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Abstract
Healthcare systems in emerging economies often operate under persistent resource constraints, high demand variability, and infras-
tructure limitations that shape how medicines, diagnostics, vaccines, and consumables reach patients. Supply chains therefore act as a
practical interface between financing, physical distribution, and clinical service delivery, with performance expressed not only in budget
execution but also in stock availability, travel burden, and timeliness of care. This paper analyzes the efficiency and resilience of health-
care supply chains in emerging economies by integrating cost structures, accessibility, and service delivery outcomes within a unified
analytical perspective. The discussion distinguishes procurement, transportation, inventory holding, cold-chain compliance, wastage,
and administrative overhead, and it highlights how fragmented governance and heterogeneous provider mixes alter the marginal costs
of reliability. Accessibility is examined through spatial and temporal dimensions, including facility catchments, last-mile constraints,
and the interaction between stockouts and patient travel behavior. Resilience is treated as the ability to sustain essential product
availability under disruptions such as supplier failures, port delays, currency shocks, and localized transport outages, with emphasis on
trade-offs between redundancy and operating efficiency. A mathematical framework is presented to formalize multi-echelon flows, risk
exposure, and service-level guarantees under uncertainty. The paper then links supply chain performance to service delivery outcomes
by considering how availability, lead times, and product quality propagate into treatment initiation, continuity, and effective coverage.
The analysis is intended to support structured reasoning about design and policy choices under realistic constraints rather than to
promote a single optimal model.

1. Introduction

Supply chains in healthcare are frequently described as logisti-
cal backbones, yet in emerging economies they are also mech-
anisms that convert constrained public expenditure, donor
financing, and household payments into tangible service ca-
pacity [23]. The relationship between supply chain design
and health outcomes is not automatic, because medicines
and supplies interact with clinical decision-making, human
resources, diagnostic capability, and patient behavior. Even
when clinical guidelines and treatment protocols exist, the op-
erational reality of whether products are available in the right
formulation, quantity, and condition at the point of care of-
ten determines whether care is delivered as intended. This
operational dependence creates a dual requirement: supply
chains must be efficient enough to stretch limited budgets,
and they must be resilient enough to maintain continuity dur-
ing routine volatility and episodic shocks.

Emerging economies exhibit a wide spectrum of institutional
arrangements that complicate generalization. Some countries
operate centralized procurement and distribution with na-
tional medical stores and regional depots, while others rely on
mixed systems that include private wholesalers, faith-based
networks, parallel donor pipelines, and informal retail mar-
kets. These arrangements coexist with infrastructure con-

straints such as limited cold storage, unreliable electricity,
road quality variation, and port congestion, as well as with
financial constraints including budget execution delays, for-
eign exchange exposure, and payment arrears. The resulting
supply chain performance is therefore shaped by both engi-
neering decisions, such as facility placement and routing, and
governance decisions, such as contracting, payment terms,
accountability structures, and information transparency.
A central tension is the trade-off between lean operation and
protective capacity. Reducing inventory and consolidating fa-
cilities can lower working capital needs and operating costs,
but can increase exposure to lead time uncertainty and disrupt
the ability to buffer shocks. Conversely, holding higher safety
stocks and maintaining redundant pathways can raise costs
and induce wastage, particularly for temperature-sensitive or
short shelf-life products. In emerging economies, this ten-
sion is intensified because demand uncertainty is often high,
epidemiological patterns can shift quickly, and the costs of
stockouts can include not only delayed care but also in-
creased out-of-pocket spending and erosion of trust in public
providers [24].
The analysis in this paper treats efficiency and resilience as re-
lated but distinct performance objectives. Efficiency is inter-
preted as the ability to deliver required service levels at mini-
mal total system cost, where cost includes not only transport

19



and storage but also quality losses from spoilage, expiries, and
substandard handling. Resilience is interpreted as the ability
to sustain acceptable service levels under disruption scenar-
ios, recognizing that disruptions can be structural, such as
chronic underfunding and unreliable power, or acute, such
as floods, conflict-related road closures, or supplier failures.
Accessibility is treated as an intermediate outcome linking
logistics to health system objectives: when products are geo-
graphically distant or administratively difficult to obtain, the
effective availability faced by patients differs from the physi-
cal availability in warehouses [16].
The goal is to provide a structured, technically grounded dis-
cussion of how cost structures, accessibility constraints, and
service delivery outcomes interact in the context of emerging
economies. The approach is deliberately integrative. It com-
bines operational cost accounting, spatial accessibility reason-
ing, and outcome mapping into a framework that can support
decision-making and empirical analysis. Mathematical mod-
eling is introduced as a formal language to represent multi-
echelon distribution, uncertainties, and policy constraints,
while recognizing that parameter estimation and institutional
feasibility remain nontrivial in many settings.
The paper proceeds by establishing a measurement-oriented
context for supply chains in emerging economies, describing
data realities and the implications for inference. It then ex-
amines cost structures and their drivers, paying attention to
currency risk, cold chain requirements, and the administrative
costs of fragmentation. Accessibility is analyzed through net-
work design and behavioral responses to supply availability.
Resilience is developed through scenario-based and robust
perspectives, focusing on where redundancy is most valu-
able and how disruptions propagate. Finally, supply chain
performance is linked to service delivery outcomes, empha-
sizing that outcomes depend on joint availability of products,
staff, and diagnostic capacity, and that improvements may be
nonlinear and equity-sensitive. The concluding section syn-
thesizes implications and identifies limitations inherent to the
available data and institutional heterogeneity.

