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Abstract: Due to the dynamic nature of the food supply chain system, food supply management could suffer and be interrupted by unforeseen events. Considering the perishable nature of fresh food products and their short life cycle, fresh food companies feel immense pressure to adopt an efficient and proactive risk management system. The risk management aspects within the food supply chains have been addressed in several studies. However, only a few studies focus on the complex interactions between various types of risks impacting food supply chain functionality and dynamic feedback effects, which can generate a reliable risk management system. This paper strives to contribute to this evident research gap by adopting a system dynamic modelling approach to generate a systemic risk management model. The system dynamics model serves as the basis for the simulation of risk index values and can be explored in future work to further analyse the dynamic risk's effect on the food supply chain system behaviour. According to a literature review of published research from 2017 to 2021, nine different risks across the food supply chain have been identified as a subsection of major risk categories: macro-level and operational risks. Following this stage, two first identified risk groups have been integrated with a developed system dynamics model to conduct this research and to evaluate the interaction between risks and functionality of three main dairy supply chain processes: production, logistics, and retailing. The key finding drawn from this paper can be beneficial for enhancing managerial discernment regarding the critical role of system dynamics models for analysing various types of risks across the food supply chain process and improving its efficiency.
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[bookmark: _Hlk106553337]1. Introduction
Supply chains can face general risks and own unique vulnerabilities in light of disruptive events caused by human beings and natural causes [1–4] [1–4]. Aligned with significant food affordability considering various income rates and a growing disconnection between consumers and food supplies, food is considered a vital and infinite commodity for meeting basic human requirements [3,5] .[3,5]. Due to the perishability nature of food products within food supply chains (FSCs), specific characteristics such as a short shelf, considerable variation in availability and the importance of accessibility to the right amount of quality raw materials make them more complicated than others supply chains [5–9].  [5–9]. Perishable food products, including fruits, vegetables, dairy products, and meat, could be more likely to suffer the most among FSCs. Since the perishable products require reliable, accurate, and speed harvest, procurement, processing, and marketing, any problem in this process could cause a considerable amount of food waste, financial and economic crisis, and societal impairment across the marketplace [10][10]. To have greater control over food insecurity, having access to real-time and reliable information about potential risks and their possible impact on consumer behaviour is essential for food supply chain managers [11][11]. In response to the FSCs vulnerabilities and risks, various literature and studies have pointed out the necessity of developing an efficient risk management system [12,13].[12,13].
As presented in Table 1Table 1, a prior review of literature in the past five years indicates growing attention to modelling the dynamic interplay of risks in FSCs, particularly perishable and dairy products. The critical review of the literature shows two important research gaps. First, most of these studies have covered only the logical modelling phase, while other phases, as shown in Figure 1Figure 1, have been ignored. Second, the present literature has explored limited or some specific types of risks. This study has not concentrated on the limited traditional risks such as the bullwhip effect or inventory risks. To fill this gap, four top-risk groups: operational-related risks, market-related risks, managerial level risks, and external environment risks, have been extracted and evaluated in section 4, and as a result, two main groups have been addressed as the main problems in this research. 
The contribution of this paper is to evaluate the effects of a broader range of risks on dairy FSCs. This research aims to understand the dynamics of dairy FSCs affected by a different range of risks and provide insights for supply chain managers in the context of FSCs. Evaluating different combinations of risks related to the main dairy supply chain process, including production, logistics, and retailing, can help practitioners and managers improve the performance of the dairy supply chains. In order to evaluate a complex food supply chain system, a simulation is considered an effective tool, which contains multi-level decision making regarding the various types of risks in food supply chain systems and their sub-system. Different analytical tools such as statistical modelling methods are applied to support decision-makers with the required evidence to make decisions regarding complex problems. However, these techniques are unable to provide feedback regarding complex systems’ behaviour due to non-linear interactions between the system’s components. Subsequently, decision-makers require sort of tools that are more appropriate for complex environmental issues [14].  evaluate a complex food supply chain system, simulation is considered an effective Toapproach, since it incorporates multi-level decision making criteria in relation to the various types of risks within food supply chain systems and their sub-systems. Three common approaches to systems modelling and simulation include System Dynamics (SD), which is applied at macro level, Agent-Based Modelling (ABM) that is useful at a micro level [15] and Discrete Event Simulation (DES), with considerable emphasis on resources utilisation and wait time [16]. These three models are employed in the various fields of application ranging from ecology to economics [14] to explain dynamic phenomena in complex networks [17]. Although both SD and AB models are applicable for complex and dynamic systems such as the food industry [18], SD approach follows aggregation philosophy considering causal relations between system components and feedback loops. In contrast, AB modelling is not based on aggregation philosophy, and its main focus is on micro-level dynamic actions among individual constituent agents [14,16,19,20]. On the other hand, DES model has a microscopic view and discovers more minor details of the relevant system, whereas SD has a top-down macroscopic perspective. In addition, DES is a stochastic modelling technique, therefore, to achieve a complete understanding of the system, it should be run multiple times to deal with randomness, whereas SD model, due to deterministic characteristics, will provide the same results in all runs, so there is no need to for the SD model to run more than once [21]. Considering advantages of sSystem dynamics as is one of the most widely used simulation approaches, this .  Therefore, a system dynamics-based model has been adopted in this research as the main methodstudy, and through simulation, it can improve the decision making's discriminatory power by predicting and analysing the dynamic behaviour of various controlled and uncontrolled risks with a negative impact on food supply chain functionality [22]. [14]. Such modelling approach can be very helpful for supply chain managers within long-term and management strategies and planning [23]. In addition, align with simulation modelling objectives which is capturing dynamic interactions of risks associated with different process across dairy FSC, SD modelling can help this study to achieve this objective by generating the conceptual model using 
computer based simulation model [24].
The rest of the paper is structured as follows: Section 2 summarises the current literature in supply chain risk management in the last five years to set and define the problem. Section 3 explains the research method for this study. In section 4, the main four top risk categories are evaluated in detail, and as a result, two risk categories have been selected for this study. Sections 5 and 6 include the developed causal loop diagram (CLD) and stock and flow diagram (SFD) models, respectively. In Ssection 7, the verification of the model has been testedconducted, and in Ssection 8, the verified SFD model is integrated with risk factors. Sections 9 and 10 includes simulation results and discussion based on defined scenarios. Finally, the paper is concluded in Ssection 11 provides the conclusion of this paper.
2. Literature Review
Due to the ever-growing complexity of supply network relationships, in addition to significant uncertainty over the years, FSCs have faced many challenges emerging from multiple sources, such as volatility in food price, variability in weather and climate, food wastages, food insecurity, restricted food trade policies and quality and safety standards, and COVID-19 and Brexit-related impacts on the labour market and trading [25–29]. [15–19]. In terms of the coronavirus pandemic, the UN's World Food Programme's executive director has warned that as a result of the pandemic, countries around the world could be headed toward some food crises such as global food catastrophes, starvation, food insecurity, and potential devastating famines of biblical proportions [30][20]. Many types of risks can cause significant interruptions in the efficiency of supply chain operations. In particular, for FSCs evaluating risks can positively affect other areas, including sustainability and performance [4][4]. 
Identifying the complex interactions among various types of risks impacting food supply chain functionality and dynamic feedback effects throughout this process is essential. This interaction is considered complex because it includes many system components and continually changes over time. Therefore, identifying and managing risks and uncertainty play crucial roles in different businesses [31][21]. Subsequently, supply chain managers in different industries should apply an effective method to approach these risks, and this accelerates describes the acceleration of the research that focuses on supply chain risk management (SCRM) after 2000 [32][22].
2.1. System Dynamics Modeling on Food Supply Chain Risk Management 
As listed in Table 1Table 1, some published research from 2017 to 2021 has been reviewed to identify the main risk factors that have been evaluated in recent years. Bashiri et al. [18] [23] examined the sustainability risks for Indonesia–UK coffee supply chain concerning two different perspectives of farmers and exporters using SD models. In this research, in the scenario selection part, they have applied TOPSIS approach to select the most preferred scenarios in their study.  In this research, Bashiri et al. [18] [23] indicated climate change, area increasing rate, price, compliance with regulations, exchange rate, transportation distribution, trade policy, market demand, and unavailability of facilities as the most potential sustainability risks to farmers and exporters viewpoints. In a different studyreview study by Estay et al. [33][24], which is a review paper, they the authors have focused on studies research works that have addressed various challenges in FSCs using SD methods. The main challenges identified in this review study research include strategic problems such as variability in demand and operational problems such as packaging issues or transportation inefficiency.
Rathore et al. [34] [25] used the SD technique to evaluate interactions among foodgrains transportation variables such as inventory level, labour availability, transportation capacity, and backlog order in the presence of key significant risks such as inappropriate transportation route selection, delay in information sharing, theft, labour strike, and other risk factors as listed in Table 1Table 1. It is clear that based on FSCs types and characteristics, the risks involved in variant studiesreported in different research works can be variedvary. Regarding dairy products selected for this study, Zhu and Krikke [35] [26] have done conducted great a piece of research addressing those sorts of risk factors that can occur after an outbreak, such as COVID-19. Zhu and Krikke [35][26] argued that the product shortage due to capacity distributions for producers and logistics service providers that can lead to post-disaster hoarding could be considered the possible outcomes of an outbreak for dairy products such as milk, butter, and cheese. They have applied SD simulation to identify the dominant loops promoting domestic demand generation. Arwani et al. [36] [27] also examined the impact of adulterationcontamination risks in milk processing industry in Indonesia. In this study, the impact of adulteration risks on different factors such as quality of products, shipping price, supply chain transparency, and raw materials prices. Arwani et al. [36] [27] used SD modelling for the risks associated with milk processing supply chain and evaluated the complex problems for variables considered in their model. However, two important simulation and sensitivity analysis phases are missing in the study by Arwani et al. [36] [27] study. In addition, Orjuela-Castro et al. [37] [28] examined a case study of mango supply chain in Cundinamarca-Bogotá using SD method. Their research investigated the impact of seasonality and demand discrepancy on the mango supply chain, particularly on logistics performance. Other risk factors that have been covered in recent literature include food quality, price, lack of transparency, production capacity, seasonality problem, operational costs, supply and demand risks, macro-level risks and food security issues, as represented in Table 1Table 1. The following studies and identified risk factors are the basis for the problem articulation section in this study. In this research, SD modelling has been applied to analyse the dynamic interplay of risks in a cheese supply chain over three different main processes (i.e., productions, transportation, and retail), and a wider range of risks is considered, including internal and external risk factors as represented in Figure 6Figure 6. 
[bookmark: _Ref109682221]Table 1. Summary of the supply chain risk management assessment literature adapted from Table 1. Summary of the supply chain risk management assessment literature adapted from [38][29]
	Author(s)
	Year
	Methodology
	Risks involve

