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Less than 50% of children had full schedule of basic vaccines
Nigeria’s overall immunization rate hovers around 70%
Country lags in terms of vaccine logistics performance

Routine immunisation (RI) – DPT3 coverage rate by LGAs 
% 

2010 2011 20121 

<50% 

50-79% 

>79% 

Key considerations: 
Are we bringing in enough vaccines to maximize our coverage? 
Is our supply chain strong enough to ensure all facilities are covered with the right frequency? 

There is a significant opportunity for impact and the supply
chain plays a major role in this regard
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Statement of Need

* Problem of inadequacy inflated by uncertainty in demand
Supply chains are strained in many LDCs due to limited
infrastructure – placing lives at risk (Kaufmann, Miller, Cheyne,
2011)

* Government-run vaccine supply chains are limited by how to
(OPTIMIZE, 2012)

maintain vaccine quality throughout the supply chain
ensure vaccine availability at service delivery points
keep pace with new policies/technology in management

* Three themes define supply chain issues in LDCs
Structure: central vs. decentralized system
Strategy: poor monitoring and reporting
Risk: failure of supplies to reach the intended targets
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Rationale for Country Choice

LPI from http://lpi.worldbank.org/ and GDP from http://www.imf.org/external/pubs/ft/weo/2014/02/weodata/weoselgr.aspx
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Linear trend represents the correlation between GDP and LPI
Bifurcation: top 25 – top right; bottom 25 – bottom left
Middle tier with improvement potentials – Ghana, Nigeria
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Incorporate uncertainties to estimate vaccine delivery
performance

+ Mismatch or variability in pushed quantities as a proxy
for demand uncertainty

+ Shortfalls in delivery due to limitations in cold chain
capacities

Methodology

Developed a model of multi-echelon supply chain network
Implemented stochastic optimization in a simulation
Introduced supply chain performance metrics
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Country Profile
Nigeria is the most populated country in Africa (165+
million) with an area of 923, 678 square kilometers (21

2× CA)
Operates a three-tier system of government — Federal, states
(36) and Local Government Areas (LGAs, 774 + FCT)
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VSL Flow Diagram
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Orders from regions to central storage; central storage to manufacturer
Lead time to receive orders are known
Demands are independent, log-normally distributed, random quantities
Back-order are allowed – to be met with the next receipts
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Variable Declaration

à t – time or period
à i – region
à Qi ,t – ordered quantity by region i from central storage at time t
à Kt – ordered quantity from the manufacturer at time t by the

central storage
à BIQi ,t – beginning inventory for region, i , at time, t
à BIKt – beginning inventory for the central storage at time, t
à EIQi ,t – ending inventory for region, i , at time, t
à EIKt – ending inventory for the central storage at time, t
à sRi ,t – shipment to region i , at time, t from the central storage
à sCt – shipment to central storage from the manufacturer at time, t
à Pt – shipments in the pipeline to central storage
à D̃i ,t is random demand log-normally distributed, LN ∼ (µD, σD)
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Parameter Definition

BIQi ,t = sRi ,t−1 + EIQi ,t−1

BIKt = BIKt−1 −
∑

i sRi ,t−1 + Pt−1

Qi ,t =

 θi − (

EIQi,t︷ ︸︸ ︷
BIQi ,t − D̃i ,t), if positive

0, otherwise
– where θi is region i ’s order-up-to quantity, a decision variable

sRi ,t =

{
Qi ,t , if

∑
i Qi ,t ≤ BIKt

Qi,t∑
i Qi,t

× BIKt , otherwise
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Parameter Definition

Kt =

 ϕ− (

EIKt︷ ︸︸ ︷
BIKt + Pt −

∑
i

Qi ,t), if positive

0, otherwise
– where ϕ is the central storage order-up-to quantity, and it is
a decision variable

