
 

 

A multi-objective optimization model for production 

and transportation planning in a marine shrimp 
farming supply chain network  

Abstract: The traditional operation of marine shrimp farming is widely practiced in Southeast 
Asia. Giant freshwater prawn farming is one of the main types of marine shrimp farming that 

also still operates traditionally. Many of these farms operate without advanced techniques for 
production planning, inventory control, and transportation strategic decisions throughout the 
supply chain network which are among the most important managerial activities in commercial 
farming. Maintaining product freshness is of vital importance for aquaculture product. 
Therefore, this paper develops a multi-objective mixed-integer linear programming model for a 
marine shrimp farming supply chain network design problem. The problem is to plan production 
and control inventory according to constraints while maximize total profit surplus and minimize 
shortest route. A multi-echelon, multi-facility, and multi-period mathematical model is proposed 

such that real conditions are considered. In the end, some numerical illustrations are provided to 
show the proper Pareto solutions considering all of the objectives for the decision maker.  

 

Keywords: supply chain network; mixed-integer linear programming; marine shrimp farming; 
giant freshwater prawns; multi-objective optimization  

 

1 Introduction 

The traditional method of brackish water pond culture for marine shrimp farming dates back centuries ago (Baluyut, 1989). 

This traditional method is still widely practiced within ASEAN countries (Fisheries and Aquaculture Department, 2017). In 
Thailand, giant freshwater prawn farming is one of the main types of marine shrimp farming which annually supplies over 

90% of domestic prawn consumption. Most of the farms are located in the Central and Western regions. Locating in western 

Thailand, Nakhon Pathom province is one of the most important prawn farming in Western regions (Office of Agricultural 

Economics, 2011).  
Nowadays the operations of giant freshwater prawn farming have become more complicated than traditionally done in 

the past. The operations consist of complex tasks in the supply chain network of prawn. There are multiples sources, several 

distribution centres, and demand fluctuation. Many of these farms still operate without advanced techniques and strategic tools 

to manage the supply chain network which is critically needed for commercial operations. Therefore, having an efficient and 

effective supply chain network will provide a marketing area for enterprises in the global business environment. This includes 

determining farming locations, adjusting of parameters, finding the amount of product flow, and decreasing transportation 

costs which are referred to as a network design problem in supply chain management (SCM) (Paksoy et al., 2012).  
The supply chain network design has become one of the most popular and fastest growing research studies in SCM, 

especially in agricultural products. It can be defined as a task of integrating organizational units to fulfil customer demands 

(Stadtler and Kilger, 2008). Managing agricultural supply chain network is complicated because of high variety of product 

specifications and process characteristics. It also needs a specific strategy to be successful in this area (Van et al., 2008). 

Besides handling flow of material, information, and financial in the network, one of agricultural product supply chain network 

design most essential components is product quality (Rong et al., 2011). Maintaining high food quality, which can degrade 

quickly depending on environmental conditions of storage and transportation facilities, is of vital importance for supply chain 

performance (Labuza, 1982). Inventory control and transportation routing policies affect both farming profitability and 

mortality rate of products. In particular, giant freshwater prawn farming also needs an  implementation of appropriate 

production planning and inventory control systems and transportation strategic decisions to determine a suitable product 

dispatching throughout the supply chain network. In our application, the framework of a storage control problem is applied to 
manage and allocate the volume of prawn at distribution centres for improving product freshness before distribution to all 

traders. Meanwhile, transportation route planning is used to design the fry purchasing route from the fry hatchery dealer sites, 

because the fry is very sensitive to death. The concept of the shortest path for fry transporting is very important. So in addition 

to determining the appropriate production planning, inventory control strategies and the designing of fry purchasing route 

should be decided. Therefore, it is essential to identify suitable designing of supply chain network for the business to succeed 
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and survive in an increasingly competitive market (Mohammed and Wang, 2017). 

Based on the abovementioned considerations, this paper addresses the issue of the supply chain network designing in 
term of operational planning and selecting of suitable transportation strategy from upstream to downstream. Our framework 

has been developed from Limpianchob et al. (2020) which does not cover the considerations of product freshness in term of 

inventory control and transportation operations in marine shrimp farming, especially when it needs to determine the suitability 

of storage level and transportation planning policies for decreasing the mortality rate of product while still maximizing the 

total profit surplus. Therefore, this paper attempts to fill in these gaps in order to achieve designing of marine shrimp farming 

supply chain network strategic fit. We evaluate a multi-objective function with mixed-integer linear programming to reach 

profit surplus and shortest route distance targets. The design of the multi-objective function has been developed to combine 

the production and transportation planning decisions simultaneously. This is to optimize material flows and identify an 

appropriate route for transportation in the whole supply chain network with multi-facility and multi-period. Moreover, we 

illustrate our approach on a real supply chain network of a giant freshwater prawn in Thailand. The proposed mathematical 

model can be extended to different types of marine shrimp supply chain network.   

The rest of this article proceeds as follows: section 2 presents an overview of the literature in the related areas. 
Section 3 introduces problem description of giant freshwater prawn supply chain network. Section 4 presents the model 

formulation followed by a solution procedure presented in Section 5. Section 6 shows the implementation and evaluation of 

the model of the case study. Later, results and discussion on the case study are explained. Finally, a conclusion is presented in 

section 7.  

2       Related work 

The supply chain management of agricultural products has received a lot of attention among companies in the last 10 years 

(Tsolakis et al., 2014). It provides strategies and tools for integrated planning of several interrelated planning situations. A 

driving force to the development of supply chain management systems has been the development of company-wide databases 

for data collection and efficient optimizers (Gunnarsson et al., 2004). Several studies expedite the development of advanced 
methods to manage the agriculture product supply chain network (SCN). Meanwhile, a key concept in the agriculture product 

supply chain network design is the short shelf life of perishable and seasonal products, for which substantial effort is required 

to maintain product freshness and shelf availability (Ahumada and Vilalibos, 2009). A more detailed description of agriculture 

product supply chain network cases can be found in Bilgen and Ozkarahan (2007) which managed a wheat supply chain 

network planning from loading area to all customers. Optimizing fresh apple logistics for processing in Chilean plant can be 

found in the work of Soto-Sive et al. (2017). A case of crop production planning was studied by Filippi et al. (2017). Jena and 

Poggi (2013) proposed a harvest planning model in production of sugar and alcohol from sugar cane in Brazil.  Limpianchob 

(2015; 2017) designed a supply chain network of tangerine and aromatic coconut in Thailand. In a similar work, Srimanee and 

Routray (2012) studied a fruit supply chain network in Thailand.  

