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In this work, we propose a hybrid simulation-based optimization framework to solve the supply chain management prob-
lem. The hybrid approach combines a mathematical programming model with an agent-based simulation model and
uses them in an iterative framework. The optimization model is used to guide the decisions toward an optimal allocation
of resources given the realistic supply chain representation given by the simulation. Thus, the proposed approach pro-
vides a more realistic solution compared to a stand-alone optimization model, often a simplified representation of the
actual system, by making use of the simulation model, which captures the detailed dynamic behavior of the system. A
multiobjective problem has been formulated by taking into consideration the environmental impact of supply chain oper-
ations. The proposed framework has been applied to small-scale case studies to study the effectiveness of the approach
for such problems. VC 2013 American Institute of Chemical Engineers AIChE J, 59: 4612–4626, 2013
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Introduction

A chemical supply chain is a network of suppliers, production
facilities, warehouses, and markets designed to acquire raw
materials, manufacture, and store and distribute products among
the markets. The individual entities in such a network have their
own goals and objectives. The entities do not have a view of the
whole network, and therefore, their individual objectives are not
aligned toward the objective of the whole chain. These entities
usually make the operation decisions in isolation or on an indi-
vidual basis. It has been shown that greater efficiency and
reduced costs can be achieved through proper coordination
among the entities in terms of material, financial, and informa-
tion flow.1,2 This provides the motivation behind developing an
integrated model for the whole supply chain.

Traditionally, economic performance has been used to mea-
sure the efficiency of supply chains. In the recent past, there
has been a growing concern about environmental degradation
and limited nonrenewable resources. Supply chain activities
have a significant contribution toward greenhouse gases and air
pollution, which cause harmful effects on health and global
warming. There have been environmental regulations and
enterprises have also become more environmentally conscious
recently. Thus, there is an increasing interest toward modifying
the supply chains so as to consider their environmental impacts.
The field of Green supply chain management deals with the
relationship between the supply chain and the environment.
Techniques have been developed to make a holistic assessment
of the environmental performance of the supply chain.

Supply chain networks are often very complex with a large
number of entities and complex interactions among them like
inventory policies, modes of transport, and stochastic demand.
Different solution approaches have been used to model such
systems. Traditionally, mathematical optimization techniques
have been used to solve such problems. However, it is often
difficult to model the detailed behavior of each entity and
their interactions using these techniques. These models are,
therefore, simplified versions of the actual system. For large
networks, even these simplified models become so computa-
tionally expensive that they do not remain solvable. Another
approach for solving such problems is building simulation
models. Simulation models can incorporate the individual
behavior of the supply chain entities. They provide more flex-
ibility and are able to better represent the complex environ-
ment of a supply chain. However, they provide a solution,
which is often away from the optimal one. This section pro-
vides a brief overview of the work that has been done in the
area of supply chain optimization problem.

Optimization approaches

The different optimization models present in the literature
can be classified on the basis of mathematical programming
approaches used such as linear and nonlinear programming,
multiobjective programming, stochastic programming, and so
forth. As our proposed approach is based on the multiobjec-
tive optimization we are reviewing the works in this cate-
gory. Chen et al.3 develop a multiobjective production and
distribution planning model to study fair profit distribution
for a multienterprise supply chain network. There are multi-
ple objectives of the model such as profit maximization of
each enterprise, customer service level, safe inventory level,
and fair profit distribution. The proposed method is shown to
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provide an improved solution for multiobjective problems by
using one numerical example. Chen and Lee4 proposed a multi-
product, multistage, and multiperiod scheduling model for a
supply chain network. Uncertainty of market demands and
product prices has been considered and the model has multiple
goals which are incommensurable. Demand uncertainty has
been modeled using different scenarios. Fuzzy sets are used for
describing the sellers’ and buyers’ incompatible preference on
product prices. A mixed integer nonlinear programming prob-
lem is formulated for the supply chain scheduling model. It has
conflicting objectives like fair profit distribution among all par-
ticipants, safe inventory levels, maximum customer service lev-
els, and robustness of decision to uncertain product demands. A
numerical example is used to prove the effectiveness of the pro-
posed method in providing a compromised solution for a supply
chain network with uncertainty. Chern and Hsieh5 solved mas-
ter planning problems for a supply chain network using a heu-
ristic algorithm. The supply chain has multiple finished
products. The different objectives of the algorithm are minimi-
zation of delay penalties, minimization of use of outsourcing
capacity, and minimization of cost. The algorithm was shown
to be very efficient in solving master planning problems. The
results generated were sometimes the same as those of linear
programming model. Guillen-Gosalbez et al.6 address the
design of hydrogen supply chains. A bicriterion mixed integer
linear program (MILP) is formulated to determine the optimal
design of the production-distribution network. The objectives
considered are minimization of cost and environmental impact.
Life cycle assessment is used to quantify the environmental
impacts. Pareto solutions are obtained for the problem by using
a bilevel algorithm. You and Grossman7 formulated a mixed-
integer nonlinear program for finding out the optimal design of
process supply chains. The study is concerned with the eco-
nomic and responsive criteria of the supply chain. Minimization
of cost is the economic objective, whereas minimization of
maximum guaranteed service time is the responsiveness objec-
tive of the model. The model is used to predict the optimal net-
work structure, transportation amounts and inventory levels.
These values are obtained under different specifications of
responsiveness. For a detailed overview of the mathematical
programming models for supply chains, readers are suggested
to refer to Ref. 8.