2. Context and Measurement in Emerging-
Economy Healthcare Supply Chains

A practical analysis of healthcare supply chains in emerging
economies must begin with measurement realities. Opera-
tional records often exist across multiple institutions, each
with differing incentives and information systems. Public
procurement agencies may record contract values and de-
livery schedules, central medical stores may record receipts
and issues, district depots may record requisitions and dis-
patches, and facilities may record stock cards and dispensing
logs. Parallel systems may operate for specific programs, and
private sector flows may be partially observable through im-
port records, wholesaler invoices, or retail audits. Data frag-
mentation implies that apparently simple quantities such as
the stockout rate of an essential medicine can be defined in
multiple ways, depending on whether measurement is done
at the warehouse, facility, or dispensing point, and whether
the definition considers complete stockout, partial stockout,
or stockout of a specific formulation.
The context of emerging economies also complicates baseline
assumptions about demand [10]. Demand in health supply

chains is not purely exogenous. It depends on disease inci-
dence and prevalence, but also on care-seeking behavior, af-
fordability, trust, and perceived quality. If facilities frequently
experience stockouts, patients may shift to private pharma-
cies, informal vendors, or self-treatment, which in turn can
reduce facility consumption data and create an illusion of
lower demand. Conversely, when supply reliability improves,
latent demand may be revealed, causing apparent demand
growth that can be misinterpreted as inefficiency. This feed-
back loop implies that demand estimation should account for
substitution behavior, seasonality, and policy shifts such as
insurance expansion or user-fee changes.
A related measurement challenge is the distinction between
nominal availability and effective availability. Nominal avail-
ability might be defined as whether a facility has a product on
the shelf at the time of inspection, while effective availability
accounts for whether the product is usable, unexpired, appro-
priately stored, in the right dosage, and accessible to the pa-
tient given facility hours and administrative procedures. For
vaccines and other cold-chain products, the difference be-
tween nominal and effective availability can be substantial,
because temperature excursions may reduce potency without
immediately removing vials from inventory. For diagnostics,
consumables such as reagents and test cartridges may be
present but unusable due to equipment downtime or power
instability. These issues complicate the mapping from logis-
tics performance to clinical outcomes.
Emerging economies often face a dual burden of chronic
operational constraints and episodic disruptions. Chronic
constraints include unreliable electricity, limited refrigerated
transport, road quality deterioration during rainy seasons, and
staffing shortages in logistics roles. Episodic disruptions in-
clude port strikes, sudden currency devaluations that disrupt
import financing, floods that isolate districts, and political in-
stability that interrupts procurement and transport. A mea-
surement framework therefore benefits from distinguishing
routine variability from disruption events, because the strate-
gies that optimize routine performance may not be those that
minimize disruption losses.
Cost accounting for healthcare supply chains similarly faces
definitional issues [20]. Transport costs may be borne by
central agencies, donors, third-party logistics providers, or fa-
cilities, depending on the distribution model. Staff costs may
be embedded in facility budgets rather than supply chain bud-
gets, even when staff time is a binding resource for inventory
management. Wastage costs may be recorded as financial
write-offs, physical disposal costs, or not recorded at all if
expired products remain in storage. Currency and financing
costs, such as the cost of delayed payments, import duties,
and demurrage, may be external to health budgets but still
economically relevant. To compare efficiency across systems,
it is therefore necessary to specify the cost boundary and to
interpret reported costs as partial views of total economic
cost.
Accessibility measurement introduces additional complexity.
Geographic access is often approximated by straight-line dis-
tance or road distance between populations and facilities, but
actual access is mediated by transport availability, travel time
variability, and safety constraints. Financial access interacts
with logistics because stockouts in public facilities can shift
patients to private markets where prices are higher, implying
that the supply chain affects household financial risk. Ad-
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Figure 1. Multi-echelon healthcare supply architecture in emerging economies. The figure emphasizes how upstream import
dependence, central storage, regional redistribution, and differentiated care points jointly determine whether products are physically
positioned close enough to patients for timely dispensing.
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Figure 2. Supply-chain cost boundary with operational and quality-related components. Rather than reducing efficiency to purchase
price alone, the diagram highlights how transport, inventory, refrigeration, administration, and wastage accumulate into economic
cost and ultimately shape the probability of downstream service shortfalls.

ministrative access, including whether facilities require certain
documentation or operate limited hours, also affects effective
access. From a supply chain perspective, these access barri-
ers can influence demand timing and distribution, which then
affects replenishment patterns and inventory requirements.

Service delivery outcomes in emerging economies are fre-
quently measured through facility service statistics, health
surveys, or programmatic indicators such as immunization
coverage. Each has limitations. Facility statistics can under-
count populations that do not seek care, surveys can suffer
recall bias and limited product specificity, and programmatic
indicators may focus on priority diseases while overlooking
routine essential medicines. Linking supply chain perfor-
mance to outcomes therefore requires careful consideration
of causal pathways and confounding factors. For example, a
reduction in stockouts of an antibiotic might be expected to
reduce untreated infections, but observed facility prescribing
may also depend on diagnostic capacity and clinician behav-
ior. Similarly, improved vaccine availability may not increase
coverage if outreach services are constrained by staffing or
fuel budgets [15].

Given these constraints, an analytical approach that combines
operational modeling with empirically grounded parameters

can still be valuable, provided it is interpreted as a structured
representation rather than a complete depiction of reality.
The modeling perspective helps clarify which variables must
be measured or approximated, where uncertainty is concen-
trated, and how trade-offs emerge. In emerging economies,
practical models often need to accommodate missing data,
parameter uncertainty, and multiple stakeholders with dis-
tinct objectives. This motivates the inclusion of risk-aware
objectives and constraints that can represent minimum ser-
vice requirements and equity considerations alongside cost
minimization.

3. Cost Structures and Financing Mechanisms:
Drivers of Efficiency

The cost structure of healthcare supply chains in emerging
economies reflects both physical logistics and institutional ar-
rangements. Procurement costs are often the largest compo-
nent for many commodities, but the procurement price alone
rarely captures the economic cost of ensuring availability.
Procurement costs are influenced by contract design, sup-
plier competition, quality assurance, and the ability to fore-
cast demand accurately. When demand forecasts are poor,
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Figure 3. Accessibility as a joint function of geography and stock reliability. Even when facilities exist within plausible catchments,
stockout risk can convert a single encounter into repeated travel, raising time and money burdens and reducing realized access
relative to nominal service availability.
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Figure 4. Resilience logic under correlated disruption. The diagram separates disruption sources from mitigation instruments and
shows that continuity is not created by one universal buffer, but by a portfolio of sourcing, inventory, routing, and cold-chain
safeguards targeted at different failure modes.

emergency orders can increase unit prices and shipping costs,
while over-ordering can increase expiries. In systems with
donor support, procurement may be done through pooled
mechanisms or international agencies, sometimes achieving
lower prices but potentially introducing longer lead times or
reduced flexibility in adjusting volumes. In contrast, local pro-
curement may be faster but may face higher prices, quality
variability, and limited supplier capacity.