According to supply chain network design, this is a series of equipment that play roles in the supply chain 

development (Bahrampour et al., 2016). In most practical decision making for SCN design, there are more than one objective 
function. Therefore, the concepts and principle of multi-objective optimization (MO) methods are used for multiple criteria 

decision making (MCDM). A well-designed SCN could be treated as a flexible and scalable system platform while supports 

further operations and activities (Zhang et al., 2016). Moreover, the technique which has been frequently used for solving 

multi-criteria decision problems concerned with engineering design, management, and social sciences is goal programming 

(GP) (Satoglu and Suresh, 2009). For instance, Pati, R.K. et al. (2011) studied GP model for paper recycling system. The 

authors formulated a mixed integer goal programming model to improve logistics cost and product quality with the multi-

item, multi-echelon and multi-facility decision making framework. Coskun et al. (2016) proposed a GP model to redesign 

green supply chain network. The model considers three different customer segments. Bal and Satoglu (2018) studied the 

process of reverse logistics in collecting electrical and electronic product (WEEE). The authors formulated GP model to reach 

economic, social, and environmental targets which considered a network from cities to recovery factories. Paksoy et al. (2010) 

proposed a closed loop supply chain design using multi-objective mixed-integer linear programming to minimize cost and gas 

emissions at the same time. Petridis and Dey (2016) also studied GP model to assess the performance of each incineration 
plant in the UK. The proposed model provides an allocation of the examined plant, by shutting down a plant if it does not 

meet environmental targets.  

Furthermore, there are a few publications in research using MO in the context of agricultural product supply chain 

network design. Examples include a case of Rong et al. (2011) which integrates production and distribution planning for 

managing fresh food quality. The decision making is on minimizing the production cost while maximizing the food quality. 

Paksoy et al. (2012) proposed fuzzy multi-objective linear programming model in vegetable oils manufacturing. The model 

minimizes total transportation cost between suppliers to silos and manufacturer to warehouses at the same time. Musavi and 

Amiri (2017) considered perishability of fresh products for distribution in food supply chain. The problem is to consider the 

transportation cost, freshness of foods, and the total carbon emissions of vehicles. Mohammed and Wang (2017) designed a 

supply chain network of green meat from farms to retailers. They formulated a model with four objectives to optimize the 

transportation cost, amount of employment, amount of emissions in transportation, and the transportation time. 
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Meanwhile, several studies boosted the development of transporting to manage the supply chain network design in 

agricultural products such as in Sethanan and Neungmatcha (2016). The authors studied sugarcane mechanical harvester route 
planning to minimize the travelled distance and maximize the sugarcane yield. A similar research was carried out by Diaz and 

Perez (2002) and Higgins (2006). Diaz and Perez (2002) designed the transportation route for harvesting crops from rural 

fields to processing plant with low operation costs. Sogaard and Sorensen (2004) studied a heuristic approach for optimizing 

vehicle routes in agricultural field operations. 

Finally, many papers in the area of fisheries and aquaculture address their production and transportation planning. 

However, after more than 40 years of applying SCN to manage the aquaculture production, there are only a handful papers 

that are published in this field. High complexity of managing fisheries is among one of the reasons. This complexity is mainly 

due to the required sustainability of the underlying natural system. Therefore, it will be sensible for us to review the most 

successful cases in order to evaluate past performance, highlight current problems, and find future directions of research 

(Trond et al., 2004). A basic description of aquaculture production planning for the supply chain network designing is found 

in Forsberg (1996). The researcher developed production planning and transporting of fry in order to maximize profits from 

the operation. A more detailed description of aquaculture product cases can be found in Lipschultz and Krantz (1980); Larkin 
and Sylvia (1999); Mistiaen and Strand (1999). Larkin and Sylvia (1999) proposed an optimal timing for the harvest for fish 

quality and estimated the intrinsic quality so as to determine the optimal management plan. Moreover, Mistiaen and Strand 

(1999) formulated an optimality-conditions model for feeding rates and time of harvest in Greece when the output price is 

piecewise linear in weight. An example includes a case of shrimp production by Leung and Shang (1989). They applied a 

dynamic Markov decision approach to formulate a model for prawn production management. In same way, Leung et al. 

(1990) applied the modelling for shrimp production and harvesting schedules.           

According to our literature reviews, these studies indicated some gaps in the field of agriculture product supply chain 

network designing problems especially in aquaculture products. At first, a clear gap is shown from non-existence of reported 

work on the production planning and inventory control in the whole aquaculture supply chain network design. Most of the 

studies address the determination of optimal production planning between two linking stages such as in fry production 

planning model by Mistiaen and Strand (1999). Secondly, using shortest path problems for transportation designing of 
aquaculture products is scarce. As previously mentioned, implementation of shortest path will yield higher efficiency in 

product freshness of the aquaculture products supply chain network. However, it also affects production planning and 

inventory control systems and farming profitability in the network. Therefore, we integrate key objectives which leads to the 

efficiency of a five-echelon marine shrimp farming supply chain network. Two objectives are considered including 

maximization of total profit surplus throughout the supply chain network while still able to minimize total fry purchasing 

route for maintaining the freshness of the products simultaneously. We present a development of a multi-objective mixed-

integer linear programming model which can be used as a supporting supply chain network strategy in operational design 

decisions. To our best knowledge, this is the first study that proposes a multi-objective optimization for aquaculture supply 

chain network and provides a case study of marine shrimp farming in Thailand. Moreover, a numerical case study is provided 

to demonstrate the applicability of the developed model and the proposed solution methods.  

3       Problem description  

Based on our achievement in the supply chain decision phase, we continue to develop the successful supply chain 

management from our previous research in term of tactical phase (Limpianchob, 2020). A result of the tactical planning will 

be used to define a set of operating policies that govern short-term operation (Chopra and Meindl, 2013).  In this paper, we 

present decision making framework for operation planning in giant freshwater prawns supply chain network. At the operation 

level, the time horizon is weekly and supply chain network in consideration is fixed. The operation planning problems that 

farmers are often facing can be divided into two categories shown in Figure 1: 

3.1   The supply chain network planning 

The framework of the giant freshwater prawn supply chain network problem requires determination of operation planning for 

cultivating, harvesting, and dispatching all the volume of raw materials and prawns to all customers with maximizing the total 

profit surplus and highest level of product freshness. In our real supply chain network, we consider 5 echelons: suppliers, 

farms, distribution centres, traders and customers. The description of each echelon consists of the following: 

Suppliers: The proposed model considers giant freshwater prawn farming that obtains the raw materials from several 

sources. Main types of raw material that are considered in this work consist of fry, prawn feeds, and supplements feed. 