EIQi ,t = BIQi ,t − D̃i ,t

BOQi ,t =


D̃i ,t , if BIQi ,t ≤ 0

D̃i ,t − BIQi ,t , if 0 < BIQi ,t < D̃i ,t

0, otherwise
– where BOQi ,t is the back-ordered quantity
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Model
The objective is to minimize the average vaccine inventory in
the system while simultaneously meeting requirements

min
θi ,ϕ

1
T̂

 T̂∑
t=1

(
BIKt + Pt +

n∑
i=1

BIQi ,t

)
Subject to

P(Fill rate < HIT%) ≤ δ

Lmin ≤ θi , ϕ ≤ Umax ∀i

where

[1] Fill rate = 1 −
T̂∑

t=1

n∑
i=1

BOQi,t

D̃i,t

[2] δ ∈ [0.05, 0.20]
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Results: Impact on Storage Capacity
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Exhibit 3: Performance comparison of the current system (left hand side); Expected 
increase in storage to improve performance from 80% to 95% at HIT fill rate (right 
hand side).

Polio – NE/SW; YFV all zones: by at least 20%
Hep B – NE, SS & SE zones: approx. 30%
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Results with Central Storage

portional to the expected increases in storage to
improve reliability.
A significant policy implication of this analysis

is that in resource- or budget-constrained envi-
ronments such as Nigeria, rationalizing the dis-
tribution system may produce savings that help
improve vaccine coverage. Also, mature supply
chains use planning to minimize inventory (and
therefore storage capacity) while still maintain-
ing coverage. Nigeria’s vaccine supply chain is
not yet at that point, but policymakers should be
working toward that goal.

Study Results
We discuss the outcomes of our analysis in the
following subsections.We focus on the variance
in the doses over time and discuss the expected
percentage increases in storage capacities re-
quired to improve coverage reliability in the cur-
rent system and under the proposed reorgani-
zation.

Current SystemOur analysis documents that
across the four years of the study period, the
supply of polio vaccine exceeded all supplies of
the other vaccines studied but also showed the
most variance over time (see Appendix Figure
3).1 The supply of yellow fever vaccine had the
least variance. The variance in the supply of
tetanus vaccine increased in 2014, compared
to the variance in the supply of hepatitis B and
yellow fever vaccines. Variance in the supply of
hepatitis B vaccine decreased greatly in 2014,
compared with previous years. The variance in
the supply of bacillus Calmette-Guérin vaccine
remained relatively constant throughout the
study period.
Exhibit 2 shows the expected percentage in-

creases in storage capacity required to improve
coverage reliability to 100 percent by vaccine
type at the national and zonal levels. For exam-
ple, the polio vaccine requires a 41 percent in-
crease in storage capacity at the zonal level to
reach 100percent reliability. Abreakdownof this
increase by zone reveals that the North West
zone, followed by the North Central and North
East zones, requires the greatest increases in
storage capacity. Nigeria requires more storage
capacity for all five of the vaccines studied. For
all vaccines, the North West, North Central, and
North East zones require greater increases in
storage capacity than the other three zones.
The tetanus vaccine requires the smallest storage
capacity increase, only 3–6 percent across the
zones.
At the national level, the bacillus Calmette-

Guérin and hepatitis B vaccines require the big-
gest increases in storage capacity: 68percent and
60 percent, respectively (Exhibit 2). Polio vac-

cine accounts for the smallest increase at the
national level.
Proposed Reorganization To model the ef-

fects of the proposed reorganization of the sup-
ply chain structure on storage requirements and
variance in vaccine storage needs from year to
year, we consolidated the quantities of vaccine
according to the redefined hub structure. We
found that the variances in required quantities
from one year to the next for each hub and vac-
cine type would be lower for the proposed three-
hub supply chain than for the current six-hub
system. The proposed reorganization would re-
quire additional storage to enable 100 percent
immunization coverage, but the needed increase
in storage would be less than what would be
required to achieve similar reliability under the
current system.
The proposed hub in Kano (to serve the North