	Bashiri et al. [18][23]
	2021
	SD & TOPSIS
	· Climate change
· Area increasing rate
· Price
· Compliance with regulations
· Exchange rate
· Transportation disruption 
·  Trade policy
· Market demand
· Unavailability of facilities

	Estay et al. [33][24]
	2021
	Review paper for research used SD
	· Strategic risks
· Operational risk

	Rathore  et al. [34][25]
	2020
	SD & AHP-Grey TOPSIS 
	· Inappropriate transportation route selection
· Delay in information sharing
· Theft
· Labour strike
· Inadequate capacity
· In-transit loss
· Unavailability of vehicles
· Natural disaster

	Puertas et al. [39][30]
	2020
	TOPSIS, Elimination et Choix Traduisant la Realité (ELECTRE),
Cross-Efficiency (C.E.)
	· Food quality corruption
· Environmental sustainability 
· Logistics
· Price
· Production volume
· Economic growth

	Zhu and Krikke [35][26]
	2020
	SD
	· Producer capacity disruption
· Logistics service provider capacity disruption
· Hoarding disruption

	Mithun Ali  et al. [3][3]
	2019
	Pareto analysis & DEMATEL
	· Lack of skilled personnel
· Poor leadership
· Capacity
· Poor customer relationship

	Behzadi et al. [40][31]
	2018
	Review paper
	· Seasonality
· Supply & Lead-times
· Perishability

	Arwani  et al. [36][27]
	2018
	SD
	· Adulteration 
· Transparency
· Delivery Cost
· Raw material price
· Product Quality

	Liu et al. [41][32]
	2018
	SD
	· Entire supply chain risk

	Orjuela-Castro et al. [37][28]
	2017
	SD
	· Seasonality
· Demand discrepancy 

	Nakandala et al. [42][33]
	2017
	Fuzzy logic and hierarchical
Holographic modelling
	· Macro-level risks
· Operational risks
· Internal risks

	Prakash et al. [43][34]
	2017
	ISM
	· Market risks
· Process risks

	Tsolakis  and Srai [44][35]
	2017
	SD
	· Food security 


3. Research Method
SD approach was created introduced by Forrester [45] [36] as a pioneered in this area. SD method is an effective quantitative modelling tool and simulation technique to study complex systems structures and gain perception for long-term decision-making in different industries 	[46][37]. In many research works, system dynamics has been used applied for broad domains of in wide range of areas and problems [47][38]. This modelSD can provide a holistic view of various supply chain systems to analyse the linkage between system components and generate feedback. TheA systems dynamics approach is applied in this research regardingfocuses on main dairy supply chain systems to measure their functionality under different unforeseen negative events and understand the dynamic behaviour in this such a complex system. Since the dairy supply chain is dynamic and includes feedback, SD is considered an appropriate modelling tool for this study. Garbolino et al. [48][39], Morecroft [49][40], and Gonçalves et al. [50] [41] have broadly adopted the SD technique to analyse and mitigate various risk types.  Rathore et al. [34] [25] have extended the proposed framework forse efforts by adding essential steps in SD modelling [51][42]. The SD model developed in this work has been validated and verified through proposed tests provided by Sterman [52][43] and Arwani et al. [36][27], such as model structural tests, sensitivity tests, and extreme condition tests.  
The typical process of for the application of SD is presented in Figure 1Figure 1. The problem and boundaries of the system must be described in the first phase. Theis analysis will begin with the logical modelling phase in order to identify the variables that cause undesirable system behaviour. In this phase, along with the problem definition and developing the causal loop diagram (CLD), great insights can be obtained to support the system's main aim i.e.,: improvement. Following the first phase, in the second phase, after creating the stock and flow diagram (SFD), the relevant equations of level and rate of system dynamics model will be formulated using the initially described system. This formulation step is essential for simulating and developing an explicit system using the incomplete description in the previous stage. This dynamic back and forth movement between stages occur at every level. Some identified gaps and inconsistencies in the initial model can be corrected through the formulation process. Once the formulation has been donecompleted, the verification and validation of simulation models will conduct examine the development process simulation modelthe developed model by with a view to generating an accurate and credible modelsimulation. In the third phase, the selected risks should be integrated with the main SFD model, and after defining individual scenarios for each defined risk, the system should be simulated to examine the system behaviour changes regarding the integrated model affected by added risk. 
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[bookmark: _Ref110004440]Figure 1. System Dynamics (SD) process,
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Model application phase