Simulation approaches

Optimization models have been proved useful in the past.
However, these models are simplifications of the real supply
chain and hence do not represent the actual picture. Dynamic
process simulation has been successfully used as a tool to
understand and improve decision-making processes. Differ-
ent simulation approaches have been used in the literature
including system dynamics,9–12 discrete event simulation,13–18

and agent-based simulation.19–33

Agent-based simulation is a powerful technique that has
been used to develop dynamic models for supply chain net-
works. In an agent-based model, each entity of the supply chain
can be modeled as a separate agent with its own autonomous
behavior. Swaminathan et al.34 proposed an approach where
supply chain models are composed of supply chain agents, their
constituent control elements, and their interaction protocols.
These are represented by different software components. The
challenge of time and effort required to develop simulation
models for supply chains is overcome by the proposed model-
ing framework. The approach enabled the analysis of perform-
ance from different organizational perspectives. Julka et al.35

proposed a framework to model, manage, and monitor supply
chains. They classified the supply chain elements as entities,
flows, and relationships. They consider different situations aris-
ing in a supply chain and use the framework to analyze differ-
ent business policies for those situations. They illustrated the
application of the framework to a refinery supply chain.36

Garcia-Flores and Xue Wang37 described a multiagent system
to support the distributed supply chains over internet. The
agents communicated using the common agent communication
language, knowledge query message language. Dynamic dis-
tributed simulation of chain behavior allowed compromise
decisions to be taken rapidly and also evaluated quantitatively.
For a detailed overview of the agent-based simulation models
for supply chains, readers are suggested to refer to Ref. 38.

Hybrid approaches

Advantages of both optimization and simulation approaches
have been demonstrated. In order to make use of both the mod-
els and their advantages, hybrid approaches which combine the
two approaches have been developed.39–50 Shanthikumar and
Sargent51 have differentiated between hybrid simulation/ana-
lytic modeling and hybrid simulation/analytic models defining
each of them. They classified both the categories and gave
examples of each of them. Lee and Kim52 developed an inte-
grated multiproduct, multiperiod, multishop production and
distribution model. The objective was to meet the retailers’
demand while keeping the inventory as low as possible. They
proposed a hybrid method combining mathematical program-
ming and simulation model to minimize the total cost which
comprised production cost, inventory holding cost, distribu-
tion cost, and deficit cost. Gjerdrum et al.53 constructed a dis-
tributed agent system for a supply chain. They used gBSS
(gBSS—VC Process Systems Enterprise), a numerical optimi-
zation program, to solve the scheduling problem at each pro-
duction site and used the agent system for tactical decision-
making and control policies. They used the framework to
study different parameters like reorder point, reorder quantity,
and lead time. Davidsson et al.54 provided a very good com-
parative discussion of the strengths and weaknesses of agent-
based approaches and classical optimization techniques. They
concluded that the two approaches are complementary and
thus, it was beneficial to use their combination. They pre-
sented two case studies studying two different aspects of
hybrid systems. They showed that the ability of agents to be
reactive and the ability of optimization techniques to find
high quality solutions can be helpful in case of such hybrid
systems. Mele et al.55 proposed a framework where they
coupled an agent-based simulation model accurately repre-
senting a supply chain with a genetic algorithm to improve
supply chain operation under uncertain scenarios. The pro-
posed approach did not guarantee optimality of the solutions
but provided reasonable and practical solutions. Almeder
et al.56 used a combination of discrete event simulation and
linear programming to develop a general framework which
supported operational decisions for supply chain networks.
They estimated cost parameters, production, and transporta-
tion times for the optimization model based on the initial sim-
ulation runs. The optimization model is used to generate
decision rules for the simulation model. This was done itera-
tively until a small difference between subsequent solutions
was reached. The proposed approach was applied to test
examples and the results showed that it was faster compared
to conventional mixed integer models in stochastic environ-
ment. In a recent work by Nikolopoulou and Ierapetritou,57 a
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hybrid simulation optimization approach is proposed to
address the problem of supply chain management. They com-
bined a mathematical model with an agent-based model to
minimize the total cost of the supply chain. The performance
of the supply chain was measured using only economic crite-
ria whereas the environmental impacts of the supply chain
have not been considered. The hybrid approach has been used
to solve the optimization problem using profit as a single
objective. Compared to their work, the approach proposed in
this work reduces the amount of information exchanged
between the optimization and the simulation model in order
to enable a more flexible solution approach where the optimi-
zation is only used as a target setting. Moreover, a multiobjec-
tive problem is solved by taking the environmental impact of
the supply chain as an additional objective for decision-
making.

In this article, a hybrid simulation-based optimization
approach has been proposed to solve supply chain operation
problems. It is assumed that the design for the supply chain
has been predetermined. Decisions such as the location and
capacities of the warehouses and production sites, the modes
of transportation to be used, products to be manufactured are
made during the design phase. So, once the design of the sup-
ply chain is fixed, the operation takes place within these con-
straints. A simulation model is used to capture the realistic
conditions of a sustainable supply chain by incorporating the
characteristic behavior of the entities, whereas an optimization
model is used to guide the simulation toward optimality. The
proposed framework couples the independent simulation and
optimization models iteratively to arrive at the optimal solu-
tion. The idea is to combine the advantages of both the models
by representing a dynamic supply chain (SC) and providing an
optimization method at the same time. The supply chain con-
sists of a network of different facilities (raw material suppliers,
production sites, warehouses, markets) and different transporta-
tion modes connecting these facilities. The goal is to reduce
the overall cost, which consists of transportation cost, inven-
tory cost, production cost, and backorder cost while keeping
the environmental impact within a predefined upper limit. Two
rather small-scale supply chain operation problems have been
solved using the proposed framework to demonstrate its
applicability.