East andNorthWest zones) would require great-
er increases for the bacillus Calmette-Guérin vac-
cine (12 percent) and polio vaccine (16 percent)
than the other two proposed hubs (Exhibit 3).
However, the proposed hub in Abuja (to serve
the North Central and South East zones) would
require the largest increases of all the hubs for

Exhibit 2

Expected Increase In Vaccine Storage Capacity At Zonal Stores And The National Strategic
Cold Store Needed To Improve Reliability To Meet 100 Percent Fill Rate For Five Vaccines In
Nigeria

SOURCE Authors’ analysis of vaccine supply chain data for 2011–14 from the Nigerian National Pri-
mary Health Care Development Agency. NOTES The increases in vaccine supplies at the regional (zon-
al) level (bars) relate to the left-hand y axis. The increases at the national level (yellow diamonds)
relate to the right-hand y axis. The acronyms for the vaccines are defined in the Notes to Exhibit 1.

February 2016 35:2 Health Affairs 297

at GEORGE WASHINGTON UNIV MED C
 on February 19, 2016Health Affairs by content.healthaffairs.orgDownloaded from 

Highest for BCG & Hep B; OPV least–Polio is not about supplies!
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Implications

Empirical Implications

Supply chain performance improvement and uncertainty
mitigation require the expansion of existing storage facilities.
Not a one-size-fits-all solution: varies by vaccine type and by
region.
Problem is exacerbated at the lower echelon of the chain —
the last mile!
Addressing the last mile problems is the key to performance
improvement.
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Outcomes

yellow fever (14 percent), tetanus (10 percent),
and hepatitis B vaccines (10 percent).
Overall, the current system would require a

55 percent increase in storage capacity to im-
prove coverage reliabilty to a fill rate of 100 per-
cent (Exhibit 4). In contrast, the proposed re-
organized system would require 30 percent
more storage capacity.

Discussion
In our study, polio vaccine had the highest sup-
ply volumebut also themost variance indemand.
Part of the reasonmay be the Global Polio Eradi-
cation Initiative, which began in 1988. Countries
working within that initiative in a collaboration
called “Kick Polio Out of Africa” have consumed
considerably more vaccine than initially envis-
aged in 1996, when eradication in Africa was
anticipated to occur within three years.11 Also,
the storage infrastructure has increased greatly
since the initiative began.
We found two reasons for the large variances in

demand. First, there are three polio viruses, and
vaccination against one type does not provide
immunity against the others.12 Second, the
boycott of polio vaccination in three northern

Nigerian states over a decade ago has had linger-
ing effects on the ability of the system to meet
demands for the vaccines.13,14

Between 2008 and 2010 routine immuniza-
tion plus a boost in confidence in the polio vac-
cine15 led to a significant decline in reported
cases of polio. However, by 2011, the first year
in our study period, diminished focus on the
drive to eradicate polio led to the disease’s resur-
gence. Our results suggest that inadequate cold
storage facilities could have contributed to Ni-
geria’s difficulty in eradicating polio.
However, since Nigeria increased its storage

capacity in 2014, no case of polio has been re-
ported,16 and the WHO has taken Nigeria off the
list of countries where the disease is considered
endemic. For the country to be officially declared
free of polio, it must go another two years with-
out any reported cases. This lengthy timeline
demonstrates why adequate supplies of polio
vaccine must be sustained. But the problem of
eradicating polio in Nigeria is not necessarily
one of the volume of vaccine reaching the coun-
try. Instead, difficulty in eradicating the disease
is confounded by a lack of cold storage, particu-
larly at the lower levels of the supply chain and in
certain regions.
Nigeria’s plans to improve its supply chain