Figure 1. System Dynamics (SD) process, Rathore et al. [34] [25] (p. 1819)
4. Problem Articulation
4.1. Risk 
According toConsidering the existing literature have discussed in the following sections,, risks can be  classified into four top-risk groups: operational-related risks, market-related risks, Managerial level risks, and external environment risks. Each top-risk group and its characteristics are detailed along with a taxonomic diagram to provide the risk sources in the examined literature.
[bookmark: _Toc69470107]4.1.1. Operational Risks
According to Ali and Gurd [53] [44] and Xiaoping [54][45], operational inefficiencies in different aspects, such as process, system, people, and operational risks as the leading cause of economic losses. These operational risks also can lead to final product damage, delay in product delivery or reputation risk [55][46]. In addition, lack of traceability, according to Aung and Chang [56][47], can decline the capability of trace-back and trace-forward throughout the food supply chain systems. Due to quality or safety standards breaches, it can also adversely affect monitoring and identifying product recall. In order to mitigate the risks associated with various food supply chain processes, holistic control of the entire chain, from farm to fork, is essential [57][48]. The essential risks associated with the examined literature's operational process include supply-related risks, inventory-related risks, logistical and infrastructural-related risks, demand-related risks, management-related risks, capacity risks, lead-time, and security problems. Figure 2 Figure 2 provides a diagrammatic view of these operational risks identified in the literature. 
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[bookmark: _Ref110004014]Figure 2. Operational risks
[bookmark: _Ref81864238]Figure 2. Operational risks
[bookmark: _Toc69470108]4.1.2. Market Risks
One of the most dynamic industries globally that is rapidly evolving is the food industry. Due to the challenging climate and special characteristics of the food industry, identifying and managing the related risks, events and uncertainties across various supply chain processes is vital. Market risks include a broad classification of the market variation that impact the supply chain performance and behavioural operations across the industry [58][49]. Food supply chain deals with significant market-related risks across inputs and outputs that can have short-term effects such as a single growing season or long-term impacts over the production cycle. Within the FSCRM context, market risks are emphasised with price fluctuation, quality, exchange rate, accessibility and availability of essential products and services required by customers [59][50]. One of the critical approaches for managing market risk associated with the food supply chain is supply chain flexibility as an essential ability for all supply chain members (i.e., internally and externally). This approach supports food supply chain members to respond quickly to increasing market changes and customer expectations within budget and time and at a tremendous organisational performance level [60][51]. Figure 3Figure 3 provides a diagrammatic view of these market-related risks identified in the literature. 
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[bookmark: _Ref110003968]Figure 3. Market Risk
[bookmark: _Ref81864444]Figure 3. Market Risk
[bookmark: _Toc69470109]4.1.3. Managerial Level Risks
The preliminary studies represent a considerable focus on food supply chain risk management that is shifted from operational level risks to more managerial and strategic level risks due to various phenomena such as globalisation and complexity [e.g.,[3][3],[25][15],[36],[27]]. Different studies propose the following second-order themes as the subsets of managerial level risk include: lack of skilled personnel, poor leadership, lack of coordination and inappropriate network design, and lack of information sharing. Figure 4Figure 4  illustrates a schematic view of managerial-level risks proposed by selected studies in this research project. 
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[bookmark: _Ref110003905]Figure 4. Managerial level Risks
[bookmark: _Ref81864910]Figure 4. Managerial level Risks
[bookmark: _Toc69470110]4.1.4. External Environment Risks
According to the literature, the supply chain efficiency in any industry is significantly affected by different various external environmental aspectselements, including the political, economic, socio-cultural, legislative, ecological, and technological conditions [61][52]. When planning conducting risk planning and management, it is crucial to identify the external risks along with internal risksones. In this study, the following risks are selected as the main sub-risks in the external environment risks category: political instability, regulation changes, climate changes, natural disasters, advanced technology, economic factors, spreading diseases, and social challenges. Figure 5 Figure 5 represents a schematic view of external environment risks proposed by selected studies in this researchstudy project. In addition, from the public perspective, there are many concerns regarding the modern food system that can negatively impact natural resources, including soil degradation, which is the main cause of inefficient land use, loss of biodiversity, and water pollution. Moreover, increasing food production and consumption levels as a significant contributor to greenhouse gas emissions is another public concern. In addition, food safety and security, animal welfare, ethical risks of food production, and fair trade, particularly in developing countries, are frequent consumers' expectations and neglecting these aspects can put FSCs under high pressure [62][53]. 
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[bookmark: _Ref110003780]Figure 5. External Environment Risks
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[bookmark: _Ref84460914]Figure 5. External Environment Risks
In this study, as illustrated in Figure 6Figure 6, the main potential risks involved in the fresh food supply chain system are selected based on existing research [e.g.,[2][2],[12][12],[36][27], [43][34],[61,62][52,53]], and the literature review presented in Table 1Table 1. Macro-level and operational risk categories can cover the most important risks in the above categories. In addition, considering this study has used secondary data,; however, one of the biggest most challenging issues in pertinent research for the secondary research is the lack of datais data scarcity when looking for relevant and appropriate secondary data. Therefore, this study concentrates only on two risk groups based on available data due to this limitationdata availability. The definitions of selected risks have presented in Table 2Table 2. 
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[bookmark: _Ref110003688]Figure 6. Main potential risk in the fresh food supply chain used in this research

[bookmark: _Ref81690551]Figure 6. Main potential risk in the fresh food supply chain used in this research

[bookmark: _Ref105427651]Table 2. Definition of selected risks for this research
[bookmark: _Ref109682865]Table 2. Definition of selected risks for this research
	Risks
	Authors
	Definitions

	Natural disaster
	Azizsafaei et al. [37][29]
	Natural disasters include disruptive events such as earthquakes, drought, floods, hurricanes, etc., that can negatively impact human lives and businesses. 

	Diseases
	--
	COVID-19 pandemic has explicitly been evaluated in this research.  

	Labour strikes
	Gov.UK [63][54]
	A labour strike includes work stoppage or refusal to continue to work by labours to compel employers to consider their terms/conditions and defend their rights. 

	Demand fluctuation
	Ortiz-Barrios et al. [64] [55] (p.105)
	“The failure to predict proper demand by a company leads to demand fluctuation between supply chain stages. This extends to bull-whip effect, which is a threat to economic growth.”

	Supply quality risk
	Chavez and Seow [65][56] (p. 2)
	“A product’s quality risk/supply quality risk state in which it is affected by direct and indirect multi‐tier suppliers’ materials, in which a minor risk incident can have a cumulative effect along the whole network.”



Disruptions as a result of each risk mentioned above can occur at any stage of FSCs [66][57]. However, disruptions caused by natural disaster events in high chance can involve the entire FSC system [67][58]. FSCs disruption triggered by natural disasters can cause extensive breakdowns in transportation and production parameters, particularly in rural areas where insufficient infrastructure is [68][59]. Concerning disease risks, the main focus of this research is COVID-19 pandemic impact on FSCs. Hobbs [69][60] stated that Covid-19 pandemic could have had a disrupting effect on both demand-side (e.g., consumer panic behaviour and damaging service sectors) and supply-side (e.g., labour shortages and disruption in supply network). Applying an agile approach in FSCs to adjust promptly to demand-side shocks and supply-side disruptions is essential during and after a pandemic crisis. In terms of labour strikes as one of the important hazards in FSCs, as shwon in Figure 7Figure 7, according to Office for National Statistics [70][61] the median number of working days lost per stoppage in the UK as a result of labour strike events has major increase since 2015. Labour strike is the major cause of financial crisis for difefernt type of supply chains, particualry FSCs that heavily depend on labours actvitiesactivities. 
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[bookmark: _Ref109682953]Figure 7. Median number of working days lost due to labour strike in the UK (2010-2018), 
[bookmark: _Ref104865118]Figure 7. Median number of working days lost due to labour strike in the UK (2010-2018), source [70][61]
Accurate demand prediction can support  FSC managers in determining the right amount of inventory and decrease the level of waste and loss due to overstock. In addition, more accurate demand prediction can decrease the shipping lead time and inventory holding cost [71][62]. However, due to unique features of FSCs such as high complexity level, dynamic nature, perishability, and multi-metrics trad-off, it is not always possible for FSCs managers to predict the accurate amount of demand that is the major cause of demand fluctuation events [71][62]. Regarding supply quality risks, supply chain members heavily rely on inspections such as ISO standards and Hazard Analysis and Critical Control Point (HACCP) system regarding food quality demand. These Such methods standards and systems cannot provide an accurate and effective procedure to manage quality-related risks for food supply chain due to different limitations such as bureaucratic processes and many complex documents required in these systems [65][56].
4.2. Risk Dimensions
The risk is a significant element in supply chain risk management when analysing the dynamic change resulting from disruption events. Ren et al. [72][63], Mokhtari et al. [73][64], and Rausand [74] [65] debate argue that to determine the risk, three key dimensions should be quantified the relative likelihood/probability of risk occurrence, consequence/impact of occurrence and extent/severity of risk occurrence. The probability is a measure of the relative frequency of the occurrence of a risk event. Consequence/impact describes the environmental impact if an undesired risk event occurs. Extent/severity concerns the extent of the possible adverse consequences when a specific unpleasant event does occur. The severity is generally evaluated based on expert or practitioner judgement and statistical analysis of historical data [75][66]. As illustrated in Figure 8, three following dimensions of risk are considered in this research:
· Probability/likelihood of a risk occurrence.
· Impact/consequence of a risk event.
· The severity of an adverse risk when that risk does occur which calculate by multiplying the probability by impact. 
5. Developing causal loop diagram for cheese products system
5.1. The CLD for risk factors
The main feedback mechanisms will represent using a causal loop diagram [76][67]. In this section CLD for risk factors have has been explained. As presented in Figure 8Figure 8, arrows represent the direction of a causal influence between system components. The origin of the arrows indicates the causative variable that ends with the affected variable. The positive and negative relationship between these variables is described by the "+" or "-" symbol inside or outside the arrow. 
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[bookmark: _Ref109683095]Figure 8. CLD of the variable affected by risk factor
[bookmark: _Ref103727435]Figure 8. CLD of the variable affected by risk factor
In order to calculate the risk index value, the likelihood and impact value of each risk, as shown in Table 4Table 4, are extracted from [42][33]. Nakandala [42] [33] collected risk index values from managers in various fresh food companies. However, for risk events depending on the system's recovery rate, risk damage can reduce and re-cover over time and on a step-by-step basis. In addition, a risk assessment matrix, as represented in Table 3, enables this research to calculate the project risk index value by identifying an equivalent value for each likelihood and impact level as extracted from Nakandala [42]. 


