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Reliable access to suitable firefighter protective clothing (FPC) is a prerequisite for safe
firefighting operations. However, maintaining an adequate FPC stock is challenging because
replacement needs and replenishment processes operate on different and partly uncertain
timescales. On the demand side, replacement needs arise from both routine and operational
causes. Routine replacement results from wear and performance degradation over the service
life of the garment (McQuerry et al., 2015), while operational conditions may generate
additional and less predictable replacement needs.

Replenishment is also constrained by the characteristics of the FPC supply system. FPC is a
safety-critical and fit-sensitive product that relies on specialized materials and multilayer
construction, limiting the possibility of rapid product substitution (Nayak et al., 2014; Song &
Wang, 2019). Testing, conformity assessment, and certification requirements further restrict
how easily products or suppliers can be changed at short notice (European Parliament and
Council of the European Union, 2016). The supply base is relatively specialized and limited
(Schiffer & Kiihn, 2024), and replenishment is also shaped by formal public procurement
procedures (European Parliament and Council of the European Union, 2014).

Under these conditions, FPC stock may be depleted faster than procurement, production, and
delivery processes can restore it, especially when replacement demand rises unexpectedly.
Shortages can therefore occur at a larger scale during periods of exceptional operational
pressure or at the level of individual wearers when FPC in a suitable size is unavailable
(Sokolowski et al., 2022), even when aggregate stock levels appear sufficient.

To examine these dynamics, the study adapts Sterman’s (2000) generic stock-management
structure to FPC replenishment and develops a qualitative stock-and-flow model. The model
includes two main stocks—Available FPC and the FPC Supply Line—and distinguishes
between two forms of replacement demand. Expected FPC Replacement Demand represents
routine replacement needs associated with the average service life of FPC. Unexpected FPC
Replacement Demand represents additional needs triggered by exceptional operational
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conditions, represented in the model through wildfires and other major fire events. FPC
Procurement Procedure Delay affects how quickly identified replenishment needs are
converted into actual orders, while FPC Production Lead Time and FPC Transport Delay
affect how quickly ordered garments move through the supply line and become available for
use.

The interaction of these stocks, demand drivers, and delays creates several feedback
mechanisms. The model contains two balancing feedback loops. The Supply Line Control
loop adjusts ordering when the actual supply line differs from the desired supply line. The
Available Stock Control loop creates additional ordering pressure when available stock falls
below its desired level. The model also includes two lead-time-driven reinforcing loops. In the
Lead-Time-Driven Supply-Line Congestion loop, growth of the FPC Supply Line may
increase replenishment lead time when production capacity becomes constrained. Slower
deliveries then allow the supply line to grow further. In the Lead-Time-Driven Supply-Line
Expansion loop, a longer expected replenishment lead time increases the desired supply line,
which leads to additional ordering and further expansion of the supply line. Together, these
loops describe how temporary shortages and delayed stock recovery may emerge under
uncertain replacement demand.

DTMF capabilities are linked to specific delays in this replenishment structure. Digitalized
design-to-production processes and flexible small-batch manufacturing may reduce the time
required to produce replacement garments (Arfaiee et al., 2023; Winkler et al., 2022), while
more distributed production may shorten the time between production and delivery (Martinez-
Jaramillo & Tilebein, 2024). In the model, these effects are represented through FPC
Production Lead Time and FPC Transport Delay. Shorter production and transport delays
would allow the FPC Supply Line to be converted into Available FPC more quickly and could
reduce supply-line accumulation and delayed stock recovery. Procurement procedures and
certification requirements are modeled separately and are not assumed to be directly affected
by these DTMF capabilities.

The study therefore treats FPC replacement as a delayed replenishment problem and uses a
qualitative stock-and-flow model to describe the underlying dynamics. The model shows how
uncertain replacement demand and replenishment delays can interact to produce temporary
shortages and slow stock recovery. Linking DTMF capabilities to specific delay variables also
makes it possible to examine how shorter production and transport times could affect FPC
availability. Future work will further develop and evaluate the model under different demand
and replenishment conditions and transfer the modeling approach to other application cases
within the SysTem project.
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