system may benefit from the lessons learned
from the US President’s Emergency Plan for
AIDS Relief (PEPFAR). In PEPFAR, health care
leaders in the public sector leveraged private-
sector capabilities to support pharmaceutical
distribution. Nigeria’s vaccine program manag-
ersmay be able to do the same thing. Someof the
practices that make the PEPFAR distribution
model effective are careful planning, continuous
monitoring, and constant evaluation with the
engagement of all related sectors. For example,
the three PEPFAR drug distribution centers—in
Johannesburg, South Africa; Nairobi, Kenya;
and Accra, Ghana—are operated by the Partner-
ship for Supply Chain Management, a consor-
tiumofUS,European, andAfricannonprofit and
for-profit companies. Nigeria should consider
leasing cold-chain storage space at the hubs in
Nigeria’s proposed system from private opera-
tors as a way to reduce the cost of new public-
sector facilities.

Policy Implications
The results of our simulation have three key
policy implications. First, improving systemper-
formance, or having the right quantities of vac-
cines on hand in time, requires looking at each
vaccine independently and understanding the
regional variance in demand. Policymakers have
to consider vaccine availability by vaccine type

Exhibit 3

Expected Increase In Vaccine Storage Capacity Needed To Improve Reliability To Meet
100 Percent Fill Rate For Five Vaccines In Nigeria At The Proposed Three National Hubs

SOURCE Authors’ analysis of vaccine supply chain data for 2011–14 from the National Primary Health
Care Development Agency. NOTES The three hubs are as follows: Central: Abuja; South: Lagos; North:
Kano. The acronyms for the vaccines are defined in the Notes to Exhibit 1.
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Comparison of Systemsand region.
Second, the proposed reorganization’s reduc-

tion in the hierarchical complexity of the vaccine
supply chain could improve vaccine coverage
while simultaneously reducing storage require-
ments. These outcomes are consistent with the
findings from the application of the HERMES
model to the vaccine supply chains in some Gavi
countries, suchasMozambiqueandZambia.17 As
noted above, in resource- or budget-constrained
environments such as Nigeria, rationalizing the
supply chain could produce savings that offset
the cost of increased storage capacity. This high-
lights the point that catering to longer-term pro-
jected or planned storage capacity is usually
more economical than incremental annual in-
creases. Policy makers should plan for five to
seven years into the future.
Third, Nigeria’s recent success in reducing the

incidence of polio demonstrates that continued
strengthening of the supply chain is justified and
probably necessary. Less developed countries
with vaccine supply chain configurations similar
to Nigeria’s could apply this model to their own
systems. Our model illustrates that fine-tuning
supply chains according to the varying needs of
different regions and varyingdemands fordiffer-
ent vaccines could produce cost savings.
We realize that political factors may influence

some recommendations. However, we found no
indication of such an influence in the proposed
reorganization. Nonetheless, we suggest a grad-
ual implementation of the redesign through pi-
lot activities, which would reveal its benefits ear-
ly in the process and increase political support
for the rest of the reorganization. Other devel-
oping nations, many of which experience the
same storage space constraints and resource
shortfalls as Nigeria, should also be able to grad-
ually implement reorganizations.

Conclusion
We developed a multilevel supply chain model,
patterned after Nigeria’s current and proposed

vaccine supply chain system. The model’s objec-
tive was to find ways to minimize the quantity of
vaccines in the system while meeting specific
system performance thresholds. We found that
more storage capacity would be needed to secure
a more reliable supply chain system. Without
it, Nigeria is at risk of losing its increasingly
costly vaccine inventory to wastage, spoilage, or
expiration. We encourage the National Primary
Health Care Development Agency to consider
using this model to run further simulations as
the quality of the data improves. ▪
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Exhibit 4

Expected Overall Increase In Vaccine Storage Capacity In The Current System And The
Proposed Reorganized System Needed To Improve Reliability To Meet 100 Percent Fill Rate
For Five Vaccines In Nigeria