Table 3. Risk Assessment Matix
[bookmark: _Ref110002996]Table 3. Risk Assessment Matix
	Value
	Likelihood 
	Impact

	1
	Rare
	Very low

	2
	Unlikely
	Low

	3
	Moderate
	Medium

	4
	Likely
	High

	5
	Almost Certain
	Very high


Table 4. Risk Assessment Result.
[bookmark: _Ref109683254]Table 4. Risk Assessment Result
	Risks
	Symbol
	Likelihood
	Impact

	Natural disaster
	1a
	10%
	0.8

	Diseases
	1b
	10%
	0.4

	Labour strikes
	1c
	30%
	0.2

	Demand fluctuation
	2a
	70%
	0.2

	Supply quality risk
	2b
	50%
	0.4


5.2. The dynamic productions system
Defra [77][68]  in the Defra Family Food dataset report that the consumption of liquid milk in the UK (per capita consumption) has decreased by less than 50% since 1974. Annual average per capita consumption dropped from 140 litresThe annual average per capita consumption dropped from 140 to 70 litres between 1974 and 2018. However, dairy product consumption, such as cheese, has had significant growth and continues to be see the highest demand product among other dairy manufactured products. The increasing demand for dairy products directly affects how processors order raw milk delivered off farms. In ten recent decadesOver the past century, the volume of raw milk used by cheese manufacturers has increased by 1.09 billion litres [78][69]. Developing the processing capacity of the dairy supply chain and applying a proactive approach for predicting undesired risks is essential in current shifts in dairy consumption to have an agile response to consumer demand. Factors from downstream customers and constraints such as time and schedule should be considered significant for production process operations [79][70]. To determine the volume of dairy products required for meeting consumer demand, the three following essential variables need to be involved: the raw material inventory [80][71], labour productivity [81][72], and processing equipment capacity [82][73]. Figure 9 Figure 9 outlines the major feedback mechanisms to determine production capability and describes interactions between the various components in the production system for cheese supply chain. In the developed CLD model, the production capacity is in line with the combination of the equipment capacity, labour productivity, and downstream demand to manage the system efficiently. According to previous literature, different models have been established with a specific concentration on production capacity and the causal interactions and feedback mechanisms between the aforementioned components [[18][23],[34][25],[44][35],[79][70]]. 
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[bookmark: _Ref109683350]Figure 9. CLD of production capability
[bookmark: _Ref105428655]Figure 9. CLD of production capability
5.3. The dynamic transportation system
The capacity of transportation systems is influenced and disturbed by undesirable events such as congestion problems, natural disasters, demand uncertainty, terrorism, transportation costs or other disturbances [80–82].  [71–73]. The variables that describe transportation capacity are outlined in a CLD, shown in Figure 10Figure 10. Align with transportation characteristics, such as transport mode, route planning or vehicle types for transporting milk from a the farm to the a processor, the transportation capacity system determines is determined in accordance with the combination of both transporter and infrastructure capacity [83,84] [74,75]. According to Gonçalves [76 [85]], desired shipments are calculated by considering the backlog ratio and likely delivery delay. On the other hand, the inventory level for logistics service providers is measured by the inflow of products from the processors and the outflow of products shipped for fulfilling retailers' orders during a certain period of time. Backlog orders need to be considered in the CLD transportation system when shipped orders are further than shipped dairy products or if shipped orders cannot keep pace with the retailer or customer demand. The order fulfilment rate is calculated by dividing the orders processed by the total number of customer orders placed. The retailer should pull determine the ordering policy for ordering. Using the combination of ordering policy by retailer and volume of production pushed by the processor, the inventory level will be determinedThe inventory level will be determined using the combination of ordering policy by retailer and volume of production pushed by the processor. 
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[bookmark: _Ref109683420]Figure 10. CLD of transportation capacity
[bookmark: _Ref104556649]Figure 10. CLD of transportation capacity
5.4. The dynamic retail system
The sSales rate depletes the inventory level. The time needed required for responding to customers’ demand is known as retailer sales time [86][77]. Some factors such as customer demand rate, economic status of consumers, and new technologies have a considerable impact on selling units to consumers. Decreasing Logistics Service Provider (LSP) shipment rate, shipment time, and poor product quality can decline the retailer's inventory and sales rate [34]. [27]. Another variable that can improve the accuracy and efficiency of meeting customer orders is orders forecast stock determined based on the customer's orders historical data and the depletion of the retailer inventory[87,88] [78,79]. However, this variable is out of scope for this study. The CLD model of the retailer system is shown in Figure 11Figure 11.

[image: ]
[bookmark: _Ref109683481]Figure 11. CLD of retailer system
[bookmark: _Ref104556033]Figure 11. CLD of retailer system
Figure 12 Figure 12 represents the final proposed CLD model for the cheese products supply chain. In addition, in Table 5Table 5, the causes tree for key variables in the CLD model is presented. 
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[bookmark: _Ref109683530]Figure 12. CLD model for a cheese supply chain
[bookmark: _Ref105428785]Figure 12. CLD model for a cheese supply chain
[bookmark: _Ref82355537]Table 5. Causes Trees for key variables in CLD model
[bookmark: _Ref109683593]Table 5. Causes Trees for key variables in CLD model
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6. SFD model development
In this stage, the developed CLD shown in Figure 12 is converted to a Stock Flow Diagram (SFD) using Vensim© software to calculate and indicate the causal relations among the cheese supply chain system variables. SFD model provides more detailed quantitative information compared with to CLD. According to Sterman [52][43], SFD categorisesd variables into three separate groups: stock, flow, and control variables. Stock/level variables related to the flows are represented as a box icon and utilised to calculate an accumulation/depletion effect on order products, such as inventory level [89][80]. Auxiliary/control variables are defined as variables that influence the flow rate variables for improving the system's transparency without changing the mathematical structure and are represented in a box with no border. In response to changes in levels or exogenous influences, the value of auxiliary changes immediately  [90][81]. Flows/rates perform the change level in stock/level, such as flow of materials, product delivery, and capacity recovery through the sales process, and they are drawn as an arrow with a valve [91][82]. Morecroft [49] [40] stated that through the interaction of stock and flow network, the feedback loops could be generatedfeedback loops could be generated through the interaction of stock and flow networks, and factors such as inflows and outflows of one stock can determine the state of other stocks' values. Table 6Table 6 represents the key variables' major role in building the cheese supply chain SFD model in this researchis research's cheese supply chain SFD model. In addition, stock and flow diagram of cheese supply chain system and the risk risk-affected system are presented in Figure 13Figure 13 and Figure 18Figure 17, respectively. Table 7 Table 7 lists the main eEquations applied to develop the SFD model in this research. For instance, when a customer orders dairy products as a new order, this order should go into the order backlog before shipping to potential customers. Thus, the order backlog rate calculates by subtracting the order fulfilment rate from the order rate. Retailer inventory is another example, as listed in Table 7. To calculate the total retail inventory, the total amount of sales should be subtracted from the total value of products shipped by the logistics service provider to retailer inventory.  

[bookmark: _Ref81757973]Table 6. Role of major variables in cheese supply chain SFD model
[bookmark: _Ref109683694]Table 6. Role of major variables in cheese supply chain SFD model
	Variable name /type
	Variable name/type
	Variable name

	Producer
	Logistics service provider
	Retailer

	Production rate 
	F
	LSP inventory
	S
	Retailer inventory
	S

	Producer order backlog
	S
	LSP shipment rate
	F
	Sales rate 
	F

	Product shipment rate 
	F
	LSP shipment time
	A
	Real customer demand rate 
	A

	Time to adjust production order
	A
	LSP desired shipment rate 
	A
	Expected order
	A

	Desired production 
	A
	Order rate 
	F
	Time to average order rate
	A

	
	
	Order backlog
	S
	Sales time
	A

	
	
	Order fulfilment- rate
	F
	
	


Table Table Note: F=Flow; S=Stock; A= Auxiliary
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[bookmark: _Ref109683851]Figure 13. SFD for cheese supply chain system
[bookmark: _Ref105429007]Figure 13. SFD for cheese supply chain system
[bookmark: _Ref103292616]Table 7. Main Equation of the SFD model
[bookmark: _Ref109683803]Table 7. Main Equations of the SFD model
	Variables
	Unit
	Equation

	Production rate
	Kg/Week
	DELAY FIXED (Desired production, 6, 0)

	Product order backlog
	Kg
	INTEG (Production Rate-Production shipment rate)

	Product shipment rate
	Kg/Week
	Product order backlog/Time to adjust product backlogged order

	LSP inventory
	Kg
	INTEG (Product shipment rate-LSP shipment rate)

	LSP shipment time
	Week
	INTEG (LSP Inventory/LSP shipment rate)

	LSP shipment rate
	Kg/Week
	MIN (LSP desired shipment rate, LSP Inventory/LSP target shipment time)

	LSP desired shipment rate
	Kg/Week
	Order backlog/LSP target shipment time

	Order backlog
	Kg
	INTEG (Order rate- Order fulfilment rate) 

