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1. Introduction 

Three influenza pandemics occurred in the U.S. in the 20th century, with varying degrees of impact depending on the virulence of the influenza. Each pandemic resulted in a tragic number of deaths: approximately 500,000 in 1918, 70,000 in 1958, and 34,000 in 1968. Currently, many in the public and private sectors have concerns about the impacts of a future influenza pandemic on the U.S. population, critical infrastructure, and economy. The U.S. Department of Homeland Security (DHS) directed the National Infrastructure Simulation and Analysis Center (NISAC) and the Critical Infrastructure Protection Decision Support System (CIPDSS) project to analyze the implications of pandemic influenza. The NISAC and CIPDSS teams conducted 2 sets of analyses: assessment of the character and potential magnitude of population, critical infrastructure, and economic impacts; and uncertainty analysis of infrastructure and economic impacts. Uncertainty is a characterization of what is not known about a system.

The NISAC/CIPDSS team determined the potential magnitude of population, critical infrastructure, and economic impacts from pandemic influenza by evaluating a series of intervention strategy scenarios. The scenarios were compared in terms of the relative efficacy of simulated response and mitigation strategies on population, workforce, infrastructure operations, demand for infrastructure services, and the economy due to an influenza strain with disease characteristics similar to those of the 1918 pandemic. The approach for performing these analyses (Figure 1-1) started with detailed epidemiological simulations of a 1918-like pandemic influenza. Without effective intervention, the disease would infect half of the population, 66 percent of whom would develop symptoms.

Alternative scenarios of societal response to the disease and intervention strategy implementation yield different impacts on the population and healthcare infrastructure. The epidemiological results translate to workplace absenteeism estimates, which are analyzed for impacts on infrastructure operation and service provision. The combination of absenteeism, mortality, infrastructure service impacts, and demand shocks cause adjustments to the structure of the U.S. economy. Macroeconomic models provide estimates of the net impact by economic sector at the state and national level.
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Figure 1-1: Pandemic influenza impacts on population, 
infrastructures, and economy analysis elements
Using a simulated influenza strain similar to the 1918 influenza strain, 7 intervention strategy scenarios were analyzed for infrastructure, population, and economic impacts. The Homeland Security Council generated 3 of these scenarios
: unmitigated disease spread (baseline), targeted layered containment (TLC), and TLC Lite. The 4 other strategies include fear-based self-isolation (Fear-40), Strategic National Stockpile antiviral treatment (SNS-AV), partially effective vaccine 
(PE Vac), and combined interventions that analysts anticipate being applied (Anticipated). The 
7 scenarios represent a wide range of intervention strategies and allow for characterization of government, business, school, and individual behavior modifications. Merged results from 
2 epidemiological simulators (EpiSimS and EpiCast) provide a national-scale characterization of the disease progression and its implications in terms of illness, deaths, and associated workforce reductions. 
Note: After this supplemental document was completed, the Centers for Disease Control and Prevention (CDC) changed the designations of the TLC and TLC Lite scenarios to Community Management Guidance (CMG) and Community Management Guidance – Selected Elements (CMS-SE), respectively.

Intervention strategies used in these analyses are described in Table 1-1.
Table 1-1: Pandemic intervention scenarios
	Scenario
	Medical Intervention
	Non-household Transmission Reduction by Social Distancing
	School Closures
	Home Isolation by Fear or Choice
	Other Interventions

	Baseline
	None
	None
	None
	None
	None

	Fear-40
	None
	None
	None
	12.5 days x 40% beginning day 57.
	None

	Targeted Layered Containment (TLC)
	Unlimited antiviral therapeutic plus household prophylaxis
	50% starting when 0.1% of population is symptomatic (day 48)
	100% starting when 0.1% of population is symptomatic (day 48)
	None
	Household quarantine (30%, start day 1); children’s activity curtailment (30%) and liberal leave start day 48

	TLC Lite
	Unlimited antiviral therapeutic 
	50% starting when 0.1% of population is symptomatic (day 33)
	None
	None
	None

	Strategic National Stockpile Antiviral Drugs (SNS-AV)
	SNS-AV (20 million [M] courses) therapeutic plus household prophylaxis
	None
	None
	None
	None

	Partially effective vaccination (PE Vac)
	Half effective pre-formulated vaccine, 10% of population vaccinated per week.
	None
	None
	None
	None

	Anticipated intervention
	SNS antiviral (20M courses) therapeutic plus household prophylaxis
	10% starting when 0.1% of population is symptomatic (day 44)
	20% starting when 0.1% of population is symptomatic (day 44)
	53 days x 15% beginning day 44
	Strain-specific vaccine; delivered to 5% of the population per week beginning on day 150