The rest of the article is organized as follows. Problem
Formulation Section presents the problem formulation which
also describes the independent optimization and simulation
models as well as the hybrid simulation-optimization frame-
work. Case Studies Section presents the case studies which
have been studied using the hybrid approach which is fol-
lowed by some concluding remarks in Conclusions Section.

Problem Formulation

A supply chain consisting of raw material suppliers, produc-
tion sites, warehouses, and markets has been considered. The

markets cater to demand of different products that can be man-
ufactured using three raw materials. A bill of material (BOM)
has been used to define the relation between raw material con-
sumption and amount of product manufactured. Demand of
products at the markets is known for a given number of plan-
ning periods. The warehouses have limited storage capacity for
products, whereas the production sites have storage capacities
for products and raw materials. The production sites also have
a limited production capacity for products. The various capaci-
ties have been assumed to be available and fixed. Information
flow between the entities has been considered to take place
without any time delay while there is a time delay associated
with material flows. There are costs associated with transporta-
tion, inventory holding, production, and backorders. Shipments
can take place through different modes of transport and manu-
facturing of products can also be done using different technolo-
gies. The modes of transport and production differ in cost and
carbon emission. Shipment, inventory, and production informa-
tion for all the planning periods have to be found out so as to
minimize cost while taking the environmental impacts into
consideration. The environmental impacts are required to be
kept below a certain predefined level.

Optimization model

The multisite model includes supplier, production site, ware-
house, and market constraints. The set of products (s � PR)
are stored at the warehouses (wh � WH). Warehouses deliver
the products to meet the demands at the markets (m � M) over
the planning horizon (t � T). Warehouses receive products
from various production sites (p � PS) which in turn manufac-
ture these products from the raw materials (r � R) obtained
from raw material suppliers (sup � SUP). The planning hori-
zon has been discretized into fixed time length (daily produc-
tion periods). There are no time delays associated with
information and material flows. Shipment and manufacture of
products take place through different modes of transport (mt �
MT) and production (mp � MP), respectively. These different
modes can vary in the cost they incur and the carbon emission
they produce. The total cost associated with the supply chain is
the summation of transportation costs, inventory holding costs,
production costs, and backorder costs. Transportation cost has
been considered to be proportional to the amount of shipment.
Inventory holding cost has been considered proportional to the
inventory level. Production cost is proportional to the amount
of product produced, whereas backorder cost is proportional to
the amount of unfulfilled demand. Similarly carbon emissions
have been considered to be proportional to the amount of ship-
ment and the amount of product manufactured. The model has
been formulated as a multiobjective mixed integer linear pro-
gramming problem. Minimization of total cost and minimiza-
tion of total carbon emissions are the two objectives. The
model has been solved using the e-constraint method.

The optimization model is as follows.
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The objective function in Eq. 1 minimizes the total cost
which consists of inventory costs, backorder costs, production
costs, and transportation costs. Equations 2–5 are the inven-
tory balance equations at the different nodes of the supply
chain. Equation 2 describes the backorders at the markets.
Any unfulfilled demand gets accumulated as backorder. Equa-
tion 3 predicts the inventory at warehouses, shipments from
warehouses to markets and shipments from production sites to
warehouses. Equation 4 predicts the product inventory at pro-
duction sites, production amounts, and shipments from pro-
duction sites to warehouses during each planning period.
Equation 5 predicts the inventory or raw materials at produc-
tion sites, consumption of raw materials for the manufacture
of products and shipments from raw material suppliers to pro-
duction sites during each planning period. Equations 6–10 are
capacity constraints for the different nodes. Equations 6–9 are
storage capacity constraints for raw material suppliers, pro-
duction sites and warehouses, respectively, whereas Eq. 10 is
the production capacity constraint for production sites. Equa-
tions 11 and 12 are related to the total carbon emission occur-
ring due to transportation and production. Equation 11
describes the total amount of carbon emission that occurs due
to transportation and production, whereas 12 defines the upper
limit on the emission that is allowed.

The optimization model results in a mixed integer linear
programming problem which has been implemented in
GAMS 23.7.3 and solved using CPLEX 12.3.0.0 on Win-
dows 7 operating system with an Intel Pentium D CPU 2.80
GHz microprocessor and 4.00 GB RAM.

Simulation model

A supply chain is a distributed and decentralized system
with autonomous entities. For such a system, it is suitable to
model from a bottom-up perspective. Agent-based modeling
can be a preferred approach to model a supply chain. An
agent-based simulation model of the entire supply chain has
been developed to provide a better representation of the

dynamic environment of the supply chain. The model has
been implemented using the Repast simulation platform and
Java programming environment.