This paper addresses the issue of the mortality rate of fry transportation from the dealer sites to the farm. Out of five 

fry hatchery dealer sites we consider, four are from Nakhon Pathom province and one is from Chachoengsao province. Each 

dealer site is available to supply the fry during the cultivated planning period with limited capacity.  
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For prawn feed and supplement feed, we consider five types of prawn feed and one type of the supplement feed. 

Each type of feed is used in a different time of the cultivating period. In this work, we also consider four vendors who sell  
both prawn feed and supplement feed. Nevertheless, the cost of each feed varies according to the vendor. 

 
Figure 1     The supply chain network of case study 

 

 
 

Farm: The prawn farming in our case study is located in Nakhon Pathom province. It is one of the largest farms in 

the West region covering more than 30 acres and consisting of six prawn ponds for the cultivating system. The supply of all 

raw materials in the farm is based on the harvest of prawns from the previous year. 

Distribution centres: The volume of prawn is forwarded to distribution centres located in Makhachai Seafood 

Market in Samut Sakhon province or Talaad Thai Market in Pathum Thani province by two types of special vehicles that have 

a tank of canvas with aeration. Distribution centres are used to balance seasonal variation of supply and demand and also to 
offer more dispatching possibilities. Furthermore, the special reason is that after the prawns are harvested from each pond, 

they have to be dispatched directly to each distribution centre because the prawns can be transported within 5-6 hours without 

heavy mortality.  

For each distribution centre, we consider the freshness of the prawns which are stored at the end of time period. The 

mortality rate of prawn will increase directly in proportion to the time of storage. Also integrating operational decisions with 

inventory control strategic decisions have great effects on responsiveness of product freshness and cost efficiency of the 

supply chain network. Due to different costs of storage and mortality rate of prawns depending on the time to store, prawns 

have to be protected against mortality from the unsuitable environment. So it is a requirement to combine these decisions in 

supply chain network design problems. 

Traders and Customers: We consider the regular traders who dispatch the volume of prawns to customers 

nationwide. Besides these, some customers are seafood sellers in local markets and restaurants. These customers are under a 
contract to their traders to purchase the prawns. The contract specifies only the volume of prawns while the selling price 

depends on the selling price set by the central seafood market. The third and the fourth categories are the supplement-feed 

vendors and the chemical suppliers for water treatment, respectively. The variety of prices and selections offered by many 

vendors usually results in farmers making decisions far away from optimal solutions. 

3.2    The fry hatchery dealer site selecting 

The transportation of raw materials and the volume of prawns in each echelon are decided by the farmers during two 

transportation periods. The first period is raw material dispatching which is transported from supplier sites to the farm. The 

second period is the volume of prawn dispatching which is transported from the farm to each distribution centre using 

different types of special trucks (see Figure 1). The transportation route that the farmers often face about the route planning 
problem is transportation between supplier sites and farm stages, especially the fry purchasing route planning. It is very 

important to select the fry hatchery dealers whom the farmers are locally available for. This will have an impact on route 

planning as the farmers in our case have 5 hatchery dealer sites. Four dealer sites are located around the farm and one dealer 

site is located far from the farm as shown in Figure 2. The conditions of each dealer site are different. For example, the dealer 

sites located around the farm have higher fry selling price but limited selling capacity.  Comparing with the dealer sites 

located far from the farm, the selling price is cheaper but the selling capacity is unlimited. However, transportation route will 

be significantly longer. 
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Figure 2     The fry hatchery dealer sites of case study 

 

 
 

The most common method of transporting fry is using plastic bags filled with oxygen then sealed them with elastic 

bands or string. The bag is then placed in a container which is impermeable to oxygen on a small truck (Fisheries and 

Aquaculture Department, 2017). However, the distance route designing for fry transportation from dealer sites to the farm 

directly impacts the total profit surplus and the mortality rate of fry. Fry is very sensitive to death and can be transported no 

longer than one day. For this reason, if the farmers select purchasing the fry from dealer sites located far from the farm where 

the selling price is cheaper than others, the mortality rate of the fry will be increased due to the longer transportation route. 

Therefore, they likely make more total profit surplus. On the other hand, if the farmers select dealer sites around the farm, the 

mortality rate of fry will be decreased but, due to the selling capacity limitation of the dealers, the farmers may need to 

purchase the fry from more than one dealer sites in the one trip. As a result, the total profit surplus will likely decrease.  
One of the challenging sides of fry transportation route planning is the conflict among the essential factors. It is 

absolutely necessary for the farmers to maintain their profitability but also plan the suitable fry purchasing route to reduce the 

mortality rate. Our framework considers the shortest part approach to reach the minimize fry purchasing distance route and the 

maintaining of total profit surplus. The freshness of product has become an important issue in the production and 

transportation planning strategy of the supply chain network developing which our previous research did not consider this 

matter in term of tactical planning. Since we optimize conflicting objectives in the Pareto optimal set, we need to implement a 

decision maker strategy with involvement of experts. 

4       A multi-objective mixed-integer linear programming model 

In this paper, we address the operation planning problem for giant freshwater prawn supply chain network by considering two 
goals which is different from our previous research that only one goal (Maximum the total profit surplus). The proposed 

model determines the timing of cultivating, harvesting and transporting of prawn from farm to all customers. It also finds the 

total shortest distance route of purchased fry to reduce the mortality rate of fry during transportation from fry hatchery dealer 

site to the farm. There are two goals to be determined according to the total profit surplus maximization and total fry 

purchasing route minimization targets. The model handles the operation planning problem within a multi-period and multi-

facility case. 

Based on the transportation of fry from each hatchery dealer site, the traditional method that farmers use is using a 

small truck with plastic bags filled with oxygen to dispatch the volume of fry from each dealer site to the farm.  The 

transportation route is one route per one dealer. In this method, it is not enough to consider from the product freshness 

perspective. Especially in some cultivating periods, the farmers have to dispatch the volume of fry more than one dealer sites. 