Transportation costs in emerging economies are shaped by
road infrastructure, fuel price volatility, vehicle availability,
and security constraints. Distribution models vary from push
systems, where central agencies allocate stock, to pull sys-
tems, where facilities requisition based on consumption and
stock status. Push systems can exploit economies of scale
in routing but may allocate mismatched quantities, whereas
pull systems can better reflect local needs but require reliable
facility-level data and timely financing for orders. When last-
mile distribution is underfunded, facilities may be expected to
collect supplies from depots using their own resources, shift-
ing transport costs and creating inequities because remote
facilities face higher burdens.

Inventory holding costs include the cost of capital tied in
stock, warehouse operation costs, and the risk of expiry and
damage. In emerging economies, the cost of capital is not
only a financial concept but also a representation of liquid-
ity constraints [21]. Health agencies may face delayed bud-
get disbursements and payment arrears, making it difficult
to finance adequate safety stock even if it is cost-effective
in expectation. Cold-chain commodities face additional hold-
ing costs due to refrigeration energy requirements, cold room
maintenance, monitoring, and potential losses from tempera-
ture excursions. The interaction between cold-chain costs and
transport constraints is central: maintaining temperature-
controlled transport may reduce wastage but can increase
per-unit transport costs and reduce routing flexibility.

Administrative and information costs are often underappreci-
ated components of supply chain cost structures. Managing
multiple funding streams, procurement channels, and report-
ing requirements increases staff time and introduces delays.
Fragmentation can create duplicative warehousing and paral-
lel distribution, which may be justified for program account-
ability but can reduce overall efficiency. Conversely, consol-
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Figure 5. Integrated analytical structure for the paper’s mathematical perspective. State variables and demand conditions enter
the model together with uncertainty and policy constraints, and the resulting solution space is interpreted through three linked
performance dimensions: total cost, patient access, and disruption tolerance.
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Figure 6. Service-delivery pathway linking logistics performance to health-system function. Commodity availability matters most
when it combines with diagnostics and workforce to form an operational service bundle, which then influences timeliness, continuity,
effective coverage, and eventually patient trust in the delivery system.

idation can reduce administrative overhead but may create
single points of failure. The net effect depends on gover-
nance quality, the ability to enforce quality standards, and
the reliability of information flows.

Currency and macroeconomic exposure is particularly impor-
tant for imported commodities. Many essential medicines
and vaccines are imported, with payment in foreign currency.
Currency depreciation can increase local-currency procure-
ment costs rapidly, while import financing constraints can
delay shipments. These effects propagate into inventory deci-
sions: agencies may attempt to front-load purchases to hedge
against depreciation, increasing inventory and expiry risk, or
may delay purchases due to budget uncertainty, increasing
stockout risk. Import-related costs such as port handling
fees, demurrage, and customs delays can be substantial and
are sensitive to administrative efficiency and policy regimes.

Quality assurance costs are integral to efficiency when mea-
sured as cost per effective unit delivered. Substandard or
falsified products, improper storage, and temperature excur-
sions can produce nominal deliveries that do not translate
into clinical benefit [22]. Investing in quality assurance, in-
cluding supplier audits, sampling, and monitoring, increases
operating costs but can reduce downstream waste and im-
prove outcomes. In systems with constrained budgets, quality
assurance may be underfunded, creating hidden inefficiency
that appears as lower spending but results in lower effective
supply [9].

To formalize these cost components, consider a multi-echelon
supply chain with suppliers, central warehouses, regional de-
pots, and facilities. Let products be indexed by k, nodes by
i and j, and time by t. Let xijkt denote shipment quantity
of product k from node i to node j in period t, and let Iikt
denote inventory at node i at the end of period t. Let Djkt
denote demand at facility node j for product k in period t, and
let ujkt denote unmet demand. A cost-based efficiency objec-
tive can be represented as a sum of procurement, transport,
holding, wastage, and penalty costs, potentially augmented
by risk and equity terms.

min
∑
t

∑
k

∑
i∈S

cprocikt xinikt +
∑
t

∑
k

∑
(i,j)∈A

ctrijkt xijkt

+
∑
t

∑
k

∑
i∈N

choldikt Iikt +
∑
t

∑
k

∑
i∈N

cwasteikt wikt

+
∑
t

∑
k

∑
j∈F

cunmet
jkt ujkt + λΦ(risk, equity)

The term xinikt can represent procurement inflow from external
suppliers into the system at supplier-adjacent nodes S. The
arc set A represents feasible transport links, and N denotes
all nodes. The wastage variable wikt can capture expiries,
spoilage, and losses from temperature excursions, which can
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be modeled explicitly through shelf-life dynamics or implicitly
via expected wastage rates that depend on handling quality
and storage conditions.
The financing mechanism affects these costs through con-
straints on cash flow and payment timing. In emerging
economies, procurement may require prepayment or letters of
credit, while government disbursement schedules can be ir-
regular. If a budget constraint binds at period t, then feasible
procurement and transport may be limited, creating intertem-
poral trade-offs where spending earlier can reduce future costs
but may be infeasible. A stylized budget constraint can be
represented by