The different entities of the supply chain have been mod-
eled as the agents. Each agent has its own characteristic
behavior. They are able to interact with each other and adapt
their behavior accordingly. Communication among the
agents is an important feature of the supply chain. As the
agents can communicate with each other, they are able to
schedule actions for other agents after they have performed a
particular action. Apart from being connected by information
flows, the agents are also connected by material flows. Shar-
ing of information among agents from different stages of the
supply chain has been considered in the model. The agents
are able to share information regarding their inventory, and
time to fulfill orders with the downstream agents. This ena-
bles coordination among the agents for demand allocation
and order fulfillment.

Each agent is represented by a collection of attributes and
behaviors. Java programming language has been used to
code the agents. Java is an object-oriented language which
makes it suitable for modeling the individual agents. Each
agent has been created as an instance of a class. The individ-
ual classes for the agents derive from a parent class that has
the common attributes each supply chain agent should have.
The classes also contain implementations of different meth-
ods to define the behaviors of the agents.

Market agent

Demand for products originates at the market agent. When
a market receives a demand, it sends requests for the required
amounts of products to the warehouses. A request is not the
actual order for products. A request is a way to procure infor-
mation from the upstream agent regarding how much demand
can be fulfilled and at what cost and time. Based on the
response from warehouses, the market agent distributes the
demand among the warehouses by following its ordering pol-
icy. As an ordering policy, the market gives first preference to
the warehouse which responds with the lowest cost. It assigns
an order of amount either equal to what the warehouse can
fulfill or the demand amount, whichever is smaller. If the total
demand cannot be fulfilled by the lowest cost warehouse, it
assigns an order to the one with the cost next to the lowest
cost warehouse. Order amount is decided as either the amount
the warehouse can fulfill or the remaining demand, whichever
is larger. Similarly, the market keeps assigning orders until
the total demand is assigned or all the warehouses have been
considered. In case where more than one warehouse responds
with the same cost, the market chooses the one with the maxi-
mum amount of demand it can fulfill and the least amount of
time. It is desired that the demand is fulfilled during each
planning period. However, partial or no fulfillment of demand
is also allowed but at a backorder cost. In case of an oversup-
ply from warehouses, the superfluous amount is retained for
the future planning periods. The costs associated with this
agent are inventory cost and backorder cost. Inventory cost is
proportional to the amount of inventory at the agent. Backor-
der cost is proportional to the amount of backorders. These
costs are calculated at the end of each day.

Warehouse agent

The warehouse agent maintains an inventory of products.
On receiving a request from a market, the warehouse sends a
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response in terms of the fraction of demand it would be able
to fulfill, the cost and time it would take to ship the prod-
ucts. In order to evaluate the fraction of demand it can ful-
fill, it considers the demand from all the markets. However,
it has a preference level depending on contractual agree-
ments. So, it gives preference to the demand from markets
with the highest preference level and attempts to fulfill
demands from that market before fulfilling demands from
markets with lower preference levels. Based on the responses
from all the warehouses, the markets send orders for products.
If the complete market demand has not been ordered, the
markets send requests to warehouses again with updated
demand. The demand has been updated by reducing the
amount which has already been ordered. The process of send-
ing requests to warehouses, receiving response from ware-
houses and assigning orders to warehouses continues until all
the demand has been ordered or the warehouses cannot fulfill
any demand from the markets. In this manner, all the ware-
houses, together attempt to fulfill the market demand. Sharing
of information between warehouses and markets has been
considered. If the demand cannot be fulfilled by a warehouse
alone, the other warehouses receive requests from markets
and they evaluate if they would be able to fulfill the demand.
The warehouse agent fulfills the demand from the markets by
using its inventory of products. It has a limited storage
capacity and regulates its inventory using a reorder level-
reorder amount inventory replenishment policy with continu-
ous review. The reorder level and reorder quantity for the
agent are predefined. When the inventory at the warehouse
falls below the reorder level, it orders products from the pro-
duction sites. In order to distribute its demand among the pro-
duction sites, the warehouse sends requests to the production
sites. The distribution is fixed based on the responses and
ordering policy of the warehouse. As an ordering policy, the
warehouse gives first preference to the production site which
responds with the lowest cost. It assigns an order of amount
either equal to what the production site can fulfill or the
demand amount, whichever is smaller. If the total demand
cannot be fulfilled by the lowest cost production site, it
assigns an order to the one next to the lowest cost. Order
amount is decided as either the amount the production site
can fulfill or the remaining demand, whichever is smaller.
Similarly, the warehouse keeps assigning orders until the total
demand is assigned or all the production sites have been con-
sidered. In case more than one production site responds with
the same cost, the warehouse chooses the one with the maxi-
mum amount of demand it can fulfill and the least amount of
time. Although sending shipments to the markets, the ware-
house is able to distribute the total shipment among the differ-
ent transportation modes available. It tries to minimize the
transportation cost while keeping the total carbon emission
below a certain value. The costs associated with this agent are
inventory cost and transportation cost.