This report presents the results of a preliminary analysis that studies the impact of a pandemic-induced labor shortage on the availability of food at the retail level. Although it is known that food production and distribution systems are structurally vulnerable to disruptive events such as production-rate fluctuations, it is not clear if the resulting oscillatory dynamics will draw down inventories sufficiently to cause consumer shortages. 
The analysis of this question consists of two parts. First, NISAC/CIPDSS constructed several input-process-output diagrams to survey existing primary food supply chains to identify critical, labor-sensitive nodes. Second, as a case study, the study team developed a food production and distribution model to simulate the impact of a system-wide labor shortage on a regional milk supply chain. The team used this model to study oscillations in milk inventories, given various labor shortage scenarios.

2. Labor in Food Supply Chains
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Labor is critical at numerous points within the food supply chain. To understand how labor shortages affect food supplies, it was important to first understand the general layout of the U.S. food supply chain system. NISAC/CIPDSS started by considering what food products a consumer would expect to find on the shelf to provide a balanced diet. As shown in Figure 2-1, these products are divided into 7 categories including grains and grain products, meat, fresh fruits and vegetables, processed foods, milk and dairy, eggs, and sugar. Consumers obtain these foods at retail, commercial, and noncommercial distribution points. 
Figure 2-1: Input-process-output diagram of retail, commercial, 
and noncommercial food distribution outlets[image: image4.emf]
2.1 Food Distribution
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Each of the 7 classes is assumed to enter food distribution along its own individual wholesale pathway, but all the pathways share certain labor-intensive elements. For example, Figure 2-2 considers the wholesale distribution of fresh beef to the end-user food-distribution outlet. In this case, transportation labor is required to deliver the beef to the wholesaler and to deliver the beef to the point of consumer distribution. In addition to transportation labor, the wholesale distributor requires labor to run the business, place the product in storage, and remove the product from storage. Regardless of the product, the basic process of food distribution and the required labor inputs are the same.

Figure 2-2: Input-process-output diagram of wholesale beef distribution
2.2 Food Processing

Food processing places additional labor demands on the commodity flow system. In addition to labor components identified in wholesale distribution, food processing requires the transportation of multiple ingredients and products as inputs. Figure 2-3 illustrates the labor inputs associated with the processing of grains into breads and grains into cereals.

Figure 2-3: Input-process-output diagram of bread and cereal processing
2.3 [image: image6.png]


Farm Production

[image: image7.png]Farm Producer

Processor

Distributor

Retailer

Consumer

Farm §aw Fill
Rate

Farm Production

Q:®:>
change in farm
production capacity

Capacity

Correction
P

capacity

Farm
Rate
aFarm Raw Max?
Ship rate

g Bl Farm Raw Desire

o Delivery Delay
uction
et

Rate Ship Rate
i Ship TIMBErm Raw Target™ %,

Farm Raw Orders
A\/E Time

oduction Des\red Farm

fime to change CoPeeY 0P +——__“Production «+——f——

Capacity

e 5

Farm Raw Order
Fuffillment Rate

Farm Raw
Custormer Orders

~;

PTocessor Raw
Delivery Rate

Proce:

Processor Raw
Material Order Rate

Inventory Corraction

,Ship Rete

*Processor Raw”

ss0r Raw Max ship rate

Processor Re)
(3 Time
Processor RATETSN Min Ship Tirje
\nvemoryCorrecé\g’dﬂceﬁomaw
sired Inventory  Processor Raw

Inventory Ceverage

Processor Raw
Custormer Orders

Processor
Production Start
Rate

>
Processor In

F‘[OCeSSOr Desired
Prgduction Start Rate

Inventory  Processor In
Correction Desired fnventory

/ ,/&\ Processorl

Custormer Orders

Production
Cornpletion Rate

Processor in
/ﬂ\/eﬂm!%{ Correction Processor
LS Manufacturing Cycle
Time

Delivery Rate

ACore
Processor

/

Processor
Desired 4+——
Production

Inventory  Processor
Correction Desired nvertory mcessur/n\/emmy

Processor Max/«\
ship rate

Processor Inveritory x Processor Desire

cion Time Processor Mitprggessor TargSlipP RetS
SW Time  Delivery Delay

]

Customer Order

Coverage £

cessor Order

Processor Orders Fulfilment Rate
Ave Time

Processoriwpected

5

Processor
CuStomer Orders.