As a result, the farmers are often facing the problem about the increasing of empty-backhaul truck and the mortality rate 
between fry dispatching from dealer site to the farm. At this point, we consider the pursuit of a new fry transportation 

approach to the supply chain planning at the operational level. The approach used to implement for the fry purchasing route 

planning of our case is described as the shortest path problem (SPP). To solve the SPP, the deterministic algorithm for finding 

the shortest route between any two nodes in the network is applied (Hamdy, 2007). This paper addresses a directed graph 
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Gϵ{V,E} comprising of a set of nodes V={0,1,…,n, 0’} and a set of edges E. Nodes 0 and 0’ correspond to the farm, while the 

remaining node set N=V’-{0, 0’} corresponds to the hatchery dealer sites. Corresponding to each arc (i,j) ϵ E, there is a 

nonnegative number dij representing the distance of edge from node i to node j which is the supply chain network distance 

calculated from the Google Maps (Sethanan and Neungmatcha, 2016). An example is given in Figure 3. The resulting model 

is a general directed graph which can be used to find the shortest path between any two given nodes, that is the farm or node 0 

and after purchase completion, it will return back to the farm or node 0’. Especially in our case where the starting node (node 

0) and the dummy ending node (node 0’) are assigned to share the same position. 

 
Figure 3     Directed graph of fry hatchery dealer sites 

 

 
 

Model Assumptions: 

- Time horizon in consideration is one year (52 weeks) and the solutions are started in the first week of March (t =1). 

- The fry purchasing route starts and ends at the farm and the inner- farm routing is out of the scope of this study. 

- The mortality rate of fry in each route is assumed, the rate will increase when the purchasing route is increased. 

- The quality of fry in each dealer site is the same and does not change with the year. 

- The inventory level of each stage is zero when starting the calculation. 

- The farmers can store the volume of prawns in each distribution centre for only one week. 
 

The detail of sets, parameters and decision variables are as follows.   

Sets: 

d    the set of distribution centres  

f   the set of prawn feed types   

i,j    the set of node indexes where i,j = 0, 1, 2, …, n, 0’ 

Aij  the set of directed edges between node i and node j (i,j ϵ E) 

k   the set of potential types of truck to be chosen for prawn dispatching between the farm and distribution 

centre 

p    the set of prawn ponds 

s   the set of supplement-feed suppliers  

t    the set of cultivating and harvesting periods  

u    the set of feed vendors 

Parameters: 

ijd   the fry hatchery purchasing distance route between nodes i and j 

CaCFE   the dispatching capacity of prawn feed per trip 

CaCFY   the dispatching capacity of fry hatchery per trip 

CaCFS   the dispatching capacity of supplement feed per trip 

kCaCDC   the dispatching capacity of prawn per trip with truck type k 
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dCaDC   the total available storage capacity of distribution centre d 

iCaFY   the fry hatchery selling capacity of hatchery dealer i 

tCaH   the giant freshwater prawn harvesting capacity in time period t 

pCaPD   the required amount of fry cultivating for pond p 

fCaPE   the required amount of prawn feed of type f per pond 

fuCaPEV  the prawn feed selling capacity of type f by vendor u 

CaPS   the required amount of supplement feed per pond 

sCaPSP   the supplement feed selling capacity by supplier s 

dCaPT   the delivery capacity of giant freshwater prawn for distribution centre d 

dCSDC   the routine management cost in distribution centre d 

sCSFP   the supplement-feed purchasing cost from supplier s 

fuCSFV   the prawn feed purchasing cost of type f by vendor u 

iCSFY   the fry hatchery purchasing cost from hatchery dealer i 

CSP   the pond preparation and routine pond management cost 

CSPD   the prawn management cost that occurred when the prawns are not harvested at the end of each time period 

dCSPN   the prawn management cost that occurred when the prawns are stored at distribution centre d 

uCSTE   the unit transportation cost of prawn feed by vendor u 

ijCSTY   the unit transportation cost of hatchery dealer from node i to node j 

sCSTS   the unit transportation cost of supplement feed by supplier s 

kdCSTT   the unit transportation cost from farm to distribution centre d by truck type k 

tRoG   the rate of giant freshwater prawn growth which is cultivated in time period t 

RoH  the rate of labour hiring 
tRoL   the survival rate of giant freshwater prawn which is stored at distribution centre in the end of time period t 

tSeL   the giant freshwater prawn selling price in time period t 

Decision variables: 

 
t

fuFed    the volume of prawn feed purchasing of type f from vendor u in time period t 

t

sFsp   the volume of supplement feed purchasing from supplier s in time period t 

LABt  the volume of hired labour for harvesting in time period t 
t

pdPaw  the volume of giant freshwater prawns that are harvested from pond p and are directly dispatched to 

distribution centre d in time period t 
t

pSPaw   the volume of giant freshwater prawns that are not harvested at the end of time period t and still in pond p 

t

pShp  the volume of giant freshwater prawns in pond p that are waiting for harvesting in time period t 

t

dTra   the volume of giant freshwater prawns which are directly delivered from the distribution centre d in time  

period t 
t

dSTra   the volume of giant freshwater prawns that are stored in distribution centre d at the end of time period t 

t

uTFE   the number of truck trips for prawn feed dispatching from vendor u in time period t 

t

sTFS   the number of truck trips for supplement feed dispatching from supplier s in time period t 

t

kdTDC  the number of truck trips for giant freshwater prawn dispatching from the farm to distribution centre d with 

truck type k in time period t 
t

dWas  the volume of giant freshwater prawn alive after storage at distribution centre d 

t

dDed  the volume of giant freshwater prawn dead after storage at distribution centre d 

tDem  the volume of giant freshwater prawns are dispatched to customers in time period t 

 

We also need some sets of binary variables in the model formulation. The set of variable related to the use of pond is 

defined as 
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                1, if the pond p is used for cultivating in time period t, 
t

pPod = 

                   0, otherwise 

 

The variable regarding fry hatchery purchasing is also used to represent the decision of fry purchasing route from the 

farm to each dealer site. The possible route to purchase the fry is given by the variable    

  

                  1, if during time period t, the farmer uses the route from node i to node j (i,j)ϵE, 
t

ijFry = 

                  0, otherwise 

 

The set of variable related to use of distribution centre is defined as 

 

                  1, if the distribution centre d is used during time period t, 
t

dDC = 

                  0, otherwise. 