∑
k

∑
i∈S

pikt x
in
ikt +

∑
k

∑
(i,j)∈A

qijkt xijkt ≤ Bt

+ ωt−1 − ωt + ηt

where Bt is the budget released in period t, ωt is cash carried
forward, and ηt represents emergency financing or arrears that
can relax the constraint at the cost of future obligations. This
representation is simplified, but it highlights that efficiency
assessments should account for the cost of financial frictions.
For example, a distribution model that appears cheaper in
steady state may be infeasible under delayed disbursements,
leading to costly emergency purchases and ad hoc transport.
Cost structure analysis should also account for economies of
scale and scope. Centralized warehousing can reduce per-unit
storage and handling costs if volumes are high and processes
are standardized, but it can increase distribution distances
and last-mile complexity. Decentralized storage can improve
responsiveness and reduce last-mile distances, but it can in-
crease fixed costs and variability in quality control. Scope
economies arise when the same transport run can deliver mul-
tiple products, lowering marginal transport costs, but only if
products share handling requirements. Cold-chain and ambi-
ent products often require different handling, reducing scope
economies and encouraging either specialized distribution or
hybrid solutions with differentiated lanes [7].
The private sector can provide logistics services that reduce
certain costs through specialization, but contracting intro-
duces transaction costs and requires capacity for performance
monitoring. In emerging economies, third-party logistics can
be effective when public fleets are unreliable, yet it may con-
centrate market power and expose the system to vendor risk.
Additionally, private logistics may prioritize profitable routes,
potentially increasing inequities unless contracts include ser-
vice obligations and enforcement mechanisms.
In summary, supply chain efficiency in emerging economies
depends on a nuanced cost boundary that includes procure-
ment, transport, holding, wastage, administrative overhead,
and financing frictions. Interpreting efficiency therefore re-
quires distinguishing between observed expenditures and eco-
nomic costs, and between nominal deliveries and effective
units delivered. These distinctions motivate subsequent sec-
tions that integrate accessibility and resilience into the anal-
ysis rather than treating cost minimization as an isolated ob-
jective.

4. Accessibility and Network Design: From
Physical Flows to Patient Reach

Accessibility in healthcare supply chains has both a logisti-
cal and a patient-facing meaning. Logistically, accessibility
reflects the ease with which products reach facilities, deter-
mined by network topology, transport reliability, and lead
times. Patient-facing accessibility reflects the ease with which
patients reach products and services, determined by facility
location, operating hours, fees, and the probability that a
sought product is available at the time of visit. In emerging
economies, these meanings interact strongly because travel
burdens are often high, and repeated visits due to stockouts
impose time and financial costs that can deter care-seeking
and reduce adherence.
A common supply chain failure mode is the concentration
of inventory in upstream nodes while downstream facilities
experience stockouts. This can occur due to poor informa-
tion, rigid allocation policies, or transport constraints that
prevent timely redistribution. In such cases, aggregate stock
levels may appear adequate, but effective access is low. An-
other failure mode is that products reach facilities but are
not dispensed due to administrative restrictions, mismatches
between delivered formulations and prescribing practices, or
quality concerns. These failures highlight that accessibility
analysis must consider both physical distribution and opera-
tional policies at facilities [14].
Spatial accessibility is often analyzed using catchment ar-
eas and travel time. In emerging economies, travel time is
highly variable due to road conditions, seasonal disruptions,
and transport availability. A facility may be within a nomi-
nal distance but effectively inaccessible during rainy seasons,
which can coincide with seasonal disease peaks. Moreover,
transport costs can be nonlinear with distance because of fuel
availability, vehicle wear, and the need for multiple transport
modes. For rural populations, the cost of travel may include
lost labor time and childcare constraints, making repeated
visits particularly costly.
Stockouts convert physical distance into an amplified acces-
sibility barrier. If the probability of product availability at a
facility is sjkt for facility j and product k, then the expected
number of visits required to obtain the product can be ap-
proximated by 1/sjkt when each visit is independent and the
patient attempts until success. While independence is a sim-
plification, it conveys that a decline from 90% availability to
60% availability increases expected attempts from about 1.11
to 1.67, substantially raising travel burden. This is relevant in
emerging economies where even a single visit can be costly,
and where patients may abandon care after a failed attempt.
Network design decisions influence both facility-level service
reliability and patient travel burdens. For example, centraliz-
ing depots can reduce upstream costs but may increase lead
times to remote facilities, requiring higher safety stocks at
facilities to maintain availability. If facility storage is limited
or poorly managed, higher safety stocks may not be feasi-
ble, causing availability to fall. Conversely, adding interme-
diate depots can reduce lead times and improve responsive-
ness but can introduce additional handling and potential for
mismanagement. The design problem therefore includes a
multi-objective aspect: minimize total cost while ensuring
geographic and temporal access.
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To represent accessibility within a logistics model, one can
incorporate service-level constraints and travel-time bounds.
Suppose τij denotes expected transport time from node i
to node j, and θj denotes a maximum acceptable replenish-
ment time for facility j given its storage capacity and demand
volatility. A simplified constraint can require that each facility
is served from a depot within a time bound. If yij indicates
assignment of facility j to depot i, then

∑
i∈D

yij = 1 ∀j ∈ F

τij yij ≤ θj ∀i ∈ D, ∀j ∈ F

where D denotes depots and F denotes facilities. In practice,
transport time is uncertain, and τij might represent a quantile
rather than a mean. Moreover, assignment may be dynamic
if routes change seasonally [11]. Nonetheless, the constraint
expresses the principle that accessibility can be embedded as
a design requirement.
Patient accessibility can be represented through a coverage
function that depends on both travel time and availability.
Let the population be partitioned into demand zones z ∈ Z,
with population-weighted demand for product k in period t
represented by δzkt. Let Tzj denote travel time from zone z
to facility j, and let azj represent the probability that patients
from zone z choose facility j given travel time, perceived qual-
ity, and cost. A stylized effective access measure for product
k can be

Azkt =
∑
j∈F

azj g(Tzj) sjkt

with 0 ≤ g(T ) ≤ 1 and
∑
j

azj = 1

where g(T ) is a decreasing function capturing travel friction.
The term sjkt links supply chain performance directly to pa-
tient access. When availability is low, Azkt can fall sharply
even if travel times are short. When travel times are long,
improvements in availability may have limited effect if pa-
tients cannot feasibly reach the facility. This representation
also highlights equity concerns: zones with long travel times
and low facility density can have systematically lower effective
access even if national averages appear adequate.
In emerging economies, accessibility is influenced by the coex-
istence of public and private channels. When public facilities
are stocked out, private pharmacies may provide access, but
at higher prices and with variable quality. The supply chain
thus interacts with household financial risk. If the probability
of stockout in the public channel is 1− sjkt, and the private
price is P priv