	Order fulfilment rate
	Kg/Week
	LSP shipment rate + Order backlog/ Order rate

	Expected order rate
	Kg/Week
	SMOOTH (Real customer order rate, Time to average order rate)

	Retailer Inventory
	Kg
	INTEG (LSP shipment rate-Sales rate)

	Sales rate
	Kg/Week
	MIN (Expected order rate, Retailer Inventory/Retailer sales time)

	Risk Event
	-
	Probability*Impact


Table Note: F=Flow; S=Stock; A= Auxiliary
6.1. Initial operating conditions
Some critical initial values need to be determined before developing the SFD model under different scenarios. The model time step for the simulation process in this research was set as a week.  The simulation period has been considered as 52 weeks (1 year).  Due to the uncertain real customer real demand for FSC products [92][83], the real customer order has been assumed as a random normal distribution number with 9.8 *105 as a minimum, 1.58*106 as maximum, 1.28*106 as mean, and a standard deviation of 1.00*105 that need to be placed weekly. The other initial values for leading stocks in this research, such as “product order backlog”, “retailer inventory”, “LSP inventory”, “order backlog”, and other simulation inputs, are represented in Table 8Table 8. The initial values have been reported in E notation. The listed initial values in Table 8. Initial variable valuesTable 8Table 8 are retrieved from relevant research by Zhu et al. [93] [84] and Zhu et al. [35] [26]and other sources. In this research, milk as the primary inbound resource for producing cheese and other ingredients is considered infinite for cheese producers in the processing phase.
As shown in Figure 14Figure 14, cheese processing starts with pasteurisation, and in the next stage, acidification should be done. In this stage, by adding starter culture and changing the acidity level of the milk, it will start to convert from liquid to solid form. As a result of adding acid to the milk, it will turn to a solid mass called “gel” or “coagulum” and this phase is known as the coagulation process. Next, aAfter separating the curds and whey and processing curds, cheese production process is followed by the shaping and salting stages. Finally formed and salted cheese, keep in room storage to ripen for three weeks. All of the processes related to cheese processes production take about 5-6 weeks. The order backlog volume of the production process is demand driven by retailer orders. Considering the type of cheese and its desired quality level, the maturation period of cheese can be differentcheese maturation period can be between 2 to sixteen weeks. Although the ripening period of different types of cheese can be so long, cheese has been categorised as a perishable food product [94][85]. Retailers should sell the final cheese products in one week. In addition, this research assumed that there is no delivery delay for transporting cheese products. These initial values have been set as a baseline for the current situation of system performance.

[bookmark: _Ref109683946]Figure 14. Cheese processing process
[bookmark: _Ref104556283]Figure 14. Cheese processing process, adapted from Bylund and Tetra Pak Processing Systems AB [95][86]

[bookmark: _Ref103520953]Table 8. Initial simulation values
[bookmark: _Ref109684014][bookmark: _Ref109684011]Table 8. Initial variable values for the SFD simulation
	Simulation input
	Value

	Product order backlog
	7.68 * 106 Kg

	Retailer Inventory
	2.56 * 106 Kg

	LSP inventory
	1 Kg

	Real customer order
	RANDOM NORMAL (9.8 *105, 1.58*106, 1.28*106, 1.00*105, 1) kg/week

	Order backlog
	1 Kg

	Time to average order rate
	1 Week

	LSP target shipment time
	1 Week

	Retailer sales time
	1 Week 

	Time to adjust product order
	6 Week

	Timestep
	1 Week

	Simulation period
	52 Weeks


Source: Adapted from Zhu et al. [93][84] 
7. Model Validation and Verification
In order to check model robustness and verify the model structure, applying the verification and validation process is essential before starting to simulate the risk scenarios. According to Forrester and Senge [96][87], using structural and parameters tests, the verification of the model can be confirmedthe verification of an SD model can be confirmed using structural and parameters tests. On the other hand, validation of the model should be confirmed using two important tests, such as the extreme condition and dimensional consistency test. Structural and parameter verification test for this research can be confirmed already as equations and cause-and-effect relationship between parameters has been defined using existing literature (i.e.,[18][23],[34,35][25],[26],[44][35],[75][66],[, 74],[[83]77] ,,[93][84],[97,98][88,89]). 
An extreme condition is another important test that can be performed to check whether the SFD model effectively coincides with the expected behaviour that assumes for the system. Applying this analysis, by changing some parameters’ values in the developed model and comparing its impact with expected values of dynamic variables in SFD model, the validation of the model can be confirmed. For instance, by decreasing the initial value of producer order backlog to zero, the product shipment rate should also be equal to zero, as shown in Figure 15Figure 15. The model can be validated in extreme condition analysis by obtaining a logical outcome [96].[87].  In Figure 15Figure 15, the red line indicates the initial condition of the product order backlog and product shipment rate, and the blue line represents the system's behaviour after decreasing the product order backlog to zero. As shown in this figure, it can be observed by decreasing the product order backlog to zero, the value of the product shipment rate has been changed to zero as well as was expected before, which reconfirmed the logical behaviour of the model as part of the validation process.


[bookmark: _Ref109684127]Figure 15. FSC system performance by decreasing product order backlog to zero
[bookmark: _Ref104556315]Figure 15. FSC system performance by decreasing product order backlog to zero
Finally, in order to test the dimensional consistency among all the equations, this research has used an inbuilt unit-checking feature in Vensim software, as shown in Figure 16Figure 16. As represented in Figure 16Figure 16, the units that have been used in this research model are balanced.  
[image: Graphical user interface, diagram, application

Description automatically generated]
[bookmark: _Ref109684221]Figure 16. Dimensional consistency test using Unit Check in Vensim
[bookmark: _Ref105429305]Figure 16. Dimensional consistency test using Unit Check in Vensim
8. Risk integration
The identified risks in Table 4 are added to the SFD cheese supply chain model. The risk index values are extracted from Nakandala et al. [33] study and will be entered as input for SFD model simulation.The risk sub-model, as shown in Figure 17, is generated according to CLD model presented in Figure 8. The probability and impact values for relevant variables are extracted from Nakandala et al. [42] study and will be entered as input for SFD model simulation. The risk value of the event is calculated by multiplying probability and impact. Regarding assessing the risk effects, this value is determined by examining the system behaviour changes stemming from the variation of risk inputs. However, depending on the system's recovery rate, risk damage can reduce and recover over time and on a step-by-step basis. The identified risks in Table 4 are added to the SFD cheese supply chain model.  Figure 18 Figure 17 represents the SFD cheese supply chain model after adding risks. Separate scenarios will develop for each of these identified risks, and in the next stage, the system behaviour change, and parameter value will be measured. The cheese supply chain dynamic system, in reality,In reality, the cheese supply chain dynamic system is running along with these types of risks. The identified risks in this study will be considered key independent risks, and the simultaneous effect of two or more independent risks will not take into consideration.  The interactions between risks and supply chain loops haves been illustrated in Table 9Table 9.
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[bookmark: _Ref109827874]Figure 17. Sub-Risk SFD model
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[bookmark: _Ref109684285]Figure 18. SFD model after adding risks
[bookmark: _Ref105429392]Figure 17. SFD model after adding risks
[bookmark: _Ref81865585]Table 9. Interaction between risks and cheese supply chain system
[bookmark: _Ref109684422]Table 9. Interaction between risks and cheese supply chain system
	Risk Event
	Code
	Interactions between risks and Supply chain loops

	Natural disaster
	1a
	(1) R1aLSP shipment rateOrder fulfilment rate
Order backloggedLSP desired shipment rate
(2) R1a LSP shipment rateLSP inventory
(3) R1aLSP shipment rate Retailer inventory Sales rate

	Diseases
	1b
	(1) R1bOrder rateOrder backloggedOrder fulfilment 
(2) R1bOrder rateOrder backlogLSP desired shipment rateLSP shipment rate 

	Labour strikes
	1c
	(1) R1cProduction rateProduct order backlog rateProduct shipment rate LSP inventoryLSP shipment rateRetailer inventorySales rate
(2) R1cProduction rateProduct order backlog rate Product shipment rateLSP inventoryLSP shipment rateRetailer inventorySales rate

	Demand fluctuation
	2a
	R2aSales rateRetailer inventory

	Supply quality risk
	2b
	(1) R2b Production rateProduct order backlog rateProduct shipment rate LSP inventoryLSP shipment rateRetailer inventorySales rate
(2) R2bProduction rateProduct order backlog rate Product shipment rateLSP inventoryLSP shipment rateRetailer inventorySales rate