According to the above definitions of parameters and decision variables for the real problem, the model is formulated as the 

multi-objective function of giant freshwater prawn supply chain network with a mixed-integer linear programming model. In 

this work, we can interpret supply chain network flow variables in multi-commodity network describing the possible flows of 

the prawns from farm to customers in stages as given in Figure 4. The formulation of the proposed multi-objective mixed-

integer linear programming model is presented next. 

One of the problems that we consider in this paper is the problem of the product freshness which is an additional part 

from our previous research. From Figure 4, the volume of prawns has to be shipped directly to each distribution centre 

(Pawpd
t) because they can live only 5-6 hours after being harvested from each possible pond. At the distribution centres, we 

constrain the model such that the volume of prawns can be stored only one week at the end of each time period (STrad
t). This 

volume of stored prawns must all be sent to all traders at first for maintaining the freshness of product (Wasd
t). As a result, the 

proposed model is to make sure that the volume of prawns are not stored more than one week. Furthermore, it restricts the 

possibility to forward them from too many harvest ponds at the same time. 

 

Figure 4     Possible flow from the farm to customer echelons. 
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Objective function: 

The first objective function is to maximize the overall supply chain profit surplus of the network. This includes the net 
revenue calculated as the total revenue from the monthly sales of the giant freshwater prawns and the annual total cost.  The 

annual total cost is calculated from the cost for operation (the routine pond management and the fixed cost of management at 

the distribution centres), the fry hatchery purchasing cost, the prawn feed purchasing cost, the supplement feed purchasing 

cost, the labour cost, the inventory cost, and the transportation cost. This can be expressed as follows.    
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In the proposed model, the second objective function is to minimize the total distance of fry purchasing route with 

the optimal path. We can then express the total shortest path as. 

                                       Min f2 =   
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                                                                             (2) 

Subject to: 

Associated constraints for the multi-objective function of giant freshwater prawn supply chain network are summarized as 

follows.  

For each culture pond p, the total quantity of used pond cultivated should not exceed its upper capacity throughout 
the cultivating period. These limitation is described by constraint (3).  

                                                PpPod
Tt

t

p 


,4                                                                                                    (3) 

Normally, all farmers avoid cultivating the prawns in the winter season (November – February) due to the fry 

growing rate will decrease in cold water. The constraint in this case is shown as constraint (4). 

                                            52,...,37,0 
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p
                                                                                                 (4) 

In extensive culture operation, prawns fully optimal growth rate usually takes place toward the third month of the 

culture period (12 weeks for growing to market size). Constraint (5) assures that the culture pond p is used for cultivating in 

time period t. Then, the farmers cannot use this pond until after the harvesting period.  

                                   36,...,1,,1
11

0




 tPpPod
a

at

p
                                                                                              (5) 

For transportation of fry from each hatchery dealer site, the traditional method will be transformed into one route to 

enable dispatching of fry volume to more than one dealer sites. The constraints (6) – (11) are shown as the SPP formulation to 

find the shortest route of fry purchasing. 

                                           TtFry
Nj

t

j 


,1,0
                                                                                                          (6) 

                                   TtFryFry
Ni

i

Nji

t

ij 


,'0,

,

                                                                                                     (7) 

Constraints (6) and (7) are used to ensure that there is a route which leaves from farm 0 for fry purchasing in some 

dealers and then returns back to the farm 0’. 
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                                    TtViFry t

ii  ,,0                                                                                                          (8) 
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ij TtViFryFry ,,                                                                                                 (9) 

Constraints (8) and (9) are to ensure that the farmers cannot use the inner-farm routing to decrease the distance 

calculation. Also, after purchasing route arrives at a dealer area i, it also leaves that the dealer area. 

Capacity constraints restrict the lower and upper capacities of fry purchasing of each transportation trip for each time 

period t. We restrict the lower limit of the fry purchasing depending on the total amount of ponds which the farmer use in each 

time period shown by constraint (10). Constraint (11) assures that the upper capacities of fry purchasing for each trip come 

from summation of the dispatching capacity of each truck.     

                  TtNiCaPDPodFryCaFY
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p

t

p

Nj

t

jii 


 ,,                                                                         (10) 

                          TtNiCaCFYFryCaFY
Nj

t

jii 


 ,,                                                                                  (11) 

Constraints (12) – (14) restrict the volume of prawn feeds that the farmer needs to purchase from vendors and 

number of truck trips which the farmer needs to dispatch the prawn feed from vendor areas to the farm. 

                        TtFfCaPEPodFed f
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                       TtUuFfCaPEVFed fu
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                        TtUuCaCFETFEFed t

u

Ff

t

fu  


,,                                                                                    (14) 

Constraints (15) – (17) express the total quantity of the supplement-feed which the farmers need to purchase from the 

suppliers and number of truck trips for dispatching of all supplement feed to the farm. 
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                             TtSsCaPSPFsp s
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                      TtSsCaCFSTFSFsp t

s

t

s   ,,                                                                                           (17) 

The prawn can be harvested after twelve weeks of culture. The model explicitly assumes that the prawns can be 

grown up into market-size class. The volume of prawn that is waiting for harvesting in each pond is shown in constraint (18). 

            36,...,1,,12  
 tPpShpCaPDROGPod t

pp

tt

p
                                                                             (18) 

For maintaining the freshness of the product, the concept of production planning and inventory control is very 

important. The network structure of harvesting indicated that there is some prawn harvested and dispatched to each 

distribution centre and there is also some prawn not yet harvested at the end of each time period. We need some set of flow 

balancing constraints in each pond that can be formulated as constraints (19) and (20). 

          TtPpPawSPawShpSPaw
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pd

t
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t
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t
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 ,,1                                                                          (19) 

                               TtCaHPaw t

Pp Dd

t

pd 
 

,                                                                                                   (20) 

Constraint (20) ensures that the volume of giant freshwater prawn never exceeds the harvested capacities in each time period. 

Constraint (21) limits the total number of labour which the farmer needs to hire for prawn harvesting in each time 

period t.   
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                           TtRoHLABPaw t

Pp dd

t

pd  
 

,                                                                                                 (21) 

After harvesting, the volume of prawn from ponds has to be dispatched directly to each distribution centre in the 

same time period. For number of truck trips for prawn transportation to each distribution centre is shown in constraint (22). 

                  TtDdCaCDCTDCPaw k
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,,                                                                                       (22) 

At distribution centre, the balancing constraint for giant freshwater prawn is expressed as constraint (23).  

