured 

diagram that demonstrates the interrelationship of the system (in the present study the 

agent-based simulation model) by illustrating the classes, their parameters and functions 

and interrelationships among other objects or agents. For example, the features of 

customer demand and action of the customer which is the ordering can be easily identified 

from the customer class in the diagram. Moreover, which are the agents that the customer 

is going to interact with, such as the sales agent for placing the order and the transporter 

agent for receiving the ordered item, can be seen from the diagram. 

INSERT FIGURE 7a here 

INSERT FIGURE 7b here 

Figure 7b represents a detailed view of these agent classes once it is implemented in 

AnyLogic™ simulation software. The agent-based model implementation has a 

hierarchical structure with top level class being “Main”. The “Main” class contains all 

other user defined agent classes. The customer demand in Figure 7b is not an active agent 

class as it only specifies the characteristics of the customer demand. The customer agent 

class uses the customer demand class to place the order with the producer. Compared to 

Figure 7a,b also illustrates the variables which are used while running the simulation 

model. For example, in the case of the inventory manager agent class, the three inventory 

variables correspond to the amount of product available in each class of product stock 

that is classified according to the shelf life of the product.5.3. Production and processing 

modelling: Discrete-event modelling approach 

Discrete-event simulation is widely used for capturing a system as a process, i.e., a 

series of actions being done by entities such as products, parts or customers. These 

processes normally consist of delays, resource utilization and waiting in queues. The 

salmon supply chain model adopts a discrete-event approach to represent production and 

processing activities in the chain (Figure 8). Once the smolt is received from the supplier 

it is deployed, which is modelled using a “source block”. The source block creates entities 

or agents as a starting point in the process model. In our model, the processing starts with 

smolt deployment. The grow-out phase occurring in the sea is modelled using a “delay 

block”. A delay block usually delays the entities passing through the block for a specific 

amount of time. Following that, a “select output block” is used to model the portion of 
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fish lost loss due to death, with these dead fish exiting the system captured by a “sink 

block”. Once the grow-out phase is completed, the fish are ready for harvesting. This is 

represented by a “queue block” which acts as a buffer entity, where the fish are waiting 

for the next process in the system. The next process in salmon production is the harvesting 

decision and this is modelled using a “hold block”. Using the hold block we can 

temporarily stop the entities moving to the next modelling block. The specific parameters 

of this hold block are captured with Java code. This way we can accurately model the 

harvesting decision being dependent on external factors such as market conditions. 

Having made the harvesting decision, the harvested fish are routed using a “select output 

block” for either fillet (value add process) or HOG fish production. The primary and 

secondary processing steps are captured adopting a “service block” that seizes a given 

number of entities, delays these seized units, and then releases the seized units once the 

required processing time is elapsed. Once the processing activities are finished, they 

products are held in inventory, which is again modelled using the queue block. 

 

INSERT FIGURE 8 here 

6. Simulation Case Study 

The model is implemented using the case of the largest salmon producer in Norway. 

The company manages activities across the supply chain, including feed production, 

farming, processing, distribution, sales and marketing. The company believes that this 

vertical integration strategy enables it to control costs, improve product quality and 

improve efficiency. The case study focuses on the company’s Norwegian operations. We 

use data from [5] and from company reports, which are outlined in Tables 1 and 2. Table 

1 presents the production cost calculation which is adopted from the study by [5], while 

inventory cost, processing cost, logistics costs and spot purchase cost are outlined in Table 

2. The steady-state baseline behaviour of the salmon supply chain is then illustrated in 

Figure 9. 

  



Agriculture 2021, 11, x 10 of 24 
 

 

Table 1. Production costs. 

Item NOK/kg % 

Feed 12.4 50.20% 

Primary 2.52 10.20% 

Smolt 2.31 9.40% 

Salary 1.51 6.10% 

Maintenance 0.82 3.30% 

Wellboat 1.02 4.10% 

Depreciation 0.77 3.10% 

Sales 0.56 2.30% 

Mortality 0.15 0.60% 

Other 2.64 10.70% 

Total 24.7 100% 

Table 2. Parameter Values. 

Parameters Value 

Processing cost whole frozen 0.57 NOK/kg 

Frozen Inventory cost 0.028 NOK/kg/week 

Fresh inventory cost 0.02 NOK/kg/week 

Transportation cost per kg for road 0.421052632 NOK/kg 

Transportation cost per kg for air 5.052631579 NOK/kg 

Market price of salmon 51.84 NOK/kg 

Percentage of fresh HOG production  50%  

Percentage of frozen fish item production 10%  

Product loss factor for whole fish 1  

Product loss factor for fillet 0.7  

Smolt deployment 1,786,000 /week 

Weight of fish for Fresh HOG 3–4 kg 

Weight of fish for Frozen Fillet 4–5 kg 

 

INSERT FIGURE 9 here 

 

To illustrate one managerial application, we test the impact of a disruption on the 

performance of the company’s salmon supply chain. Here, we model the impact of a 

disruption on the upstream side of the supply chain. Examples of such supply side 

disruptive events include shortage of feed due to a supply failure, or death of juvenile 

salmon due to viral or sea lice infection which impacts the yield of farmed salmon. The 

escape of fish from their pens is also another source of disruption during the farming 

stage. For instance, significant storm damage in 2020 caused the mooring ropes which 

secured the pens to the anchors on the seabed to break, resulting in approximately 10% of 

the farm’s fish stock escaping [34]. We capture this sudden disruption in the model and 

illustrate its impact in Figure 10. 