< o

Distitbiior
Delivery Rate

Distributor
Material Order #——
Rate

Di

istributor inventory
AConecion Time . Distibutor Mipigyioutor TargBlip RS

Distn!
Rate

P
Distributor Max (
Shiprate

Distributor
Jmemory | Disrtor Ship Time Deivery Delay \
orrection Desired Inventory Distributor lnventory
Coverage <& B
fributor Order
Distributor Orders Fulilment Rate
Ave Time

istributor Expected ¢ Distributor
Customer Order Customer Orders

Distributor Desirei

jo;

Retailer
Delivery Rate

Correction

Order Rate

Retailer Inventory

/. Corection Time  Retailer Min
e Ship Time
Whialer Desired g—

Inventory  Retailer inventory

Retailer Max
Ship rate
-

Coverage

Retailer Orders
Ave Time

etailer Material Retailer Expected

Retailer Customer
Customer Order Orders

o;

Constmer
Delivery Rate

orre
Consumer

Consumer

Order Rate Cr

onsumer nventory

Inventory  Consumer '
Cormection Desired Inventory Consumer inventory

Tarsmer
Usage Rate
e

" Consumer Max
ship rate
x P

ction Time  Consurmer Min
Ship Time
Coverage

Consumer Orders
Ave Time

Expected Consurner
onsumer Demand Dernand




For crop production, NISAC/CIPDSS used wheat to illustrate the similarities in process structure (Figure 2-4). Labor is required to plant and maintain the crop, harvest the crop, transport the crop to storage, remove the crop from storage, and transport the crop to the next destination.

Figure 2-4: Input-process-output diagram
As shown in Figure 2-5, similarities also exist in livestock production. In addition, 2 critical labor input functions are noted. First, live and slaughter animal inspectors represent a critical labor input to food production that is limited to a small number of highly trained individuals. Second, labor related to upstream animal feed represents a critical production input to livestock production. 
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Figure 2-5: Input-process-output diagram for beef production
2.4 Dynamic Behavior of Food Supply Chains
In simplest terms, an individual supply-chain linkage can be thought of as an “inventory” of product in which order signals originating downstream drive shipments to downstream firms while driving orders for production materials from upstream suppliers. Each functional segment of the production/ distribution chain represents a manager who is responsible for the operational control of the inventory. When considered in its entirety, the supply chain can be described as an information and material flow system in which order signals flow upstream while material flows downstream (Figure 2-6).
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Figure 2-6: Supply-Chain Concept
Given this, analysts can describe a production-supply chain as a pipeline in which material flows from an upstream source (raw material producer) to a downstream sink (product end-user). This description provides an intuitive sense of what happens to a supply chain when internal process rates are disrupted (reduced) as illustrated in Figure 2-7 (a-e). 
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Figure 2-7: Pipeline with various constriction scenarios
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3. Milk Production-Distribution Simulation Model

To gain insight concerning the impact of labor shortages on food supply chains in general, NISAC/CIPDSS chose to model the structure and dynamics of a regional milk supply chain as the case study. NISAC/CIPDSS used a model for this analysis that is based on previous work done by the CIPDSS program while studying a regional milk supply system. CIPDSS’ goal for this previous work was to understand issues surrounding various disruptions such as an unintentional release of a pathogen into the food supply. NISAC greatly reduced the model design and development time for this current work by using the concepts and system data from this previous work.
Figure 3-1 shows a thumbnail representation of the milk supply simulation model. The model is regional in scope and represents the major functional segments of the milk supply chain, including farm production, food processing and packaging, distribution, retail, and consumer demand. The individual structural segments of the model are based on Sterman’s manufacturing supply chain model.
 

For example, the food-processor segment represents all stages of milk processing including pasteurization, separation and recombination, bottling, and storage. The food-processor segment manages 3 internal stocks of milk inventories. The raw milk inventory is used to store milk received from farm cooperatives and is drawn down to meet production start needs. The inventory of milk in the state of being processed represents an accumulation of the production start rate minus the rate at which products are completed and placed into storage. Finally, the finished product inventory represents the accumulation of packaged products and is drawn down to meet distributor orders.

To control a particular inventory level, a firm must coordinate the inflow of upstream product with shipments to downstream customers. A firm’s upstream order rate must be sufficient to fulfill expected downstream orders while correcting for any gap between desired inventory
 and actual inventory. If there is insufficient inventory to meet downstream customer orders, the model assumes that the firm will ship the entire product available in inventory. 