         52,...,13,,1 
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                                                (23) 

Constraints (24) and (25) express that the volume of giant freshwater prawn is stored in the distribution centre that 

some prawn has died. The volume of prawn that is still alive for dispatching to all customers can be formulated as constraint 
(25). 
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The distribution centres have limited storage capacity for giant freshwater prawn. To ensure that the volume of prawn 

that is stored at the distribution centre never exceed the stated storage capacities, constraints (26) and (27) are imposed. 
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                              TtDdCaPTWas d
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Finally, the volume of prawn that is shipped from all distribution centres to all traders is defined as the sum of the 

volume of prawn from the pond during the time period and the volume of prawn that is stored at the end of the previous time 

period. This is to ensure that all of volume of prawns that are stored at distribution centres in the previous time period will be 
dispatched to all traders in the current time period. The volume of the giant freshwater prawns delivered from distribution 

centres to all customers by all traders is provided in constraint (28) and (29). 

                                TtDdWasTra t
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                                         TtDemWasTra t

Dd

t

d

Dd

t

d 
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5        Solution procedure 

The model which is developed in the previous section is a multi-objective mixed-integer linear programming model for the 

giant freshwater prawn supply chain network. The multi-objective optimization techniques need an effective solution method 

to provide proper Pareto frontier. These techniques, available in the literature to solve multi-objective programming models, 

can be classified as a priori, interactive, and posteriori, according to the decision stage in which the decision maker expresses 
preferences (Mavratas, 2009).  

In this paper, we address the operations planning problem considering two goals. The proposed model determines the 

production planning, inventory control and transportation strategy from the pre-determined points considering total profit 

surplus and total transportation route targets. Two goals to be determined are to maximize total profit surplus while to 

minimize total distance route targets. In multi-objective model, there is no single optimal solution that simultaneously 

optimizes all the objective functions.  Therefore, the concept of optimality is replaced with that of efficiency or Pareto 

optimality (Mavratas, 2009). Mavratas (2009) proposed an improve version of ε-constraint method, which is called augmented 

ε-constraint method2 (AGUMECON2). In the literature, many different and improved versions of the augmented ε-constraint 

method exist (Mavratas, 2009; Ramuhin et al., 2010; Marvrotas and Florios, 2013; Arampantzi and Minis, 2017; Bal and 

Satoglu, 2018). Since the AUGMECON2 (Marvrotas and Florios, 2013) was proved to have better performance than the 

others, we preferred to use this method as our solution algorithm. We applied AUGMECON2 to solve the problem that can be 

formulated as (Marvrotas and Florios, 2013): 
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In this formulation, f1 corresponds to ‘profit function’ and f2 corresponds to ‘distance route function’. Slack variable 

of the respective constraint is represented by S2. The maximum and minimum values of objective functions from the payoff 

table are fmaxi and fmini, respectively. The range of fi is fmaxi  - fmini, when t is the counter of the interval and qi is the length 
of the equal intervals of the objective function fi. The esp is relatively a small number between 10-6 and 10-3 (Marvrotas and 

Florios, 2013). The identification of Pareto-optimal solution is essential in multi-objective optimization. Thus, we used 

CPLEX solver of the GAMS® software to generate a set of Pareto optimal solutions.   

6     Numerical experiments 

In this section, we illustrate our proposed model on a case study with real data and analyze the results. The problem data is 

given from one of the largest giant freshwater prawn farms in Nakhon Pathom province located in the Western region. Some 

operational decisions from this research are made for a local farmer which most farms are located in the Central and Western 

regions in Thailand. 

In the current setting, the farmers often faced two main problems: managing the large volume of prawns and finding 
the shortest fry purchasing route. The supply chain network comprises of suppliers, farm, distribution centres, traders and 

customers, as well as transportation of the volume of prawn links among them. The transportation of fry from dealer sites to 

the farm is especially important. The transportation distance has a direct impact on the total profit surplus and the mortality 

rate of fry. Different sites and costs of fry purchasing are obtained such that the sites were located near the farm, the selling 

price of fry is very high but the amount of fry the farmers can purchase is very limited. While the sites where located far from 

the farm, the selling price is cheaper. The amount of fry is not limited for purchasing. Also, the mortality rate will be increased 

because the transportation distance is longer.  

6.1   Design of the target goals 
   
The design of the target goals is the first consideration before implementing any approach. We have to balance trade-

off between two objective functions consisting of the total profit surplus and the total shortest fry purchasing route goals. In 

order to evaluate the profit and distance targets in achieving optimal or near optimal value, the multi-objective function model 

will be validated by using the optimal solution obtained in each individual objective function by the GAMS® software with 

CPLEX solver, by a notebook computer with an Intel CORE i5, 8 GB of RAM and 256 GB SSD running Windows 10. 

We first focus on the optimal individual solution from the total profit surplus goal. The computational results provide 

the total optimal maximum profit surplus in Thai Baht (THB) of 787,456.939. Moreover, this total profit surplus is decreased 

by 2.31% when compared with our previous research. It is also necessary to consider the total distance route impact. At this 

point, the total distance route is decreasing by 52.53%. The results demonstrated that the decrease in the total fry purchasing 

route which came from the re-designing of transportation route provides better opportunities to fit the product freshness’ 

expected level. Therefore, the shortest fry transportation route is discussed to re-design supply chain network. When we also 
focus on the total shortest route goal, we can obtain the total minimum distance route of 2,030 kilometres (km.).   

Evaluating both the total profit surplus goal and total distance route goal of the proposed model requires multiple 

objectives to be achieved. Also, those optimal solutions that are obtained by the individual optimization method will be set to 

the target goals of our case. Table 2 represents the statistics and the solution report of the individual optimization method. 

Also, those optimal solutions that are obtained by the individual optimization method will be set to the target goals of our 

case. Table 2 represents the statistics and the solution report of the individual optimization method. 
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Table 2    The solution report of the individual optimization method. 

 

 

Number of   

Single equations Single variables Nonzero 
elements 

Discrete 
variables 

 The optimal 
solution 

The profit surplus (THB) 5,899 6,197 29,813 2,964     787,456.939 

The distance route (km) 5,699 6,145 25,209 2,964         2,030.000 

 6.2   Pareto optimality 
 

The Pareto-based optimization method is very popular and practical for addressing multi-objective optimization 

problems (Zhang et al., 2016). Therefore, to observe the Pareto-optimal solutions to support the decision maker between two 

goal objective functions, the range values of each objective function were determined. The multi-objective model is converted 

into the ε-constraint model. This guarantees the efficiency of the objective function range will be obtained solution (Mavratas, 

2009). It has one additional equation and additional (slack) variables. When this model is also solved, it took around 1,212.25 

s. 