Oliva [99][90] argued that most system dynamic modelling in terms of essential feedback loops and external effects on the system as the main reason for salient features of the behaviour could be presented simple explanation. For uncomplicated and simple systems that include few variables, the explanation and interpretation of simulation experiments result by focusing on the dynamic behaviour of particular feedback loops is feasible. However, for complex systems, the risk of inaccurate justifications or explanations can be increased. Subsequently, for accurate analysis of final dynamic behaviour results, an analytical method for improving consistency and rigour across the system is essentialan analytical method for improving consistency and rigour across the system is essential for accurate analysis of final dynamic behaviour results. Selecting an appropriate analytical model is another task that needs to be done through future research after the simulation process. 
9. Simulation and Results
After validating and verifying the model as outlined in the previous step in this studys, five risk scenarios have been established in two groups. The SD approach is a scenario-based technique and can be applied to observe the impact of changes in different parameters on other variables [51][42]. These five scenarios include “Natural disaster” (Scenario 1), “Diseases” (Scenario 2), “Labour strikes” (Scenario 3), which these three scenarios are categorised as a macro-level risk group, “Demand fluctuation” (Scenario 4), “Supply quality risk” (Scenario 5), which these two scenarios are categorised as an operational risk group. Extracted scenarios have been established based on the predicted changes in system behaviour in response to these eight risk scenarios and exiting literature review in FSC. Input values of risk scenarios, including probability and impact, have been extracted from Nakandala et al. [42][33]  research. The risk sub-model is shown in Figure 8Figure 8. These risk scenarios can determine the impact of defined risks on the model parameters. The predicted implications of each risk scenario on the model parameter have been listed in Table 10Table 10. For instance, it indicates that the implication of “scenario 1” should positively impact the “LSP shipment rate”.

[bookmark: _Ref103705775]Table 10. Implication of risk scenarios on SFD model parameters
[bookmark: _Ref109684486]Table 10. Implication of risk scenarios on SFD model parameters
	Scenarios

	S1
	S2
	S3
	S4
	S5

	Production rate
	
	
	-
	
	-

	Order rate
	
	-
	
	
	

	LSP shipment rate
	-
	
	
	
	

	Sales rate
	
	
	
	-
	


Note: The “+” and “-” signs represent the positive and negative risk impacts.

Table 11Table 11 represents the performance of SFD model associated with each risk scenario along with the base value. Each risk scenario includes maximum, minimum, and average values across the simulation period. System performance should be compared with the base value after simulating the SFD model using different scenarios. In order to depict this comparison, the following Equation has been applied. Extracted results of this comparison, as listed in Table 12Table 12, will support decision-makers in identifying significant risks in the dynamic and complex FSC system.
(1)

 
9.1. Scenario 1: Natural Disaster
In various research (e.g.,[e.g., [66,67],[100,101]),57,58],[91,92],), natural disaster events such as flooding, climate change, earthquake, snowfall, and volcanic eruptions have been identified as the key negative risks that can damage the efficiency of transportation systems and mobility rate of products. For the first risk with a 10% probability and 0.8 impact as the initial value, it can be predicted that the LSP transportation rate will decrease due to the occurrence of natural disaster events. Also, other parameters such as LSP inventory level, order fulfilment rate, order backlog, sales rate, and retailer inventory can be affected due to the occurrence of the natural disaster events. As represented in Table 12Table 12 and shown in Figure 19Figure 18 ,, the simulation results proved the effect of natural disasters on different parameters of SFD model. For instance, the average of LSP shipment rate has decreased by approximately 24% from the base value. Subsequently, due to transportation disruption average,he average transportation disruption, the order fulfilment rate has dropped by 24% as well. following Following the inability of meetingto meet the customer demand, as shown in Figure 19 Figure 18 and Table 12Table 12, considerable growth cab be is observed in LSP inventory level and backlog orders. In addition, as a result of the reduction of LSP shipment rate as an input for the retailer sub-system, the retailer inventory and sales rate are dropped by 26% and 23%, respectively. 
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[bookmark: _Ref109684952]Figure 19. The SFD model performance under natural disaster risk scenario
[bookmark: _Ref105429691]Figure 18. The SFD model performance under natural disaster risk scenario
9.2. Scenario 2: Diseases
In this scenario, the COVID-19 pandemic has been considered as an example of a disease event to evaluate its impact on the UK cheese supply chain. Although resource shortage and disruption in the processing phase due to labour strikes are other consequences of pandemic conditions since the demand for food can be affected by COVID-19 and the resulting shock [102,103][93,94], the main hypothesis for the second risk scenario with a 10% probability and 0.4 impact as the initial value predicts a decreasing demand during the pandemic. The simulation results under the COVID-19 pandemic scenario, as presented in Table 12Table 12, show a significant decrease in order rate followed by a decreaseing in order backlog, order fulfilment rate, retailer inventory level, and sales rate, as illustrated in Figure 20Figure 19. In addition, a decrease in order rate can trigger the LSP shipment rate and increase the level of stockstock level in LSP inventory, as represented in Table 12Table 12.
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[bookmark: _Ref109685023]Figure 20. The SFD model performance under COVID-19 risk scenario
[bookmark: _Ref105429802]Figure 19. The SFD model performance under COVID-19 risk scenario
9.3. Scenario 3: Labour strikes
Due to the post-pandemic, the labour strike frequency has experienced significant growth as labours have to meet their families’ expenses because of rising inflation around the world [104,105] [95,96]. Since FSC highly relies on labour in most phases, such as processing, transportation, and retailer sectors, the labour strike can seriously hamper supply chain operations efficiency [104][95]. This scenario will evaluates the impact of labour strike risk with a probability of 30% and an impact level of 0.2 on the production process in FSC. It is predicted that labour strike risk canLabour strike risk is predicted to negatively impact the production rate levelimpact the production rate level negatively.  After running the model under the labour strike scenario, as reported in Table 12 Table 12 and shown in Figure 21Figure 20, the production rate has decreased by 94%. As the production inventory level pushed other processes in cheese supply change, by decreasing reducing the production rate except for order backlog and desired shipment rate, other parameters have decreased due to the occurrence of this risk, as reported in Table 12Table 12.
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[bookmark: _Ref109685092]Figure 21. The SFD model performance under labour strikes risk scenario
[bookmark: _Ref105429909]Figure 20. The SFD model performance under Labour strikes risk scenario
9.4. Scenario 4: Demand fluctuation
In light of the complex nature of FSC, demand fluctuation is considered as one of the most frequent challenges that supply chain managers should deal withaddress to improve supply chain performance [106][97]. Market and price uncertainty as well as unpredictable market expectations, are significant factors that cause demand fluctuation risks [107–110]. [98–101]. On the other hand, other factors such as market/brand failure or supply-side disruption such as food safety can be the major reason for demand risk [107].  [98]. In this scenario, the impact of demand risk with a probability of 70% and an impact level of 0.2 on the sales rate in FSC are considered. It is predicted that demand fluctuation risk can decrease the sales rate, which can increase the retailer's inventory level. As reported outlined in Table 12 Table 12 and shown in Figure 22Figure 21, the simulation results have confirmed this prediction, and the sales rate has decreased by 84%. In addition, the inventory level shows significant growth after running the model.
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[bookmark: _Ref109685153]Figure 22. The SFD model performance under Demand Fluctuation risk scenario
[bookmark: _Ref105430089]Figure 21. The SFD model performance under Demand Fluctuation risk scenario
9.5. Scenario 5: Supply quality risk
Product quality risk is one of the main vulnerabilities in FSC. Due to these vulnerabilities, food market requires strict regulation regarding food safety [111][102]. A  minorA minor non-compliance with food quality can cause a cumulative effect across the whole FSC network [65,107][56,98]. In this scenario, the impact of supply quality risk with a probability of 50% and an impact level of 0.2 on the production rate has been investigated. It is hypothesiszed that supply quality risk can trigger disruptions in the production process and reduce its rate. As reported in Table 12Table 12, the simulation results have supported this hypothesis, and the production rate has declined by 80%. Like scenario three, since the production inventory level pushed other processes in cheese supply change by reducing the production rate except for order backlog and desired shipment rate, other parameters have decreased due to the occurrence of this risk.



