The model assumes that each segment represents several firms of similar function and inventory-control policies. For example, the model assumes many retailers are present within a region and are offering milk products for sale to retail consumers. 
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Figure 3-1: Milk Supply Chain Model 

3.1 Formulating Labor Availability

NISAC/CIPDSS designed the labor-impact segment of the model to be a simple algorithm to calculate the fractional availability of labor and its corresponding impact on production at various points along the supply chain. To accomplish this, NISAC/CIPDSS added structural elements to the milk supply chain that map a region’s pandemic impact rate to labor availability. In addition, NISAC/CIPDSS assumed that a firm’s production output is directly related to available workers, with the slope of this relationship indicating the level of automation of the firm. Firms that are highly automated depend primarily on facility operators and less on direct labor for desired production output. 
Figure 3-2 presents the relationship between relative production capacity and relative labor availability in generic form. Each firm and firm type has a minimum level of labor availability beyond which the firm cannot operate even at reduced production rates. In addition, NISAC/CIPDSS assumed that firms have a margin in labor production capacity that is derived from labor redundancy, non-work-pay benefits, and overtime pay.
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Figure 3-2: The relationship between production capacity and 
labor for an individual firm

Table 3-1 shows the relative values used in the model to link labor availability, production, and firm shutdown limits.
 It is important to note that milk processors have a productivity factor (slope) that is relatively flat, which reflects the fact that the milk processors rely primarily on facility operators for production output. 

Table 3-1: Labor availability and productivity assumptions used in analysis

	Labor Segment
	Labor Capacity Margin (%)
	Productivity Factor
	Minimum Labor Fraction (%)

	Farm producer
	5
	1
	50

	Processor
	5
	1/10
	30

	Distributor
	5
	1
	30

	Retailer
	5
	1
	40


3.2 Model Testing

To demonstrate that the model functions as designed, NISAC/CIPDSS conducted 2 test scenarios. In the first, the team imposed a 5-percent stepped decrease in consumer demand in week 10 of the simulation. In the second, the team imposed a 5-percent stepped decrease in farm production in week 10 of the simulation.

Figures 3-3 and 3-4 show the results of the consumer-demand case. As expected, the inventories throughout the chain would decrease over time because of lower inventory coverage requirements. The inventories would reach their new equilibrium levels in about 5 weeks after the disruption. Considering the flow rates, NISAC/CIPDSS found that information and material shipping delays would cause notable oscillatory behavior throughout the chain, with the greatest oscillations occurring at the farm sector, which is furthest from the disruption. The material flow rates would reach their new steady-state level 5 weeks after the disruption.
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Figure 3-3: Product flow rates given a consumer demand drop of 5 percent
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Figure 3-4: Product inventories given a consumer demand drop of 5 percent
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Figures 3-5 and 3-6 show the results of the farm-production case. Given a constriction to the raw material supply, inventories throughout the system would decrease as inventory managers continue to ship product downstream to fulfill orders. However, supply shortages would not affect all chain segments simultaneously. Shipments downstream would be affected only if an inventory drops below a desired ship rate. For example, the retailer would not experience decreasing inventories until week 31, nearly 21 weeks after the disruption.

Figure 3-5: Product flow rates given a farm production drop of 5 percent     

Figure 3-6: Product inventories given a farm production drop of 5 percent
3.3 Pandemic Impact on Regional Milk Supplies 

NISAC/CIPDSS analyzed 2 pandemic scenarios generated by EpiSims in the course of the analysis of the milk supply chain. The baseline scenario used a general population incapacitation factor that included people with symptoms and those who died from the virus. The second scenario added the effect of fear to the baseline scenario; that is, it added the fraction of people who would remain home for fear of contracting the virus. Figure 3-7, shows a comparison plot of these two scenarios.
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Figure 3-7: Comparison of baseline and fear response pandemic scenarios
The fear response scenario is based on a regional level impact of a pandemic event.
Within these two scenarios, NISAC/CIPDSS also considered the effect of consumer demand on the supply chain during a pandemic wave. First, the team ran each scenario with the assumption that consumer demand would drop during a pandemic but would recover to near pre-pandemic levels as the population recovers. In the second case, the team ran each scenario with the assumption that consumer demand would not change during the pandemic. 

Finally, in order to estimate product shortages, NISAC/CIPDSS used consumer demand and retail sales to calculate a product availability ratio. For example, if consumer demand is greater than retail sales, then product availability would be less than 1 indicating that some fraction of consumer demand was not met. 
3.4 Baseline Scenario

In general, the baseline scenario did not show significant food availability issues. When the team assumed that the demand followed the behavior of other production flow rates in the system, the product availability factor remained constant as shown in Figure 3-8(a). However, as shown in Figure 3-8(b), when consumer demand was held constant, shortages occurred between week 13 and week 17 (with a 3-percent maximum drop). Figure 3-8(c) shows that this 5-week food deficit would not significantly affect inventories. 
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Figure 3-8: Baseline scenarios
3.5 Fear Response Scenario

Although all of the supply chain elements would remain operational during the high-impact scenario, the large (>25 percent) reduction in labor availability would cause significant shortages in product at the retail level due to decreased production output throughout the milk supply chain. As shown in Figure 3-9(a), when the analysts assumed that consumer demand tracked with other process rates, a 
49-percent drop in product availability occurred in week 17. 