Based on the solution of the ε-constraint model, the payoff table is obtained as shown in Table 3. We can see from 

the payoff table that if we optimize the total profit surplus target, we can obtain maximum profit of 787,456.939THB. In the 

meantime, the total fry purchasing distance route becomes 2,169 km. When we optimize the distance route target, we can 

obtain a minimum distance route of 2,030 km. with the cost of 782,715.163 THB using the parameter values presented in the 

payoff table in Table 3. The range values of each objective function were determined, based on the AGUMECON2 

(Marvrotas and Florios, 2013). Based on the intervals of fmaxi – fmini value for f2, the solution of the problem generated 61 
unique Pareto Optimal solutions.  These solutions are shown in Appendix A, Table A.  

In this case, our model has two different goals. The results are influenced by each goal. Therefore, we solved a bi-

objective version of the model to observe the relationship between the total profit surplus goal and total distance route goal as 

shown in Figure 5. The total profit surplus sharply increases from distance route 2,050 to 2,080 km and then gradually 

continues to increase, as the total distance route increases from 2,100 to 2,150 km. The reason behind this increase is that the 

farmers have longer total distance routes for fry purchasing that the trucks can be used to collect the fry from the dealer sites. 

Those sites were located far from the farm in some time periods. On the other hand, if the total distance route value gets closer 

to the route target value, the total profit surplus significantly decreases. The total distance route indicates the fry purchasing 

site where the farmers should purchase the fry. If the farmers need to reduce the mortality rate of fry, the total distance route 

should be getting closer to the route target. But if the farmers allow increasing the total fry purchasing distance route, they can 

purchase the fry from the far dealer sites in some periods, the total profit surplus will be increased. 

Table 3    The payoff table. 

 

 

f1 f2 

(Profit surplus) (Distance route) 

Max f1 787,456.939 2,169 

Min f2 782,715.163 2,030 
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Figure 5     The profit surplus goal versus distance route goal.  

                    (total profit surplus target: 787,456.939 THB and total distance route target: 2,030 km.) 
 

 

6.3   The transportation route strategy 

The results from the Pareto-optimal solutions table in Appendix A demonstrate that when we need to reach the total distance 
route target to reduce the mortality rate of fry, the total profit surplus is decreasing considerably. For example, at the 6th Pareto 

optimal solution, total distance route is 2,041 km. while the total profit surplus is 784,911.741 THB. On the other hand, total 

distance route is 2,120 km. at the 40th Pareto optimal solution while total profit is 786,394.444 THB. The total profit is also 

closer to the profit target when the total distance route only increases from 2,041 to 2,120 km. Therefore, it is also worth 

noting that the suitable total distance route for fry purchasing should be between 2,100 and 2,150 km. As a result, it has a 

longer distance to select the other fry hatchery dealer sites while still to get closer to the total profit surplus. 

However, if the farmers need to reduce the distance route to maintain a mortality rate of fry regardless of the total 

profit surplus, the appropriate distance route should be between 2,050 and 2,080 km. The average total profit surplus is 

approximately achieved from the profit target by 0.262%. Figure 6 represents an example of the fry purchasing routes path 

that obtained the results for distance route decision at the 6th (see Figure 6(a)) and the 16th (see Figure 6(b)). The solutions 

indicate that the selection of fry from dealers is limited by the total distance route. From Figure 6(a), the farmers have a total 
distance route of 2,041 km. which means the farmers should only selected to purchase the fry from the dealer sites located 

around the farm throughout the cultivating period. Meanwhile, if the farmers increased the total distance from 2,041 to 2,064 

km (increased by 23 km), they will have a longer distance to select the dealer sites located far from the farm in some periods. 

From Figure 6(b), the total route path is 2,064 km throughout the cultivating period. It has one period that the farmers selected 

fry hatchery dealer site located far from the farm. This site sells the cheapest fry purchasing cost even though it has higher 

transportation cost. But when compared to the volume of fry purchasing, the site located far from the farm has the cheaper 

cost. As a result, the total distance route will indicate the dealer sites where the purchase should be done. It also affects the 

total profit surplus. As one target increases, the other increases as well. For this reason, the farmers must consider the trade-off 

between the essential factors to implement a decision maker strategy. 
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Figure 6     The route path throughout the cultivating period.  

                   (a) the route path at the 8th Pareto optimal solution at t = 1 and t = 13 (b) the route the route path at the 16th Pareto  
                   optimal solution at t = 1 and t = 13. 

 

 
 

6.4   The production planning and inventory control strategy 

From the previous sub-section, the appropriate total distance route should be between 2,050 and 2,080 km. This total distance 

route range is achieved to reach the total profit surplus target.  Therefore, to demonstrate the scope of the information 

generated by the model, the main results of the problem are displayed in more detail. We look at the managing of production 

planning and inventory control at distribution centres for the freshness of the products. Table 4–Table 8 show an example of 
product flow managing at distribution centres that is the results obtained at the 23rd.  

 It can be seen that the results clearly show the managing of inventory control strategy at each distribution centre. 

For example, the DC1 stored the volume of prawn 790 kg in time period 13 (see Table 5.). In time period 14, remaining 711 

kg volume of alive prawn can be delivered to all trader (see Table 6). From Table 4, in time period 14, the volume of prawn 

that is dispatched from farm to DC1 is 710 kg. But at the end of this time period, it does not appear that DC1 is used to store 

the volume of prawn (see Table 5.) So 710 kg volume of prawn is directly delivered from the farm through DC1 to all traders 

at time period 14 as shown in Table 7. The first delivery of the product occurred in time period 14 that shown in Table 8 

where the traders received 1,421 kg volume of prawn. 711 kg came from the previous period (the product which is stored in 

period 13) and 710 kg came from the current period (the product which is directly dispatched from the farm to all traders in 

period 17).  