Production site agent

The production site agent is responsible for the manufacture
of products from raw materials. A BOM relationship is
defined for the conversion of raw materials to products. It
also maintains a small inventory of raw materials and prod-
ucts to meet the demands from the warehouses. It has fixed
production capacity and storage capacities. On receiving
request from a warehouse, the production site sends a
response in terms of the fraction of demand it would be able

to fulfill, cost and time it would take to ship the products. In
order to evaluate the fraction of demand it can fulfill, it con-
siders the demand from all the warehouses. However, it has a
preference level associated with all the warehouses depending
on contractual agreements. So, it gives preference to the
demand from warehouses with the highest preference level
and attempts to fulfill demands from that warehouse before
fulfilling demands from a warehouse with a lower preference
level. Based on the responses from all the production sites,
the warehouses send orders for products. If the complete
warehouse demand has not been ordered, the warehouses send
requests to production sites again with updated demand. The
demand has been updated by subtracting the amount which
has already been ordered. The process of sending requests to
production sites by warehouses, receiving response from pro-
duction sites and assigning orders to production sites contin-
ues until all the demand has been ordered or the production
sites cannot fulfill any demand from the warehouses. In this
manner, all the production sites, together attempt to fulfill the
warehouse demand as sharing of information between produc-
tion sites and warehouses has been considered. If the demand
cannot be fulfilled by a production site alone, the other pro-
duction sites evaluate if they would be able to fulfill the
demand. The production site agent fulfills the demand from
the warehouses by using its inventory of products. It regulates
its raw material and product inventories using a reorder level-
reorder up-to level inventory replenishment policy with con-
tinuous review. The reorder level and reorder up-to level for
the agent are predefined. When the inventory falls below the
reorder level, it orders raw materials from the suppliers. The
production site orders raw materials from the raw material
supplier with the minimum cost. The BOM relationship is
used to calculate the consumption of raw materials and pro-
duction of products. Although sending shipments to the ware-
houses, the production site is able to distribute the total
shipment among the different transportation modes available.
It tries to minimize the transportation cost while keeping the
total carbon emission below a certain value. Similarly for the
manufacture of products, the production mode can be chosen
as to minimize the production cost while keeping the carbon
emissions below a certain level. The costs associated with this
agent are inventory cost, production cost, and transportation
cost. Inventory cost and transportation cost are proportional to
the amount of inventory stored and amount of products trans-
ported, respectively. Production cost consists of the fixed and
variable cost components where the variable production cost

Figure 1. Coupling between simulation and optimization.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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component is proportional to the amount of products
produced.

Supplier agent

The supplier agent provides raw materials to the pro-
duction sites on receiving any demand. The supplier
agent has been considered to have an unlimited storage
capacity. The costs associated with this agent are trans-
portation cost and inventory cost. Although sending ship-
ments to the production sites, the supplier is able to
distribute the total shipment among the different transpor-
tation modes available. It tries to minimize the transpor-
tation cost while keeping the total carbon emission below
a certain value.

Hybrid simulation-optimization approach

The independent optimization and simulation models are
developed independently as discussed in Optimization model
and Simulation model sections, respectively. In the hybrid
approach, the two independent models are coupled together
in order to take advantage of the benefits of both models.
For this work, the coupling of the optimization model with
the simulation model has been done using the following vari-
ables as shown above in Figure 1: (i) shipment values
obtained from optimization model set as parameters in the
simulation model, (ii) emission values obtained from optimi-
zation model set as parameters in the simulation model, (iii)
production site and warehouse inventory values from simula-
tion model to optimization model.

By passing the shipment values from optimization model
to simulation model, the simulation is provided with ship-
ment targets. Simulation tries to achieve these targets so as
to reduce backorder and inventories. The simulation captures
a more dynamic environment of the supply chain and
whether or not it is able to achieve those shipment targets
depends on the behaviors of the agents of the model. The
resulting inventory values from the simulation model are
fixed as parameters in the optimization model. The optimiza-
tion model then gives the shipment values for the optimal
solution corresponding to those inventory values. The emis-
sion values passed from the optimization model to the simu-
lation model act as an additional constraint to the model.
The simulation model is forced to restrict its total carbon
emissions below the level, which is set in the optimization
model.

Using the hybrid approach proposed above, a solution
methodology has been proposed for the solution of supply
chain optimization problems. The framework consists of an
iterative procedure as shown above in Figure 2, which is ini-
tialized by solving the independent simulation model. The
variables are then passed to the optimization model, which is
solved to obtain values of the decision variables. The two
models calculate the total cost for the planning horizon. The
costs from both the models are compared. If the difference is

Figure 2. Iterative framework for the hybrid
simulation–optimization approach.

Figure 3. Supply chain network for the case study 1.
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below a tolerance level, the procedure is terminated other-
wise the values of decision variables are passed back to the
simulation model. This process is carried out iteratively until
the difference between the two costs falls below the toler-
ance level. The above framework uses the simulation model
as the master model, which is guided by the optimization
model toward the best solution it can achieve.

Case Studies

In this section, the hybrid simulation-optimization approach
has been tested in two rather small-scale supply chain man-
agement problems.

Case study 1

The supply chain consists of three markets, two ware-
houses, three production sites, and two raw material suppli-
ers. There are two products and three raw materials.
Transportation can be done using two different modes of
transport and production can also be done using two differ-
ent modes. Figure 3 above shows the network configuration
of the supply chain. The problem is solved for different
emission levels. A difference of 1% of cost obtained from

simulation model is used as the termination criteria. Deter-
ministic demand data are provided below in Table 1. The
problem is solved for a planning horizon of 10 planning
periods.