kt compared with a subsidized public price P pub
kt ,

then the expected household expenditure conditional on seek-
ing the product can increase with stockouts, with implications
for adherence and catastrophic spending. This is particularly
relevant for chronic disease medicines, where continuity mat-
ters and repeated purchases can be financially burdensome.
Administrative accessibility can be modeled through delays
and service times. Facilities may require specific clinic days

for dispensing chronic medicines, or may impose rationing
during shortages. These policies are often responses to supply
uncertainty and aim to spread limited stock across patients,
but they can increase patient waiting time and reduce ad-
herence. In logistics terms, such rationing is an endogenous
demand management response that can mask the severity of
shortages when measured solely through stock card balances.
Thus, accessibility analysis suggests that efficiency cannot be
evaluated solely by cost per unit moved. It must also consider
where units are positioned in the network, how reliably they
are available at dispensing points, and how patient travel and
behavior respond [8]. Network design and inventory policy
choices influence these outcomes, and the design problem
becomes one of balancing cost, service reliability, and equity
under uncertainty [12].

5. Resilience and Risk Propagation: Maintain-
ing Service Under Disruptions

Resilience in healthcare supply chains can be understood as
the capacity to sustain essential product availability when
confronted with disruptions. In emerging economies, disrup-
tions can be multifaceted and correlated. A currency shock
can simultaneously reduce procurement capacity, delay sup-
plier shipments, and increase fuel prices. Seasonal floods can
impair road access, damage warehouses, and increase disease
incidence, raising demand while reducing supply capability.
Political instability can interrupt budget disbursement and
increase security risks on transport routes. Resilience there-
fore involves both preparedness, such as having buffers and
flexible contracts, and adaptive capacity, such as rerouting,
substituting products, and reallocating stock.
A key concept is risk propagation across echelons. An up-
stream disruption, such as a supplier delay, can propagate
downstream with amplification if inventories are low, infor-
mation is delayed, and replenishment policies are rigid. Con-
versely, downstream disruptions, such as facility-level power
failure for cold storage, can cause localized losses that waste
upstream effort. This bidirectional propagation suggests that
resilience strategies should be targeted to the most critical
nodes and links, rather than applied uniformly.
Resilience can be quantified through service-level metrics un-
der disruption scenarios. A common metric is the fill rate, the
fraction of demand met without delay. Another is the stock-
out duration, the number of days a product is unavailable.
In emerging economies, resilience may also be measured by
continuity of treatment for chronic conditions, the ability to
maintain vaccine potency, and the avoidance of forced sub-
stitution to less effective regimens [3]. These metrics are
sensitive to both inventory buffers and response capability.
Scenario-based modeling provides a way to represent disrup-
tions explicitly. Let ω ∈ Ω index scenarios, each with proba-
bility πω. Scenarios can affect demand Dω

jkt, transport capac-
ity Cω

ijt, lead times Lω
ijt, and node availability indicators that

represent facility or warehouse outages. A two-stage formu-
lation can represent decisions made before disruptions, such
as facility location and base-stock levels, and recourse deci-
sions made after disruptions, such as emergency shipments
and reallocations.
To incorporate resilience into an optimization framework, one
can augment the cost objective with a risk measure that pe-
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nalizes poor performance in adverse scenarios. Conditional
value-at-risk (CVaR) is one such measure, capturing expected
loss in the worst tail of scenarios. Let Zω represent total sys-
tem loss in scenario ω, where loss includes unmet demand
penalties and possibly additional emergency cost. A CVaR
term at confidence level α can be represented by auxiliary
variables, allowing linearization in many cases.

min
∑
ω∈Ω

πωZ
ω + ρ

(
η +

1

1− α

∑
ω∈Ω

πωξω

)

s.t. ξω ≥ Zω − η ∀ω ∈ Ω

and ξω ≥ 0 ∀ω ∈ Ω

Here η is a threshold variable approximating the value-at-
risk, ξω are slack variables capturing exceedances, and ρ con-
trols the emphasis on tail risk relative to expected loss. In
emerging-economy contexts, this approach can represent the
preference to avoid severe stockout events even if average
costs increase, reflecting the high social cost of disruptions
and the political sensitivity of shortages.
Resilience also depends on redundancy and flexibility. Redun-
dancy can be physical, such as multiple suppliers and alter-
native transport routes, or it can be functional, such as ther-
apeutic substitution or multi-sourcing across quality-assured
manufacturers. Flexibility includes the ability to reallocate
budgets quickly, adjust order quantities, and deploy emer-
gency distribution. These capabilities are influenced by gov-
ernance, procurement regulations, and information systems.
Supplier diversification is a common resilience strategy, but
its effectiveness depends on correlated risks. If multiple sup-
pliers rely on the same upstream active ingredient source,
diversification may not reduce risk. In emerging economies,
procurement mechanisms may favor a single lowest-cost sup-
plier to reduce unit price, potentially increasing vulnerability.
A diversification constraint can require that no single supplier
provides more than a share β of total procurement for a prod-
uct, or that at least two suppliers are used. Such constraints
increase administrative complexity and may raise unit prices,
but can reduce disruption risk [18].
Transport resilience can be addressed through alternative
routes and modes, but in emerging economies options may
be limited by infrastructure. Nonetheless, some flexibility
can be achieved through contracting with multiple transport
providers, using a mix of public fleets and third-party logistics,
and establishing transshipment points that allow rerouting
around blocked roads. The effectiveness of these strategies
depends on the speed of information and decision-making.
If a disruption is not detected quickly due to poor tracking,
rerouting is delayed and buffers are depleted.
Inventory buffers are central to resilience but must be bal-
anced against expiry risk and storage constraints. For essen-
tial medicines with long shelf life, higher safety stock can be a
relatively low-cost resilience strategy. For vaccines and short
shelf-life diagnostics, buffers can induce wastage unless cold
chain capacity is sufficient and stock rotation is managed.
In emerging economies, buffer placement matters: upstream
buffers at central warehouses protect against import delays
but may not prevent facility-level stockouts if distribution is