. 

INSERT FIGURE 10 here 
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Figure 10 illustrates the changes in performance indicators when the production 

process is disrupted between 50th and 100th time periods. Here, there is a sudden 

decrease in the total production volume of salmon. However, there is no change in sales 

output compared to the baseline scenario. This is because the drop in production output 

is offset by the rise in spot purchase volume during the disruption period. This causes an 

increase in the spot purchase cost compared to the baseline scenario. In this case, the spot 

purchasing approach is an effective contingency plan for the company. Other types of 

disruptions may require different mitigation or contingency approaches, such as holding 

higher levels of feed inventory as a mitigation against a disruption to the feed production 

process. By conducting scenario analysis for different types of disruption, various risk 

mitigation strategies can be evaluated to allow decision-makers to identify the most 

appropriate strategy. 

7. Conclusions 

The commercial salmon farming industry has seen rapid growth, with it emerging as 

one of the fastest growing food production systems in the world. The complex nature of 

the farmed salmon supply chain which operates both on land and in the sea, coupled with 

uncertainties related to salmon growth and consumer demand, make supply chain 

planning a significant challenge. To address this, we have developed a hybrid simulation 

framework to model the supply chain planning process to support managerial decision 

making. We have used simulation as it is a widely accepted approach as a decision 

support tool due to its ability to accurately capture real world systems and to be able to 

assess a wide range of scenarios in a low computational cost and risk free environment. 

Our research addresses recent calls for the inclusion of behavioural aspects to be 

included in managerial decision making models. It also demonstrates the capabilities of 

hybrid simulation modelling through a combination of agent-based (ABM) and discrete-

event simulation (DES). ABM was applied to capture the autonomous and interacting 

decision making behaviour of the supply chain actors, while DES was employed to model 

the various production activities within the supply chain. To achieve this, we modelled 

the various supply chain actors (smolt supplier, salmon producer and customer) as 

individual decision-making units or agents. Then we identified the various decisions 

which occur that are related to production planning and sales. These decisions include 

harvesting, salmon processing, inventory management, sales allocation, and logistics. 

These various functions, interactions and their associated decisions were modelled using 

ABM. At the more detailed level, DES was applied to model production processes, 

starting from smolt deployment up to the production of both fresh and valued added 

longer shelf-life products. We implemented the hybrid simulation model using 

AnyLogic™ software and illustrated its use through a case study based on a Norwegian 

salmon farming company. 

This hybrid simulation framework can be used further as a managerial decision 

support tool in the farmed salmon supply chain, focusing on the following scenarios: 

• To study the best contract choices the salmon producer can offer to the customer 

depending on the market situation. 

• To make optimum harvesting decisions based on the tradeoff between favorable 

market conditions and the cost of delaying the harvesting process. 

• Evaluation of timing of sales of processed products, considering the market sales 

price at a particular time and the inventory carrying cost of the products. 

• Since the modelling platform adopted in our study offers flexibility to incorporate 

optimization algorithms, the best parameter values associated with the production 

planning problem can be ascertained. 

• Due to the inclusion of the discrete-event simulation approach, the efficiency of each 

processing facility and identification of process bottlenecks occurring within the 

supply chain can be identified. 
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• The impact of disruptions within any node or between any node in the supply chain 

can be analyzed. While the farmed salmon supply chain presents fewer risks 

compared to open trawler fishing, even adverse weather events can cause damage to 

farms as has been illustrated, farmed salmon can be impacted by disruptions to feed 

supply and infections in farms. The simulation approach can capture the impact of 

such disruptions, evaluate the benefit of various risk mitigation policies such as 

higher inventory, and assess the overall resilience of the supply chain. 
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Figure 1. Model scope within overall farmed salmon supply chain. 
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Figure 2. The overall modelling framework. 
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Figure 3. Decision making flow chart for the harvester agent. 
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Figure 4. Inventory control for processed salmon product. 
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Figure 5. Contract negotiation and sales decision making sequence. 
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Figure 6. Protocol diagram illustrating the interactions between agents. 
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Figure 7. (a) High level class diagram of the salmon simulation model. 
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Figure 7. (b) Implementation of class structure in AnyLogic™. 
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Figure 8. Discrete-event simulation model of salmon production. 
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Figure 9. Simulation baseline performance. 
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Figure 10. Simulation output of the salmon supply chain during disruption 