[bookmark: _Ref105430313]Table 11. SFD simulation results considering each risk scenario
[bookmark: _Ref109684725]Table 11. SFD simulation results considering each risk scenario
	
	LSP shipment rate
	LSP Inventory
	LSP desired shipment rate
	Order fulfilment rate
	Order backlog
	Sales rate
	Retailer Inventory
	Production rate
	Product order backlog
	Product shipment rate

	Base value
	Max
	1.32*106
	Max
	1.32*106
	Max
	9.49*106
	Max
	1.32*106
	Max
	9.49*106
	Max
	1.38*106
	Max
	1.86*106
	Max
	1.55*106
	Max
	7.93*106
	Max
	1.32*106

	
	Min
	4.29*105
	Min
	4.29*105
	Min
	1.13*106
	Min
	4.29*105
	Min
	1.42*106
	Min
	4.29*105
	Min
	4.29*105
	Min
	0
	Min
	2.57*106
	Min
	4.29*105

	
	Ave
	1.13*106
	Ave
	1.13*106
	Ave
	7.60*106
	Ave
	1.13*106
	Ave
	7.72*106
	Ave
	1.11*106
	Ave
	1.17*106
	Ave
	1.15*106
	Ave
	6.76*106
	Ave
	1.13*106

	R1a
	Max
	1.25*106
	Max
	1.56*107
	Max
	2.34*107
	Max
	1.25*106
	Max
	2.34*107
	Max
	1.42*106
	Max
	1.43*106
	Max
	1.55*106
	Max
	7.93*106
	Max
	1.32*106

	
	Min
	9.07*104
	Min
	1.28*106
	Min
	1.13*106
	Min
	9.07*104
	Min
	1.13*106
	Min
	9.45*104
	Min
	9.45*104
	Min
	0
	Min
	2.57*106
	Min
	4.29*105

	
	Ave
	8.51*105
	Ave
	1.06*107
	Ave
	1.71*107
	Ave
	8.51*105
	Ave
	1.71*107
	Ave
	8.51*105
	Ave
	8.64*105
	Ave
	1.15*106
	Ave
	6.76*106
	Ave
	1.13*106

	R1b
	Max
	6.20*104
	Max
	5.60*107
	Max
	6.20*104
	Max
	6.20*104
	Max
	6.20*104
	Max
	1.42*106
	Max
	1.43*106
	Max
	1.55*106
	Max
	7.93*106
	Max
	1.32*106

	
	Min
	4.21*104
	Min
	1.28*106
	Min
	4.21*104
	Min
	4.21*104
	Min
	4.21*104
	Min
	4.21*104
	Min
	4.21*104
	Min
	0
	Min
	2.57*106
	Min
	4.29*105

	
	Ave
	5.09*104
	Ave
	2.60*107
	Ave
	5.09*104
	Ave
	5.09*104
	Ave
	5.09*104
	Ave
	7.74*104
	Ave
	7.75*104
	Ave
	1.15*106
	Ave
	6.476*106
	Ave
	1.13*106

	R1c
	Max
	1.21*106
	Max
	1.28*106
	Max
	5.56*107
	Max
	1.21*106
	Max
	5.56*107
	Max
	1.42*106
	Max
	1.43*106
	Max
	9.30*104
	Max
	6.40*106
	Max
	1.07*106

	
	Min
	7.43*104
	Min
	7.43*104
	Min
	1.13*106
	Min
	7.43*104
	Min
	1.13*106
	Min
	7.43*104
	Min
	7.43*104
	Min
	0
	Min
	4.46*105
	Min
	7.43*104

	
	Ave
	2.06*105
	Ave
	2.09*105
	Ave
	2.58*107
	Ave
	2.06*105
	Ave
	2.58*107
	Ave
	2.32*105
	Ave
	2.33*105
	Ave
	6.93*104
	Ave
	1.10*106
	Ave
	1.83*105

	R2a
	Max
	1.32*106
	Max
	1.32*106
	Max
	9.49*106
	Max
	1.32*106
	Max
	9.49*106
	Max
	2.17*104
	Max
	5.06*107
	Max
	1.55*106
	Max
	7.93*106
	Max
	1.32*106

	
	Min
	4.29*105
	Min
	4.29*105
	Min
	1.13*106
	Min
	4.29*105
	Min
	1.13*106
	Min
	1.47*104
	Min
	2.40*106
	Min
	0
	Min
	2.57*106
	Min
	4.29*105

	
	Ave
	1.13*106
	Ave
	1.13*106
	Ave
	7.60*106
	Ave
	1.13*106
	Ave
	7.60*106
	Ave
	1.79*104
	Ave
	2.40*107
	Ave
	1.15*106
	Ave
	6.76*106
	Ave
	1.13*106

	R2b
	Max
	1.21*106
	Max
	1.28*106
	Max
	4.86*107
	Max
	1.21*106
	Max
	4.86*107
	Max
	1.42*106
	Max
	1.43*106
	Max
	3.10*105
	Max
	6.40*106
	Max
	1.07*106

	
	Min
	2.46*105
	Min
	2.46*105
	Min
	1.13*106
	Min
	2.46*105
	Min
	1.13*106
	Min
	2.46*105
	Min
	2.46*105
	Min
	0
	Min
	1.48*106
	Min
	2.46*105

	
	Ave
	3.43*105
	Ave
	3.46*105
	Ave
	2.31*107
	Ave
	3.43*105
	Ave
	2.31*107
	Ave
	3.66*105
	Ave
	3.66*105
	Ave
	2.31*105
	Ave
	1.94*106
	Ave
	3.54*105



	
	LSP shipment rate
	LSP Inventory
	LSP desired shipment rate
	Order fulfilment rate
	Order backlog
	Sales rate
	Retailer Inventory
	Production rate
	Product order backlog
	Product shipment rate

	Base value
	Max
	1.32*106
	Max
	1.32*106
	Max
	9.49*106
	Max
	1.32*106
	Max
	9.49*106
	Max
	1.38*106
	Max
	1.86*106
	Max
	1.55*106
	Max
	7.93*106
	Max
	1.32*106

	
	Min
	4.29*105
	Min
	4.29*105
	Min
	1.13*106
	Min
	4.29*105
	Min
	1.42*106
	Min
	4.29*105
	Min
	4.29*105
	Min
	0
	Min
	2.57*106
	Min
	4.29*105

	
	Ave
	1.13*106
	Ave
	1.13*106
	Ave
	7.60*106
	Ave
	1.13*106
	Ave
	7.72*106
	Ave
	1.11*106
	Ave
	1.17*106
	Ave
	1.15*106
	Ave
	6.76*106
	Ave
	1.13*106

	R1a
	Max
	1.25*106
	Max
	1.56*107
	Max
	2.34*107
	Max
	1.25*106
	Max
	2.34*107
	Max
	1.42*106
	Max
	1.43*106
	Max
	1.55*106
	Max
	7.93*106
	Max
	1.32*106

	
	Min
	9.07*104
	Min
	1.28*106
	Min
	1.13*106
	Min
	9.07*104
	Min
	1.13*106
	Min
	9.45*104
	Min
	9.45*104
	Min
	0
	Min
	2.57*106
	Min
	4.29*105

	
	Ave
	8.51*105
	Ave
	1.06*107
	Ave
	1.71*107
	Ave
	8.51*105
	Ave
	1.71*107
	Ave
	8.51*105
	Ave
	8.64*105
	Ave
	1.15*106
	Ave
	6.76*106
	Ave
	1.13*106

	R1b
	Max
	6.20*104
	Max
	5.60*107
	Max
	6.20*104
	Max
	6.20*104
	Max
	6.20*104
	Max
	1.42*106
	Max
	1.43*106
	Max
	1.55*106
	Max
	7.93*106
	Max
	1.32*106

	
	Min
	4.21*104
	Min
	1.28*106
	Min
	4.21*104
	Min
	4.21*104
	Min
	4.21*104
	Min
	4.21*104
	Min
	4.21*104
	Min
	0
	Min
	2.57*106
	Min
	4.29*105

	
	Ave
	5.09*104
	Ave
	2.60*107
	Ave
	5.09*104
	Ave
	5.09*104
	Ave
	5.09*104
	Ave
	7.74*104
	Ave
	7.75*104
	Ave
	1.15*106
	Ave
	6.476*106
	Ave
	1.13*106

	R1c
	Max
	1.21*106
	Max
	1.28*106
	Max
	5.56*107
	Max
	1.21*106
	Max
	5.56*107
	Max
	1.42*106
	Max
	1.43*106
	Max
	9.30*104
	Max
	6.40*106
	Max
	1.07*106

	
	Min
	7.43*104
	Min
	7.43*104
	Min
	1.13*106
	Min
	7.43*104
	Min
	1.13*106
	Min
	7.43*104
	Min
	7.43*104
	Min
	0
	Min
	4.46*105
	Min
	7.43*104

	
	Ave
	2.06*105
	Ave
	2.09*105
	Ave
	2.58*107
	Ave
	2.06*105
	Ave
	2.58*107
	Ave
	2.32*105
	Ave
	2.33*105
	Ave
	6.93*104
	Ave
	1.10*106
	Ave
	1.83*105

	R2a
	Max
	1.32*106
	Max
	1.32*106
	Max
	9.49*106
	Max
	1.32*106
	Max
	9.49*106
	Max
	2.17*104
	Max
	5.06*107
	Max
	1.55*106
	Max
	7.93*106
	Max
	1.32*106

	
	Min
	4.29*105
	Min
	4.29*105
	Min
	1.13*106
	Min
	4.29*105
	Min
	1.13*106
	Min
	1.47*104
	Min
	2.40*106
	Min
	0
	Min
	2.57*106
	Min
	4.29*105