unreliable; downstream buffers at facilities protect patients
but require storage and management capacity. An interme-
diate approach is to maintain buffers at regional depots with
reliable transport to facilities, provided that last-mile routes
can be executed under disruptions.
The interaction between resilience and accessibility is partic-
ularly relevant during disruptions. When a region becomes
temporarily inaccessible due to flooding, facilities may be
cut off. If the system has pre-positioned stocks in that re-
gion, patient access can be maintained. If not, patients may
travel long distances to other regions, overloading facilities
and increasing disease transmission risks in crowded settings.
Resilience planning therefore has spatial equity implications:
buffer placement decisions can advantage regions that are
already easier to serve unless explicit equity constraints are
included.
Information resilience is another dimension [1]. Systems that
rely on periodic paper reports can have delays of weeks or
months, leading to slow detection of stockouts and overstock.
Digital logistics management information systems can im-
prove visibility, but only if data quality is maintained, connec-
tivity exists, and staff are trained and motivated. In emerging
economies, partial digitalization can create uneven visibility,
where some facilities are well monitored and others remain
blind spots. Moreover, digital systems can introduce new
vulnerabilities, such as dependence on servers and cyberse-
curity risks, although these may be secondary compared to
physical disruptions in many contexts.
A useful way to conceptualize resilience is through the con-
cept of performance degradation and recovery. After a dis-
ruption, service level may drop and then recover as emergency
actions are taken. The area under the performance curve be-
low an acceptable threshold can represent resilience loss. In
operational terms, this loss depends on time-to-detect, time-
to-decide, and time-to-deliver, each of which can be improved
by better monitoring, decision authority, and pre-arranged lo-
gistics. In emerging economies, institutional delays can domi-
nate physical delays, such as when procurement rules prevent
rapid emergency purchasing or when funds cannot be reallo-
cated quickly.
In sum, resilience in emerging-economy healthcare supply
chains involves a combination of buffers, redundancy, and
adaptive capability, constrained by budget, storage, and gov-
ernance realities. Risk-aware modeling helps formalize trade-
offs and can guide where resilience investments yield the
largest marginal reduction in severe service failures.

6. Integrated Mathematical Framework:
Multi-Echelon Flows, Uncertainty, and
Policy Constraints

An integrated framework that connects cost efficiency, acces-
sibility, and resilience requires representing the physical move-
ment of commodities, the temporal evolution of inventory,
and the uncertainty in demand and supply conditions. While
the full complexity of real systems may be beyond tractable
optimization in many cases, a structured model can still clar-
ify trade-offs and guide empirical estimation.
Consider a discrete-time planning horizon t = 1, . . . , T . Let
N be the set of nodes, partitioned into suppliers S, ware-
houses W, depots D, and facilities F . Let A be the set of
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feasible arcs between nodes, respecting the physical network
and policy constraints. For each product k ∈ K, define in-
ventory dynamics at each node. Let rωikt denote receipts of
product k at node i in period t under scenario ω, and let sωikt
denote issues from node i in period t. Then

Iωikt = Iωik,t−1 + rωikt − sωikt − wω
ikt

∀i ∈ N , ∀k ∈ K, ∀t, ∀ω ∈ Ω

Receipts are determined by inbound shipments that were dis-
patched earlier and arrive after lead times. If xωjik,t−Lω

jit
de-

notes shipments dispatched from j to i that arrive at t given
lead time Lω

jit, then

rωikt =
∑

(j,i)∈A

xωjik, t−Lω
jit

∀i, k, t, ω

This representation is compact but highlights that lead time
uncertainty shifts receipts across time, increasing the need
for safety stock [2]. In emerging economies, lead time can
be affected by port delays, customs processes, and transport
disruptions, making scenario-based lead times appropriate.
Issues from facilities are tied to demand fulfillment. Let fωjkt
denote fulfilled demand for facility j. Then

fωjkt + uωjkt = Dω
jkt ∀j ∈ F , ∀k, ∀t, ∀ω

fωjkt ≤ Iωjk,t−1 + rωjkt ∀j, k, t, ω

For upstream nodes, issues correspond to shipments dis-
patched. If sωikt is the total outbound quantity of product
k from node i in period t,

sωikt =
∑

(i,j)∈A

xωijkt ∀i ∈ N \ F , ∀k, ∀t, ∀ω

Capacity constraints represent storage limits and transport
constraints. Let Iik denote storage capacity for product k at
node i, and let X

ω
ijt denote transport capacity on arc (i, j) in

period t under scenario ω. Then

Iωikt ≤ Iik ∀i, k, t, ω∑
k∈K

vkx
ω
ijkt ≤ X

ω
ijt ∀(i, j) ∈ A, ∀t, ∀ω

where vk converts units into volume or weight, relevant when
transport capacity is constrained by vehicle size or cold-chain
volume. For cold-chain commodities, transport capacity may
be smaller and more uncertain.
Wastage can be modeled through shelf-life dynamics. Let a
denote age in periods, and let Iωikta denote inventory of age

a. Shelf-life constraints can require that inventory older than
a maximum age Ak expires. Managing age-structured inven-
tory is data-intensive, but it captures a key inefficiency chan-
nel in emerging economies where first-expiry-first-out prac-
tices may be weak. In many applied contexts, wastage is ap-
proximated via rates that depend on node type and handling
quality, which can still be linked to investments in cold-chain
monitoring and training.
Policy constraints are often central in emerging-economy sup-
ply chains. For example, regulations may restrict which prod-
ucts can be stored at facilities, or may require that certain
commodities flow through specific channels for accountabil-
ity. Donor-funded commodities may have separate reporting
and distribution requirements. These constraints can be rep-
resented by restricting arcs in A or by imposing flow balance
rules that require separation of specific product categories.
While such constraints may reduce efficiency in a purely cost-
minimizing sense, they may be necessary for governance and
quality assurance, and their inclusion allows an assessment of
the cost of policy-induced fragmentation.
Equity constraints can also be represented explicitly. Suppose
the planner wishes to ensure that service level for essential
products in remote facilities does not fall below a threshold.
Let SLω

jk denote service level for facility j and product k over
the horizon in scenario ω, defined as fulfilled demand divided
by total demand. Then