The results of the hybrid approach for a specific set of
process parameters and maximum emission level are shown
in Table 2 and Figure 4 below. The results illustrate that the
framework converges to the optimal solution within 20 itera-
tions. The total computation time was 684 s on Windows 7
operating system with an Intel Pentium D CPU 2.80 GHz
microprocessor and 4.00 GB RAM. The optimization tries to
improve the solution given the simulation input iteratively
by adjusting the shipment and emission targets. Gradually
the gap between the optimal solution and the realistic solu-
tion decreases.

Figure 5 above shows the variation in different compo-
nents of total cost obtained from the simulation model over
the iterations, whereas Figure 6 shown above presents the
breakdown for the final solution. It can be seen that backor-
der costs are the main component of the total cost and the
trend of total cost closely resembles that of backorder costs.

Table 1. Deterministic Demand Data for the Markets

During the Planning Horizon

Product Planning Period

Demand

Market 1 Market 2 Market 3

P1 1 41 58 87
P2 1 57 15 7
P1 2 60 74 65
P2 2 80 106 44
PI 3 75 35 28
P2 3 112 42 17
P1 4 58 16 74
P2 4 38 3 2 3
P1 5 55 55 16
P2 5 96 45 95
P1 6 58 4 2 87
P2 6 85 49 43
P1 7 51 91 78
P2 7 110 71 96
P1 8 8 90 7
P2 8 4 73 76
P1 9 72 77 7
P2 9 41 51 1
P1 10 100 15 20
P2 10 76 52 68

Table 2. Computational Results for the Case Study in

Terms of Total Cost of SC for Warehouse Capacity 5 200,

Production Capacity 5 75, Production Site Storage

Capacity 5 100

Iteration Simulation Cost 0ptimization Cost % Difference

1 7.13E106 1.08E106 84 8 1
2 5.03E106 1.79E106 6 4 3 3
3 5.06E106 3.13E106 38.15
4 5.01E106 4.16E106 16.98
5 4.98E106 4.29E106 1 3.7 1
6 4.88E106 4.36E106 10.64
7 4.82E106 4.35E106 9.71
8 4.73E106 4.41E106 6.74
9 4 70E106 4.43E106 5.66
10 4 67E106 4.43E106 5.1
11 4 65E106 4.43E106 4.87
12 4.63E106 4.42E106 4.59
13 4.61E106 4.42E106 4.21
14 4.58E106 4.41E106 3.85
15 4.54E106 4.38E106 3.62
16 4.52E106 4.33E106 4.12
17 4.48E106 4.29E106 4.06
18 4.43E106 4.27E106 3.66
19 4.37E106 4.27E106 2.09
20 4.29E106 4.29E106 0.11

Figure 4. Objective values of simulation and optimization models at each iteration for emission equal to 1.4E106
kgCO2e.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Supplier transportation cost and production site inventory
cost are the other two most important components of the
overall cost. The other cost components constitute only small
fractions of the total cost. The hybrid approach used sets
shipment targets obtained from optimization model with the
idea that the optimized shipment targets would guide the
simulation toward reduced backorder costs.

The sensitivity of the model and the response of the solu-
tion approach for different capacities of warehouses and pro-
duction site capacities are studied and the results are shown
in Figure 7 below. Results show that for the range of param-
eters studied, the framework showed consistent results. Opti-
mization and simulation model results converge as iterations
increase. It can be observed that simulation cost and optimi-
zation cost are not monotonically decreasing and increasing.
The optimization model gives shipment targets to the simula-
tion model. The simulation model is a more realistic repre-
sentation of the SC and it may or may not be able to

achieve those targets. The different ordering policies, ship-
ment policies, and production policies impact the results of
the simulation model. Therefore, the different agents may or
may not have sufficient inventory to meet the shipment tar-
gets proposed by the optimization model. So, there can be a
few fluctuations observed in the graphs before the results of
the optimization model and simulation model converge.

Figures 8 and 9 above show the trends of cost predicted
by the model for varying production and warehouse capaci-
ties, respectively. It can be observed that as the production
capacity increases, the predicted cost decreases. Backorders
which account for the highest fraction of the total cost
reduce with increasing production capacities, and therefore,
result in a decrease in the overall cost. It can be observed in
Figure 9 that the total cost decreases with increasing ware-
house capacity with a slight fluctuation in the region of

Figure 5. Breakdown of different cost components during the algorithm iterations.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Breakdown of different cost components for
the final solution.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 3. Computational Results for the Case Study in

Terms of Total Cost of SC for Warehouse Capacity 5 350,

Production Capacity 5 100

Simulation Cost Optimization Cost % Difference

1.64E107 8.58E106 4 7.77
1.57E107 9.08E106 42.05
1.36E107 9.48E106 30.54
1.23E107 9.75E106 21.01
1.21E107 9.92E106 18.00
1.19E107 1.01E107 15.66
1.18E107 1.02E107 13.58
1.18E107 1.03E107 13.12
1.20E107 1.04E107 13.02
1.20E107 1.05E107 12.19
1.15E107 1.05E107 8.16
1.16E107 1.06E107 8.69
1.16E107 1.06E107 8.72
1.12E107 1.06E107 4.92
1.09E107 1.06E107 2.71
1.08E107 1.06E107 1.59
1.08E107 1.07E107 1.38
1.08E107 1.07E107 1.73
1.09E107 1.07E107 1.72
1.08E107 1.07E107 1.33
1.09E107 1.07E107 1.89
1.08E107 1.07E107 1.28
1.11E107 1.07E107 4.09
1. 07E107 1.07E107 0.63
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higher capacities. This is expected since as the warehouse
capacity increases, more demand is fulfilled which reduces
the backorders. For higher capacities, however, around 375,
backorders are considerably reduced and backorder costs
become comparable to the inventory and transportation costs.
Moreover, for increasing capacities, inventory and transpor-
tation costs increase. So, there can be fluctuations in the total

cost for higher capacities because of opposite trends in the
relevant cost components.