In the same way, in time period 16, a volume of prawn 710 kg is shipped from the farm to DC1 (see Table 4.). At 
the end of this time period, it does not appear that DC1 is used to store the volume of prawn (see Table 5.) that means the 

volume of prawn 710 kg that is directly shipped to all traders (see Table 7.). Meanwhile, the volume of alive prawn at time 

period 16 is 711 kg (see Table 6.) that this volume came from the volume of prawn that is stored from period 15 (see Table 

5.). Therefore, at the time period 16, the traders received the total volume of prawns 1,421 kg (see Table 8.) that came from 

the volume of prawn from the previous period (711 kg) and the volume of prawn from current period (710 kg). As a result, the 

proposed model can push all the volume of prawn that is stored to all traders as soon as possible for maintaining the freshness 

of the product. This can save the inventory cost in each distribution centre to maximize the total profit surplus.    

Table 4    The volume of prawn that is dispatched (Pawpd
t) to each distribution centre (kg.) between time periods 13-26. 

From 
farm to 

Time period 

13 14 15 16 17 18 19 20 21 22 23 24 25 26 

DC1 790 710 790 710 888 711 888 711 0 0 0 875 1,000 1,334 

DC2 0 0 0 0 0 0 0 0 0 0 0 625 500 0 
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Table 5   The volume of prawn that is stored (STrad
t) at each distribution centre (kg.) between time periods 13-26. 

 Time period 

13 14 15 16 17 18 19 20 21 22 23 24 25 26 

DC1 790 0 790 0 888 0 888 0 0 0 0 875 300 1,094 

DC2 0 0 0 0 0 0 0 0 0 0 0 625 0 0 

Table 6    The volume of alive prawn after storage (Wasd
t) at each distribution centre (kg.) between time periods 13-26. 

 Time period 

13 14 15 16 17 18 19 20 21 22 23 24 25 26 

DC1 0 711 0 711 0 711 0 711 0 0 0 0 700 240 

DC2 0 0 0 0 0 0 0 0 0 0 0 0 500 0 

 

Table 7    The volume of prawn which is directly delivered from farm to all traders (Trad
t) at each distribution centre (kg.) 

between time periods 16-29. 

From 

farm to 

Time period 

13 14 15 16 17 18 19 20 21 22 23 24 25 26 

DC1 0 710 0 710 0 711 0 711 0 0 0 0 700 240 

DC2 0 0 0 0 0 0 0 0 0 0 0 0 500 0 

 

Table 8    The volume of prawn which is delivered to all traders (Demt) (kg.) between time periods 13-26. 

To Time period 

13 14 15 16 17 18 19 20 21 22 23 24 25 26 

Traders 0 1,421 0 1,421 0 1,422 0 1,422 0 0 0 0 2,400 480 

 

7       Conclusions  

This paper presents an application for optimizing operation planning of marine shrimp farming supply chain network with a 

focus on production planning, inventory control and transportation strategic decisions to improve product freshness. Giant 

freshwater prawn farming is one of the main types of marine shrimp farming which is critically needed advanced techniques 

to manage the farming. In this study, we investigated a five-echelon giant freshwater prawn supply chain network by 

developing a multi-objective mixed-integer linear programming model. The model aimed to simultaneously maximize total 

profit surplus goal and minimize total fry purchasing route path goal, the goals were defined by the individual optimization 

method. Therefore, the profit target is set to manage all the flows of products throughout the supply chain network for 

maximizing of total profit surplus. Besides, the distance route target is set to determine shortest fry purchasing route path  

objective, because distant routes has impact on the freshness of fry and the total profit as a whole supply chain. Also, it is very 

important that the route path needs to be designed with appropriate routes while still provides customer satisfaction. The 

solution of the multi-objective model resulting with mixed-integer linear programming to obtain Pareto optimal solution was 
implemented by the AGUMECON2 in GAMS® software. 

Our model presents a comprehensive solution for designing giant freshwater prawn supply chain network in 

Thailand. This proposed model optimizes two perspectives of total profit surplus goal and total distance route goal which 

offers the decision maker a choice of trade-off solutions that balances the important objectives. The main advantage of the 

model is its applicability in marine shrimp farming in ASEAN countries which are still operated traditionally. The model can 

be implemented similarly for other brackish water pond culture such as white shrimp farming or other time perishable 

products such as food or fruit.   We conclude the paper with some suggestions that were not considered in this paper but can 

be regarded in future studies. For example, our model assume that the mortality rate of fry increases when the total distance of 

fry transporting increases.  However, the volume of fry which is dispatched from dealer sites to the farm also affects the 
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mortality rate of fry. Some of the parameters of the model such as the mortality rate of fry during transportation can be 

considered stochastic optimization techniques to bring the application closer to reality. 
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Appendix A 

Table A    The Pareto optimal solutions. 

Experiment# Z1 Z2  Experiment# Z1 Z2 

1 782,715.163 2,030  31 785,852.345 2,099 

2 784,306.854 2,032  32 785,881.415 2,101 

3 784,536.043 2,034  33 785,921.842 2,104 

4 784,942.030 2,036  34 785,953.761 2,106 

5 784,983.983 2,039  35 785,974.859 2,108 

6 784,911.741 2,041  36 785,982.401 2,111 

7 784,972.912 2,043  37 786,163.891 2,113 

8 784,921.023 2,046  38 786,253.012 2,115 

9 785,035.921 2,048  39 786,302.492 2,118 

10 785,153.601 2,050  40 786,394.444 2,120 

11 785,205.830 2,053  41 786,451.491 2,122 

12 785,254.023 2,055  42 786,529.053 2,124 

13 785,293.003 2,057  43 786,600.321 2,127 

14 785,320.481 2,060  44 786,668.842 2,129 

15 785,358.901 2,062  45 786,561.850 2,131 

16 785,398.006 2,064  46 786,720.517 2,134 

17 785,436.030 2,067  47 786,795.003 2,136 

18 785,490.691 2,069  48 786,841.351 2,138 

19 785,501.402 2,071  49 786,993.421 2,141 

20 785,496.322 2,074  50 787,092.570 2,143 

21 785,530.462 2,076  51 787,148.857 2,145 

22 785,516.546 2,078  52 787,183.842 2,148 

23 785,532.657 2,080  53 787,200.621 2,150 

24 785,566.724 2,083  54 787,221.210 2,152 

25 785,500.980 2,085  55 787,192.546 2,155 

26 785,493.941 2,087  56 787,153.859 2,157 

27 785,562.836 2,090  57 787,121.954 2,159 

28 785,698.321 2,092  58 787,183.453 2,162 

29 785,763.022 2,094  59 787,282.745 2,164 

30 785,838.518 2,097  60 787,391.031 2,166 

    61 787,456.939 2,169 
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