SLω
jk =

∑
t f

ω
jkt∑

t D
ω
jkt

∀j, k, ω

SLω
jk ≥ sjk ∀j ∈ Fpriority, ∀k ∈ Kessential, ∀ω

where Fpriority could represent remote or underserved facilities,
and sjk is a minimum service level requirement. In practice,
requiring such constraints for all scenarios may be too strict,
but it illustrates how equity goals can be integrated rather
than treated as external considerations.
The integrated objective can combine expected cost with risk
and accessibility penalties [4]. Accessibility can be repre-
sented indirectly through service level constraints and directly
through penalties for delivering below a target in high-burden
zones. Alternatively, accessibility can be captured by adding
a term that penalizes unmet demand weighted by travel bur-
den or vulnerability. If γj represents an accessibility weight
for facility j, larger for remote areas, then

min
∑
ω

πω

[ ∑
t,k,(i,j)

ctrijktx
ω
ijkt +

∑
t,k,i

choldikt I
ω
ikt

]

+
∑
ω

πω

[∑
t,k,j

γjc
unmet
jkt uωjkt

]
+ ρCVaRα(Z)

This form emphasizes that unmet demand in remote facilities
can be weighted more heavily, reflecting higher patient costs
and fewer alternatives. Such weighting should be interpreted
carefully, as it embodies a social preference function rather
than a purely technical parameter.
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The mathematical framework is not intended to suggest that
emerging-economy supply chains can be optimized purely
through computation. Rather, it offers a structured repre-
sentation that can be calibrated with available data, used to
test sensitivity to uncertainty, and employed to compare the
implications of alternative policies such as centralization, di-
versification, and buffer placement. The next section uses
this framework to connect supply chain performance to ser-
vice delivery outcomes, recognizing that outcomes depend on
additional system inputs beyond commodity availability.

7. Service Delivery Outcomes: Linking Logis-
tics Performance to Health System Function

Service delivery outcomes in healthcare are shaped by the
joint availability of commodities, workforce, diagnostic ca-
pability, and patient engagement. Supply chains contribute
by ensuring that essential medicines, vaccines, diagnostics,
and consumables are available when needed and are of ade-
quate quality. The pathway from supply chain performance
to outcomes can be conceptualized as a production process
where inputs generate services, and services generate health
improvements. In emerging economies, this pathway often
contains bottlenecks and nonlinearities, making it necessary
to interpret improvements in logistics performance in the con-
text of the broader delivery system.
At the facility level, clinical service provision for many con-
ditions requires a bundle of inputs. For example, effective
management of diabetes requires availability of medicines,
glucometers and test strips, trained staff, and follow-up mech-
anisms. If one input is missing, service quality can degrade.
Similarly, maternal health services require not only oxytocin,
magnesium sulfate, and antibiotics, but also equipment and
skilled staff [5]. Vaccine delivery requires cold-chain integrity,
syringes, safety boxes, and outreach capacity. Therefore,
measuring the contribution of supply chain performance to
service delivery should consider complementarity among in-
puts. When complementarity is strong, marginal improve-
ments in commodity availability may have limited effect if
workforce or equipment constraints bind, while improvements
can have larger effects when multiple constraints are ad-
dressed jointly.
One way to represent this interaction is through a service
capacity function. Let Sjt represent the quantity of a ser-
vice delivered at facility j in period t, such as the number
of treatments initiated or vaccinations administered. Let Hjt

represent an index of human resource availability and capabil-
ity, and let Ejt represent equipment functionality. Let Qjkt
represent the effective availability of commodity k at facility
j, capturing not only inventory presence but also quality and
usability. A stylized production relationship can be expressed
as

Sjt = φj Ψ
(
Hjt, Ejt, {Qjkt}k∈Kj

)
where φj captures facility-specific factors and Ψ is an ag-
gregator that can exhibit complementarity. In emerging
economies, a Leontief-like bottleneck structure may be a rea-
sonable approximation for certain services, where service vol-

ume is limited by the scarcest essential input. For instance, if
a service requires one unit of each commodity in a set, then

Sjt ≤ min
k∈Kj

(
Qjkt

bk

)
and Sjt ≤ κjHjt

and Sjt ≤ χjEjt

where bk is the commodity requirement per service unit, and
κj and χj convert workforce and equipment indices into ser-
vice capacity. This representation is simplified, but it cap-
tures the idea that improving Qjkt for one commodity yields
limited service gains if another essential commodity remains
scarce.
The effective availability Qjkt can be linked to supply chain
variables. If Ijkt is inventory and πjkt is the fraction of in-
ventory that remains usable given expiry and cold-chain com-
pliance, then

Qjkt = πjkt Ijkt 0 ≤ πjkt ≤ 1

The parameter πjkt can be influenced by cold-chain monitor-
ing, storage conditions, and handling practices, which them-
selves are functions of infrastructure and training. In emerg-
ing economies, πjkt may vary widely across facilities due to
electricity reliability and equipment maintenance.
Service delivery outcomes of interest can include timeliness,
continuity, and quality. Timeliness is affected by whether
products are available at the time of encounter and whether
diagnostics can be performed promptly. Continuity is critical
for chronic diseases and for multi-dose regimens, where inter-
ruptions can reduce effectiveness and contribute to complica-
tions. Quality is affected by product potency and adherence
to protocol. Supply chain performance influences all three:
stockouts delay initiation and interrupt continuity; long lead
times increase the probability of stockouts; and poor storage
reduces potency.
An important aspect in emerging economies is the role of ra-
tioning and informal coping strategies. When stocks are low,
facilities may reduce dispensing quantities, requiring patients
to return more frequently. This can maintain nominal cov-
erage of more patients but reduces adherence and increases
travel burden. Alternatively, clinicians may prescribe alter-
native medicines that are available but may be less effective
or have different side effect profiles [19]. Such substitution
can reduce immediate stockout consequences but can affect
long-term outcomes and costs. From a supply chain per-
spective, substitution changes product mix demand and can
create oscillations in ordering patterns if not anticipated.
The relationship between supply chain performance and out-
comes is also mediated by patient behavior. When patients
encounter stockouts, they may seek private alternatives, de-
lay care, or abandon treatment. The probability of abandon-
ment can increase with travel time and with previous failed
attempts. In emerging economies where transport costs are
high relative to income, the behavioral response can be sub-
stantial. This implies that service delivery outcomes may be
more sensitive to reliability than to average availability. A