Transportation and production can take place using two
different transportation and production modes, respectively.
The two modes differ in cost and carbon emission levels.
Cost and carbon emissions have been formulated as two con-
flicting objectives. The cheaper modes have higher

Figure 7. Hybrid approach results for different capacities: (a) warehouse capacity 5 375 production site capaci-
ty 5 75, (b) warehouse capacity 5 200 production site capacity 5 60, (c) warehouse capacity 5 425 produc-
tion site capacity 5 75, (d) warehouse capacity5200 production site capacity 5 75, (e) warehouse
capacity 5 450 production site capacity 5 75, (f) warehouse capacity 5 200 production site capacity 5 90.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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environmental impacts. The hybrid approach has been used
to solve the multiobjective optimization problem. The multi-
objective problem has been solved using the e-constraint
method. The environmental criterion has been added as a
constraint and the economic performance has been opti-
mized. The results are shown in Figure 10 below.

The two curves in the plot of Figure 10 represent the
results obtained from the independent optimization model
and the hybrid model. Different emission levels were set as
constraints in both the cases and the minimum cost was
obtained corresponding to the emission constraints. It can be

observed that the hybrid model generates a pareto set of sol-
utions like the independent optimization model. The curve
with the higher values is the one for hybrid model, whereas
the one with lower values is for the independent optimiza-
tion model. This shows that the hybrid model cannot find a
better solution without increasing the carbon emissions. The
hybrid model predicts higher costs than the optimization
model as it is a better representation of the real supply
chain.

It can be seen that the curve for the independent optimiza-
tion model stops at an emission value below 1.50E106
kgCO2e while the one for the hybrid model continues further
to higher emission values. The optimization model predicts
the minimum cost possible at an emission value around
1.4E106. If the emission is allowed to be higher than this
value, it does not alter the solution of the optimization
model. However, the hybrid model reaches the minimum
cost it can predict at a higher emission value of 2.04E106.
This is expected as the simulation model represents the more
realistic scenario and thus leads to higher cost and higher
emissions.

Case study 2

In this case, the supply chain consists of three markets,
six warehouses, eight production sites, and six raw material
suppliers. There are two products and three raw materials.
Transportation can be done using two different modes and
production can also be done using two different modes. A
difference of 1% of cost obtained from simulation and opti-
mization models is used as the termination criterion as well
in this case study. Demand is considered deterministic in
this case study too for the complete time horizon, which is
30 planning periods in this case study.

The hybrid model is used to solve the problem for differ-
ent sets of parameters, warehouse storage capacity, and pro-
duction site capacity. Table 3 and Figure 11 below show the
results for a particular set of parameters. The solution con-
verges in less than 40 iterations for all the scenarios consid-
ered. The total computation time was less than 2890 s for all
the scenarios on Windows 7 operating system with an Intel
Pentium D CPU 2.80-GHz microprocessor and 4.00-GB
RAM.

Figure 12 shows the breakup of different cost components
for the final solution. It can be observed that the main com-
ponent of the total cost is the production site inventory cost

Figure 8. Cost for different production capacities.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 9. Cost for different warehouse capacities.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 10. Comparison of results from hybrid model and independent optimization model for different values of
emission.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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unlike the backorder cost in the previous case. In fact, back-
order cost is very low in this case. This is probably because
of the larger network of the supply chain available to meet
the demand. The number of markets in both cases has
remained the same while the numbers of other upstream
agents have increased. The larger number of warehouses
enables the fulfillment of demand without creating the need
for production sites to supply products to the warehouses.
So, the inventory at the production sites increases and thus
the inventory cost increases too.

The sensitivity of the model for this case and the response
of the solution approach for different capacities of ware-
houses and production sites are studied and the results are
shown in Figure 13. Results show that for the range of
parameters studied, the framework showed consistent results
in this case as well. However, as can be observed in Figure
13, there are a few fluctuations observed in the graphs before
the results of the optimization and simulation model con-
verge. This is similar to what has been also observed for the
first case study. The fluctuations are a result of the ordering
policies, shipment policies, and production policies which
have been incorporated in the simulation model. The differ-
ent agents may or may not have sufficient inventory to meet
the shipment targets proposed by the optimization model
which results in the fluctuations observed in the plot.

Figures 14 and 15 show the trend of cost predicted by the
model for varying production capacity and warehouse
capacity, respectively. In Figure 14, it is seen that with
increasing production capacity, the predicted cost first
decreases but later increases. This is because backorders
decrease with increasing production capacities. However, for
larger production capacities, the backorders are considerably
low due to higher production while more raw materials are
transported from suppliers to production sites which domi-
nate over the reduced backorder costs. Therefore, there is an
overall cost increase for higher production capacities. Similar
trend can be seen in Figure 15 where the total cost first
decreases with increase in warehouse capacity but later
increases. Although higher warehouse capacity enables better
fulfillment of demand, reduces inventory at production sites,
reduces transportation, but also increases the inventory at
warehouses which account for a considerable fraction of the

total cost. This increase in warehouse inventory raises the
total cost predicted by the model.