SOURCE Authors’ analysis of vaccine supply chain data for 2011–14 from the Nigerian National Pri-
mary Health Care Development Agency. NOTE The acronyms for the vaccines are defined in the Notes
to Exhibit 1.
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Distance-minimizing Hub Choices

minimize the distance between the states and the regional hub
by choosing the states to use as regional hubs

min
Pi,j ,Xi

Z =
∑

i

∑
j

Di ,jPi ,j

Subject to∑
i Pi ,j = 1 ∀j∑
i Xi = NumHubs (exogenous)∑
j Pi ,j ≤ Xi ∀i

Xi=FCT = 1 (imposed for NSCS scenarios)
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Optimal Hub Locations
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N, S.

NC3: NE, 
SW, SS.

NC4: NW, 
NE, SW, SS

C4: NW, 
NE,SW,SS

C5: NW, NE, 
NC, SW, SS

C6: NW, NN, 
NE, NC, SW, SS



Re-
sults

Pro-
posed
re-
or-
ga-
ni-
za-
tion
and
out-
comes

Total Cost-minimizing Capacity

Minimize total system cost

M =
∑

k
min

Rki ,Ck
(Wk + Sk + Tk)

Vaccine cost,
Wk =

∑
i
∑

t OQkit × ωk for k ∈ (1, 2, · · · , 5)

Vaccine storage cost, Sk =
∑

t BICkt × σkc +
∑

i
∑

t BIkit × σkr

Vaccine transportation cost, Tk =
∑

i [θDi
∑

t HkASkit ]
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Remarks

3 Problem and approach
Data-intensive in an environment with hard-to-get data
Uncertainty in the demand influence the fill rate
Multi-level supply chain – current/proposed designs
Minimize vaccines in the system while satisfying
performance

3 Outcomes
Improved storage infrastructure is required in terms of
capacity increases
Reorganization of existing systems offers performance
improvements
Leverage President’s Emergency Plan for AIDS Relief
(PEPFAR) in the private sector
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Policy Implications

- Improving system performance requires treating each vaccine
differently and knowing regional variability

Immunization policy makers have to consider vaccine
availability by vaccine type and by region
Vaccine for COVID-19 is the first hurdle – getting it to
the target population timely is another

- Reducing the hierarchical complexity of the vaccine supply
chain will improve performance

Important since the cost of capacity expansion is
positively correlated with the scale of expansion
Budget-constrained environments: capacity increases to
improve performance is feasible even with reduced
budgets

- Recent success by Nigeria for no newly reported polio case
shows efforts must be sustained
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Team

Roger Miller (LMI)
Melissa Harnly (U.S. Navy)
Shanta Whitaker (LMI)

Immunization in Kano, Nigeria.
Source: http://www.noi-polls.com/
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Random parameters
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The Last Mile

The hurdles at the last mile
Specific challenges

Recommendations
Global view of suggested solutions
Policy implications
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Last Mile Hurdles: Funding ̸= Disbursement
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Nigeria—Financing 

 

Source: Sabin country profiles http://www.sabin.org/advocacy-education/sustainable-immunization-financing/Nigeria citing 
Nigeria Health System Assessment 2008, USAID/ Abt. Associates; LARI draft report —desk review JHU & IVAC July 2011 

Budget structure requires funds to pass 
through 3 levels to reach RI 
Budget flows and reporting structure  Key Implications 

Funding flows vary by layer 
 Federal Government is responsible for funding 

tertiary care, parastatals and vertical programs 
 State Governments fund secondary health 

services 
 Local Government Areas (LGAs) fund Primary 

Health Care services with additional funding from 
parastatals and vertical programs 
 

Lack of direct lines of accountability 
lead to major issues at the state and local level 
 States and LGAs often delay, withhold, or 

shortchange RI funding flows due to lack of 
political commitment 

 Lack of direct lines of authority from supervisor 
(paid by state government) and supervisee (paid 
by local government) creates issues in 
management and promotes lack of accountability 