	
	Ave
	1.13*106
	Ave
	1.13*106
	Ave
	7.60*106
	Ave
	1.13*106
	Ave
	7.60*106
	Ave
	1.79*104
	Ave
	2.40*107
	Ave
	1.15*106
	Ave
	6.76*106
	Ave
	1.13*106

	R2b
	Max
	1.21*106
	Max
	1.28*106
	Max
	4.86*107
	Max
	1.21*106
	Max
	4.86*107
	Max
	1.42*106
	Max
	1.43*106
	Max
	3.10*105
	Max
	6.40*106
	Max
	1.07*106

	
	Min
	2.46*105
	Min
	2.46*105
	Min
	1.13*106
	Min
	2.46*105
	Min
	1.13*106
	Min
	2.46*105
	Min
	2.46*105
	Min
	0
	Min
	1.48*106
	Min
	2.46*105

	
	Ave
	3.43*105
	Ave
	3.46*105
	Ave
	2.31*107
	Ave
	3.43*105
	Ave
	2.31*107
	Ave
	3.66*105
	Ave
	3.66*105
	Ave
	2.31*105
	Ave
	1.94*106
	Ave
	3.54*105


[bookmark: _Ref103864123]Table 12. The comparisons of risk scenarios simulation results with the base value
[bookmark: _Ref109684733]Table 12. The comparisons of risk scenarios simulation results with the base value
	
	LSP shipment rate
	LSP Inventory
	LSP desired shipment rate
	Order fulfilment rate
	Order backlog
	Sales rate
	Retailer Inventory
	Production rate
	Product order backlog
	Product shipment rate

	R1a
	-24%
	842%
	125%
	-24%
	121%
	-23%
	-26%
	0%
	0%
	0%

	R1b
	-95%
	2199%
	-99%
	-95%
	-99%
	-93%
	-93%
	0%
	0%
	0%

	R1c
	-82%
	-81%
	239%
	-82%
	234%
	-79%
	-80%
	-94%
	-84%
	-84%

	R2a
	0%
	0%
	0%
	0%
	-2%
	-84%
	1949%
	0%
	0%
	0%

	R2b
	-70%
	-69%
	204%
	-70%
	199%
	-67%
	-69%
	-80%
	-71%
	-71%


10. Discussion
This paper investigates the impact of two top risk categories include, macro-level risks and operational risks, on dairy food supply chain using five different scenarios: Natural disaster risk (Scenario 1), Disease, particularly COVID-19 pandemic (Scenario 2), Labour strikes risk (Scenario 3), Demand fluctuation (Scenario 4), and finally Supply quality risk (Scenario 5). Cheese productions is are selected as the main dairy product in this research. The supply chain was set for this paperis paper's supply chain was set to include upstream and downstream sides. Procedures and logistics service provider processes are considered as upstream supply chain, and retailer processes is createdaer deemed as the downstream side of the supply chain side in this paper. Chen et al. [112] [103] argued that any disruptions in the upstream supply side can can affect and involve entire chains. The results in each scenario can confirm this chain of reactions. As shown in Figure 19Figure 18, Figure 20Figure 19, and Figure 21Figure 20, all of the parameters over the cheese supply chain are affected by the implication of different risks mentioned in these scenarios. 
The analysis results indicate that the inventory level of LSP and retailer are the parameters highly impacted by the implication of selected risks in the cheese supply chain. Excessive inventory, particularly for perishable products with a short life cycle, can be damaging and cause food waste and additional costs for the food supply chain [113].[104].
Scenario 1 generates negative impacts on “LSP shipment rate”, “Order fulfilment rate”, “Sales rate”, and “Retailer inventory”. In this scenario, the natural disaster has disrupted the LSP shipment rate, which can cause decreasing the order fulfilment rate and subsequently, since the lower number of retailer orders can meet in the presence of this risk, the cheese supply chain can face a drop in the retailer inventory level and sales rate. The results of this section are aligned with the results of studies by Zhu et al. [93][84] and Van der Vorst et al. [6][6] research. However, both studies have focused on shipment time as the dominant factor affecting other parameters and overlooked the combination of complex factors that can negatively impact the food supply chain.   
A significant decrease in “Order rate”, “Order backlog”, “Order fulfilment rate”, “Retailer inventory”, and “Sales rate” as a result of COVID-19 pandemic shock that is described in scenario 2 can confirms the findings in Höhler et al. [100] [91] and Cardoso et al. [101][92] studies. These two studies focused on the importance of the negative impact of COVID-19 pandemic on the availability of raw materials and workers as well as transportation reliability that reduces the number of orders received by retailers. However, none of theseis research works benefited from SD approach to visually observe the output changes or other linked factors changes over time. In this scenario, SD modelling as the best method can conceptualise the system's behaviour over time since a dynamic problem has arisen in a complex situation. a complex situation has been defined that can affect the entire supply chain and using SD model as an appropriate model for a complex system is one of the advantages of this research. Although Bashiri et al.  [23[18]] research haves covered COVID-19 pandemic risks, their concentration is on the Coffee export rate decrease caused by the pandemic.  
Once the order receives by retailers, the production phase will push other processes in cheese supply chain [35][26]. Therefore, any disruptions and challenges in this area can transfer to other parameters and entire processes in FSCs. The results of scenarios 3 and 5 also confirm this fact. A significant fall in all factors is reported by decreasing the production rate level. In these two scenarios, quality of supply and labour strikes was were introduced as potential risks that could damaged the performance of producers. There is no research in the dairy supply chain examining these two risk factors using SD models.   
11. Conclusion and future research
This study used the CLD and SFD models as the fundamental step before simulation to measure the impact of various risk categories on the dynamic change interrelationship among the components of perishable supply chain systems affected by risks. The present research concentrates on a more holistic view regarding different types of risk associated with dairy supply chain systems that past research studies have not touchedare underexplored in previous research. In this study, cheese supply chain has been explored thatis considered to be is initiated with the processing/production sectionphase, and milk and other ingredients are assumed to be infinite for the production section. However, due to some unpleasant undesired events and delays in delivery or negative risks in the market and the external environments, the raw inventory amount in the production section can exceed the company's demand. In the next stage, drinking liquid milk and other ingredients was processed into different cheese products and delivered by the logistics service provider to the retailer to meet consumer demand. Therefore, production, logistics, and retail process are the main sub-system considered in the SFD model for this research. According to a critical literature review and considering the recent major risks identified in exciting research, several exogenous food supply chain risks were identified to integrate with the SFD model to affect the developed model's variables dynamicallydynamically affect the developed model's variables. These risks are classified into two key groups: operational risks and macro-level risksand macro-level.  The interaction between risk factors and cheese supply chain loops has been presented to provide great insight regarding the possible risk impact on the overall flow of food supply chain systems. However, as mentioned before, separate scenarios have been considered for each identified risk to measure system behaviour change level and parameter value. The simulation process and its results can help practitioners and decision-makers provide proactive risk mitigation strategies and alertness systems. 
This research can contribute to the theory and practice by providing a holistic and detailed perspective using a systematic risk management process for evaluating various risk behaviour in the dairy food supply chain. In this study, aligned with systems thinking concepts, multiple models have been developed to measure the risk propagation phenomenon. These frameworks have been tested using a real case problem mentioned in different literature. Through analysing different scenarios (i.e., “what-if” analyses) extracted from real-case studies, efficient policies and long-term strategies can be proposed to researchers and managers across the supply chain risk management context. Through minor adjustment and contextualisation of the structured models, equations, and initial values for defined systems’ variables, the proposed risk models in this study will be applicable to various FSC systems regardless of their products and procedures. It would be beneficial for food industry to take advantage of proactive and reactive risk models such as the one offered through the SD technique to mitigate and manage various internal and external potential risks that can adversely impact and create different challenges for FSC through their operation process. The proposed modelling framework for food dairy supply chain risks in this study strives to bridge the gap between theory and practice for current and future SCRM areas.

Through the simulation stage in future research, this research study believes would give valuable insight to managersprovides managers with valuable insight for determining efficient strategy when dealing with a massive complexity within FSCs. In addition, future projects will evaluate the interaction between risk factors such as regulation changes, security and political instability such as war and internal tensions, and excessive inventory with dairy FSC parameters.  Furthermore, this research only concentrated on the dairy industry and, through future research, may consider other industries and show the potential capability and applications of the SD approach for investigating other supply chain sectors. Another possible limitation of the simulation process in the following stages is data unavailability, particularly related to cheese supply chain system. However, this limitation can be addressed by using separate scenarios, as discussed before.  for each identified risk and lead managers to analyse risks that can affect the various system variable and run the system in the best possible manner. 
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Figure 1: The median number of working days lost per stoppage has
increased for the last five years
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