28



system that maintains 95% availability most of the time but
experiences occasional long stockout episodes may produce
worse adherence outcomes than a system with slightly lower
average availability but fewer severe episodes, especially for
chronic regimens.
Equity considerations are central. Improvements in national
averages can mask persistent disparities between urban and
rural areas, and between facilities with different management
capacity. If supply chain reforms improve efficiency by con-
solidating distribution and reducing costs, but inadvertently
increase lead times to remote areas, the resulting equity im-
pact may be negative even if average availability improves.
Conversely, targeted investments in last-mile distribution and
buffer stock for remote facilities may increase costs but im-
prove equity and reduce severe adverse events related to lack
of access.
To connect the integrated logistics model to population-level
outcomes, one can define effective coverage as the fraction
of the target population that receives an effective interven-
tion when needed. Let Nzt denote the population in zone z
in period t requiring an intervention, and let Szt denote the
number who receive the intervention effectively. Then effec-
tive coverage is Czt = Szt/Nzt. If Szt depends on effective
access Azkt for required commodities and on service capacity
at chosen facilities, then logistics performance enters through
Azkt and through Qjkt. This approach highlights that sup-
ply chain metrics such as fill rate and stockout duration can
be mapped into coverage metrics, but only with assumptions
about patient choice and service capacity.
A related outcome is the cost per effective service deliv-
ered, which combines supply chain costs with service delivery
costs and adjusts for wastage and quality [13]. In emerging
economies, focusing on cost per unit procured can be mis-
leading if a substantial share is wasted or unusable. A more
informative measure is cost per effective unit dispensed, and
ultimately cost per successful treatment or prevented case.
While measuring the latter requires clinical data, cost per ef-
fective unit dispensed can often be approximated by combin-
ing logistics costs with dispensing records and quality indica-
tors. This measure can reveal that investments in cold-chain
reliability and inventory management may reduce total cost
per effective unit even if they increase operating costs, by
reducing wastage and preventing emergency procurement.
The service delivery linkage also underscores that resilience
investments can have outcome benefits disproportionate to
their average cost. Preventing a severe stockout episode dur-
ing an epidemic surge or during a seasonal malaria peak can
avert a large number of adverse outcomes. Risk-aware mod-
els that penalize tail failures can therefore align with out-
come objectives, particularly when health system credibility
and patient trust are considered. In emerging economies,
trust can influence care-seeking behavior broadly, meaning
that repeated stockouts of essential products can reduce uti-
lization of services even when other services are available.
Nonetheless, attributing outcome changes to supply chain re-
forms remains challenging due to confounding factors. Health
workforce changes, policy reforms, and epidemiological shifts
can coincide with supply chain changes. A careful analysis
should therefore use designs that can isolate supply chain
effects where possible, such as phased rollouts, difference-in-
differences comparisons, or facility-level panel analysis with
controls for staffing and demand proxies. When such designs

are not feasible, model-based counterfactual analysis can still
provide insight, but results should be interpreted cautiously
as conditional on assumptions and parameter uncertainty.
Overall, linking supply chain performance to service delivery
outcomes reinforces the need for integrated evaluation. Effi-
ciency improvements that reduce costs but increase variabil-
ity may not improve outcomes. Accessibility improvements
that reduce travel time but do not address stock reliability
may not increase effective coverage. Resilience improvements
that reduce severe outages can improve continuity and trust,
affecting utilization beyond the directly targeted commodi-
ties [6]. These interactions suggest that reforms in emerging
economies should be assessed using a balanced set of metrics
that capture cost, reliability, equity, and outcome relevance.

8. Conclusion

Healthcare supply chains in emerging economies operate at
the intersection of constrained financing, infrastructure limi-
tations, uncertain demand, and diverse governance arrange-
ments. Efficiency and resilience are intertwined objectives but
are not identical. Efficiency concerns the total economic re-
sources required to deliver an acceptable level of service, while
resilience concerns the ability to sustain service levels under
uncertainty and disruption. Accessibility mediates how logis-
tical performance translates into patient experience, shaping
travel burden, continuity, and the practical ability to obtain
treatment.
The analysis in this paper emphasized that cost structures
extend beyond procurement prices to include transport, hold-
ing, cold-chain compliance, wastage, administrative over-
head, and the economic effects of financing frictions. These
costs are shaped by institutional fragmentation, macroeco-
nomic exposure, and the degree to which quality assurance is
implemented. Accessibility was treated as a combined func-
tion of network design, lead times, facility-level availability,
and patient behavior, highlighting that nominal stock pres-
ence does not necessarily imply effective access. Resilience
was developed as a risk-aware concept that accounts for cor-
related disruptions and for the propagation of failures across
echelons, motivating the use of scenario-based reasoning and
tail-risk measures in formal models.
A mathematical framework was presented to represent multi-
echelon flows, inventory dynamics, capacity constraints, and
policy requirements, while allowing for explicit uncertainty in
demand, lead times, and transport capacity. The framework
illustrated how equity goals and minimum service-level re-
quirements can be represented alongside cost minimization,
and how risk measures can penalize severe service failures that
are particularly consequential in emerging-economy contexts.
The linkage to service delivery outcomes underscored that
commodities are complementary with workforce and equip-
ment, and that improvements in supply reliability can influ-
ence timeliness, continuity, and trust, thereby affecting uti-
lization and effective coverage.
The practical implication is that evaluation and design
choices benefit from jointly considering cost, accessibility,
and resilience rather than optimizing one dimension in iso-
lation. However, implementing such integrated analysis is
constrained by data fragmentation, measurement error, and
institutional feasibility. Consequently, any applied use of
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the framework requires careful specification of cost bound-
aries, explicit acknowledgment of uncertainty, and sensitiv-
ity analysis to key parameters such as lead time variability,
wastage rates, and behavioral responses to stockouts. Within
these limits, structured reasoning about trade-offs can sup-
port more transparent decision-making regarding buffer place-
ment, diversification, contracting, and investments in infor-
mation and cold-chain infrastructure, while keeping attention
on service delivery outcomes and equity across populations
[17].
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