Federation 
account 

Federal 
government 

State 
government 

LGAs 

PHC services 

Secondary 
health 

services 

Parastatals 
and vertical 
programs 

Tertiary 
services 

Challenges in Supply Chain: Funding does not equal fund 
disbursement due to budget and flow structure 

$ 



Last Mile Hurdles: Cold Storage Capacity Gaps

1Source: Nigeria cold chain capacity assessment in 20 states (2012)
Ekundayo Shittu (GWU) Improving vaccine access 4 / 8

Source: Nigeria: Cold chain capacity assessment in 20 states (2012)

7.61

5.2

0.11

11.36

0 5 10 15 20

Capacity

Storage requirements

Pneumo + Rota

Total = 16.56

Current

Additional after 
repairs

Shortage
after repairs 

= 8.84

RI + Penta

• The current state cold storage capacity is adequate

Cold Storage Capacity at State Level in cubic meters

The current state cold storage capacity is inadequate1

An additional WICR is required



Last Mile Hurdles: LGA Gaps–Solar Refrigerators
Wards with at 
least one HF 

with operational 
SR, 57, 12%

Wards with 
repairable SR , 

25, 5%

Wards without 
SR  398, 83%

• Availability of Solar Refrigerators (SR)  at Ward Level 
– National policy of Nigeria states that each administrative ward should have at least 1 

HF with functional SR.
Source: Nigeria: Cold chain capacity assessment in 20 states (2012)

National policy – each
administrative ward should
have at least 1 HF with
functional SR
Kano – only 12% of wards
have at least 1 HF with
operational SR
5% have repairable SR
83% (398) are without SR
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Last Mile Hurdles: Access to Electricity
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Source: 
Nigeria: Cold chain capacity assessment in 
20 states (2012)

82%
68%

18%
32%
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20%

40%

60%

80%

100%

LGA HF

Not connected
to grid

Connected to
electric grid

Availability of electricity from the grid

86%
63%

14%
37%

0%

20%

40%

60%

80%

100%

LGA HF

Non‐
Functional
Generators
Functional
Generators

Functional status of generators 

• Of the 44 LGAs in Kano, 82% (36) are 
connected to the electric grid. 

• 18% (8) of LGAs have no connection 
to the electric grid

• At the HF level, 68% (67) receive 
electricity from the grid, while 32% 
(31) are not connected to the grid 

• Kano state cold store does not have its 
own generator
– Alternate power supply from Nasarawa

specialist hospital and the Polio EOC

• 50 (86%) of the available generators at 
the LGA level are functional, while 8 
(15%) are non‐functional

• Of the 60 available generators at the 
HF level, 38 (63%) are functional, while 
22 (37%) are non‐functional. 



Prescriptions/Recommendations

Improve supply chain visibility
Real time data on stocks of immunization commodities.
Staff trained on data collection, ensuring high data quality and
reporting rates

Improve procurement and financing practices
Streamline funds release; timely & transparent procurement
Funds to support distribution; good governance and control of
funds

Improve capacity of staff for cold chain management and
immunization commodity handling
Sufficient cold chain equipment in place to accommodate new
and routine vaccines
Preventative maintenance for cold chain equipment
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Related Literature

Vaccine	Supply	
Chains

Thermo‐stability
Lee,	BY,	et	al.	(2012)

Procurement	Policy	
Arney,	L,	et	al.	(2014)

New	Introductions	
Lee,	BY,	(2011)

Optimal	Orders	
Rajgopal,	J	(2011)

Vials	and	Vial	Sizes
Assi,	TM,	et.	al	(2012)

Transportation	and	Storage	
Capacities,	CDC	(2011)

Validated top-down model is the Highly Extensible Resource for Modeling
Event-Driven Supply Chains (HERMES)

Uses discrete event simulation of a vaccine supply chain
Very broad categorizations
Limited to only scenario analysis and not stochastic
optimization
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