[image: image18.emf]
Figure 3-9: Product availability
Product availability would not recover quickly after the pandemic wave. Because demand initially would drop and then recover over several weeks as the pandemic wave moved through the population, inventory ordering throughout the chain would be reduced to reflect this drop in retail customer demand. However, when consumer demand returned, the supply chain would only be able to produce at a rate to meet normal demand (or slightly above). Thus, inventories would not be able to refill to meet desired inventory coverage margins. This model assumes that an order placed for upstream supplies (including the retail level) would not include some amount meant to refill the inventory to pre-disruption levels. 

Figure 3-9(b) illustrates the case where demand was held constant throughout the pandemic wave. In this case, product availability would drops by 46 percent in week 15 but recover by week 30.
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4. Conclusions

Each segment of a food supply chain is optimized to meet normal supply and demand fluctuations. Inventories are held at levels that allow the inventory manager to meet current downstream orders while maintaining a set inventory coverage requirement. 
Labor is critical at numerous points along the food supply chain. A system-wide labor shortage would affect food supplies. However, the magnitude of this impact would depend on the relative magnitude of the labor-induced production fluctuation as compared to the operating inventory levels of the supply chain. 

The supply-chain simulation model showed that food (milk) shortages would not be significant unless there was a substantial fear response in the worker population that kept the workers at home during a pandemic. In the baseline scenario, in which a 6-percent maximum drop in available labor was assumed, the NISAC/CIPDSS team did not see a significant impact on consumer product availability. Existing inventory levels and worker production capacity margins would be sufficient to dampen much of the production oscillations caused by the labor shortages. However, in the fear-response scenario, in which greater than 25 percent of the workers remained at home, the team did see a significant impact on the milk supply chain. In this case, product availability at the retail level would drop by almost 50 percent for both the constant and variable retail demand cases. 
The insight gained from this preliminary analysis has been helpful in framing the pandemic labor shortage problem as it pertains to the food supplies. It is important to note that many of the assumptions used in the model are reasonable, but notional, estimates of how a milk supply chain operates. These estimates have allowed the NISAC/CIPDSS team to conduct studies on the relative impact of various scenarios and assumptions. In future analyses, industry data should be used to calibrate the model. 
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Figure 2-7(a) In the figure above, a supply chain can be described as material flowing through a pipeline. At steady-state, inventories and flow rates are constant throughout the system.
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Figure 2-7(b) A process rate disruption in the middle of the pipeline will be seen as a demand drop from firms above the constriction and their inventories will increase in the short run. Firms below the constriction will view the disruption as a supply shortage and their inventories will be drawn down in the short run.





�





Figure 2-7(c) In the case where the constriction occurs at the raw material end of the supply chain, all firms below the disruption will experience supply shortages and their inventories will be drawn down. 


�





Figure 2-7(d) In the event that the constriction occurs at the “end-use” side of the supply chain, firms above the disruption will experience a demand drop and their inventories will increase in the short run. 
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Figure 2-7(e) In the event that process flow rates are reduced throughout the supply chain and these constrictions are effectively equal, then the net effect will be that the supply pipeline will reduce its overall throughput without major internal inventory dynamics. 
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Figure 3-8(a) Baseline scenario demand changes with impact
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Figure 3-8(b) Baseline scenario demand held constant


�


Figure 3-8(c) Inventories for baseline scenario
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Figure 3-9(a): Product availability factor with variable demand.
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Figure 3-9(b): Product availability factor with constant demand.
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� Homeland Security Council, 2006, National Strategy for Pandemic Influenza: Implementation Plan, May, http://www.whitehouse.gov/homeland/nspi_implementation.pdf


�  Sterman, John D., 2000, Business Dynamics, Systems Thinking and Modeling for a Complex World, Irwin/McGraw-Hill, ISBN 0-07-238915X


�  Based on the amount of coverage a firm needs, given demand.


�  Many of the assumptions used in the model are reasonable but notional estimates of how a milk supply chain operates. These estimates have allowed modelers to conduct studies on the relative impact of various scenarios and assumptions. A critical next step in the modeling process will be to calibrate these factors with industry data.
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