Like case study 1, e-constraint method is used to solve the
multiobjective optimization problem in order to study the
trade-off between environmental impact and economic per-
formance of the supply chain. Environmental impact and
economic performance are formulated as conflicting objec-
tives. The results obtained are shown in Figure 16. It can be
seen that the hybrid model gives a pareto set of solutions
like the independent optimization model. The cost values are
greater than those obtained for the independent optimization
model.

If we consider a particular emission level, it can be
observed that the cost predicted by the hybrid model is
greater than that by the independent optimization model. The
hybrid model, which is a better representation of the real
supply chain, predicts a higher cost than the independent
optimization model which represents a simplification of the
actual system.

Figure 11. Objective values of simulation and optimization models at each iteration for emissions equal to
1.9E106 kgCO2e.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 12. Breakdown of different cost components for
the final solution.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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Figure 13. Hybrid approach results for different capacities: (a) production capacity 5 75, warehouse capacity5200,
(b) production capacity 5 75, warehouse capacity 5 225, (c) production capacity 5 75, warehouse capaci-
ty 5 250, (d) production capacity 5 40, warehouse capacity 5 350, (e) production capacity 5 50, ware-
house capacity 5 350, (f) production capacity 5 60, warehouse capacity 5 350.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 14. Cost for different production capacities.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 15. Cost for different warehouse capacities.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

AIChE Journal December 2013 Vol. 59, No. 12 Published on behalf of the AIChE DOI 10.1002/aic 4623

wileyonlinelibrary.com
wileyonlinelibrary.com
wileyonlinelibrary.com


Conclusions

In this article, we presented a hybrid simulation-based
optimization framework to solve a supply chain operation
problem. We developed a rather simple mathematical optimi-
zation model and coupled it with a more detailed simulation
model. A multiobjective optimization problem was addressed
using the hybrid framework. It was shown that the frame-
work can be utilized for multiobjective optimization prob-
lems as well. The hybrid model was used to solve two
small-scale optimization problems with one problem being
slightly larger than the other. The framework has been
shown to work well for both cases with the required number
of iterations less than 40.

The approach can be used to study different supply chain
strategies and get realistic optimal solutions. It can also be
used for more holistic sustainable supply chains by using the
Life Cycle Assessment technique to assess the environmental
impacts. It is envisioned that the proposed approach would
prove to be more useful in cases of more complex supply
chain networks where the optimization mode will help the
decision makers, emulated using the simulation mode, to
perform online optimization taking into consideration the
state of the supply chain at the specific time point.
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Notation

Indices
t = planning period
p = production site

sup = supplier
m = distribution market

wh = warehouse
s = product states
r = raw materials state

mt = Mode of transportation
mp = Mode of production

Sets
T = planning periods

PS = production sites
SUP = suppliers

M = distribution markets
WH = Warehouses
PR = Product states

R = Raw material states
MT = Modes of transportation
MP = Modes of production

Parameters

hwh
s = holding cost of product s at warehouse wh
hp

s = holding cost of product s at production site p
hp

r = holding cost of raw material r at production site p
hsup

r = holding cost of raw material r at supplier sup
um

s = backorder cost of product s at distribution market m
dwh;m

s = unit transportation cost of product s from warehouse wh to
market m

dp;wh
s = unit transportation cost of product s from production site p

to warehouse wh
dsup ;p

r = unit transportation cost of raw material r from supplier sup
to production site p

FixCostp = fixed production cost of operation of production site p
VarCostp = unit variable cost of production at site p

Demm;t
s = demand of product s at market m for period t

etwh;m = Carbon emission due to unit transportation from warehouse
wh to market m

etp;wh = Carbon emission due to unit transportation from production
site p to warehouse wh

etsup ;p = Carbon emission due to unit transportation from supplier
sup to production site p

epp = Carbon emission due to unit production at production site p
ecap = Upper limit on the total carbon emission allowed

stcapsup
r = Inventory holding capacity of raw material r at supplier sup

stcapp
r = Inventory holding capacity of raw material r at production

site p
stcapp

s = Inventory holding capacity of product s at production site p
stcapwh

s = Inventory holding capacity of product s at warehouse wh
prcapp

s = Production capacity or product s at production site p

Variables

Dwh;m;t
s = Amount of product s transported from warehouse wh to

market m at period t
Dp;wh;t

s = Amount of product s transported from production site p to
warehouse wh at period t

Figure 16. Comparison of results from hybrid model and independent optimization model for different values of
emission.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Dsup ;p;t
r = Amount of raw material r transported from supplier sup to

production site p at period t
Invwh;t

s = inventory level of product s at the end of the planning
period t at warehouse wh

Invp;t
s = inventory level of product s at the end of the planning

period t at production site p
Invp;t

r = inventory level of raw material r at the end of the planning
period t at production site p

Invsup ;t
r = inventory level of raw material r at the end of the planning

period t at supplier sup
Um;t

s = Backorder amount of product s at the end of planning period
t at market m

wp
t = Binary variable to decide whether production site p operates

during planning period t or not
Pp;t

s = Amount of product s produced at production site p during
planning period t

E = Total emission taking place over the planning horizon
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