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a b s t r a c t 

The current intense food production-consumption is one of the main sources of environmental pollution 

and contributes to anthropogenic greenhouse gas emissions. Organic farming is a potential way to re- 

duce environmental impacts by excluding synthetic pesticides and fertilizers from the process. Despite 

ecological benefits, it is unlikely that conversion to organic can be financially viable for farmers, without 

additional support and incentives from consumers. This study models the interplay between consumer 

preferences and socio-environmental issues related to agriculture and food production. We operationalize 

the novel concept of extended agro-food supply chain and simulate adaptive behavior of farmers, food 

processors, retailers, and customers. Not only the operational factors (e.g., price, quantity, and lead time), 

but also the behavioral factors (e.g., attitude, perceived control, social norms, habits, and personal goals) 

of the food suppliers and consumers are considered in order to foster organic farming. We propose an 

integrated approach combining agent-based, discrete-event, and system dynamics modeling for a case of 

wine supply chain. Findings demonstrate the feasibility and superiority of the proposed model over the 

traditional sustainable supply chain models in incorporating the feedback between consumers and pro- 

ducers and analyzing management scenarios that can urge farmers to expand organic agriculture. Results 

further indicate that demand-side participation in transition pathways towards sustainable agriculture 

can become a time-consuming effort if not accompanied by the middle actors between consumers and 

farmers. In practice, our proposed model may serve as a decision-support tool to guide evidence-based 

policymaking in the food and agriculture sector. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

The dramatic growth of the world population and consumption

as tripled demand for food over the past 50 years and led to in-

reased pressure on the natural environment ( FAO, 2017 ). The con-

ribution of agro-food production-consumption to eutrophication

f surface water is estimated at 30% ( Tukker & Jansen, 2006 ). Ac-

ording to The Intergovernmental Panel on Climate Change (IPCC)

2019) , this sector alone accounts for 25–30% of the total global an-

hropogenic greenhouse gas emissions. Despite irreversible impacts

n environmental resources and biodiversity, a growing number of

armers adopt intensive agriculture methods. Primarily, they intend
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o minimize the production costs and inputs, maximize the yield of

rops, achieve economies of scale, run their family business, and in

ome cases, raise mega industrialized farms. Recent studies show

hat not only the farmers and food suppliers but also distributors,

etailers, and consumers are responsible for the environmental im-

act of global food systems ( Notarnicola, Tassielli, Renzulli, Castel-

ani & Sala, 2017 ). Therefore, it is required to broaden the consider-

tion of sustainability issues from an individual farm to the entire

gro-food supply chain (SC). 

The sustainable supply chain (SSC) concept has emerged as

 result of incorporating environmental and social concerns into

he economic management of production and distribution, from

he point of origin to the point of consumption ( Seuring &

üller, 2008 ). Later, the concept of the circular supply chain (CSC)

as been introduced to the field, which focuses on the after-

onsumption phase of products ( Guide Jr & Van Wassenhove,

009 ). More recently, the concept of extended sustainable supply
l., Integrated modeling of extended agro-food supply chains: A 
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chains (ESSC) has been introduced, which goes beyond the pure

operational view and accommodates the behavioral dynamics of

production and consumption (further details can be found in

Taghikhah, Voinov and Shukla (2019) ). The ESSC approach recog-

nizes that sustainable consumer behavior is essential to drive the

decision-making process along the whole SC for improving socio-

environmental performance. 

In this paper, we demonstrate an approach for modeling the

ESSC and its operationalization. This study includes a multi-

echelon supply chain network according to the ESSC framework

in the context of the agro-food industry. It is composed of a set

of farmers, processors, distributors, retailers, and customers; pro-

ducing and consuming both organic and conventional food. We as-

sess the SC performance in terms of economic, environmental, and

social metrics. Our aim is to investigate the impact of shifts from

conventional to organic food consumption on the underlying SC ac-

tivities and behaviors. 

In our literature survey, on the one hand, we found a few ex-

amples of SSC studies paying attention to the preference of con-

sumers. For example, Fan, Lin and Zhu (2019) discuss the influence

of the altruistic behavior of retailers on the willingness of con-

sumers to purchase low-carbon products. They further study the

effect of retailers’ behavior across the entire SC to find out the dy-

namics of the economic and environmental performance of man-

ufacturers. Tobé and Pankaew (2010) empirically study the influ-

ence of green practices of the SC on pro-environmental behavior

of consumers. They conclude that a quarter of the Dutch popula-

tion seems to be green consumers. Nevertheless, when it comes

to buying decisions, the degree of environmental friendliness of

products is not a significant determinant. Coskun, Ozgur, Polat and

Gungor (2016) develop a model that considers the green expec-

tations of consumers as a criterion for making decisions about

the SC network configuration. They show the assets of the model

in a hypothetical example where the consumers are categorized

into the green, inconsistent, and red segments. Focusing on agro-

food SC literature, Miranda-Ackerman, Azzaro-Pantel and Aguilar-

Lasserre (2017) evaluate different pricing strategies based on con-

sumer willingness to pay more for green food products. Sazvar,

Rahmani and Govindan (2018) investigate the effect of substituting

conventional product demand with organic assuming a percent-

age of consumers are willing to shift their preferences. Similarly,

Rohmer, Gerdessen and Claassen (2019) show the impact of pos-

sible consumers’ shift from meat-based to plant-based diet on the

underlying production system. 

On the other hand, there are studies from the economics and

behavioral science discipline that consider some aspects of SCs.

In the field of economics, for example, Wen, Xiao and Dastani

(2020) and Sabbaghi, Behdad and Zhuang (2016) discuss the im-

pact of consumer participation on pricing and collection rate deci-

sions in CSC. The study of Safarzadeh and Rasti-Barzoki (2019) is

another example of such analysis, which models the interactions

between consumers, government, manufacturers, and energy sup-

pliers for assessing residential energy-efficiency program. Regard-

ing the behavioral studies, as a few examples, we point out to the

impact of consumer choices on the retailing sector ( He, Wang &

Cheng, 2013 ; Schenk, Löffler & Rauh, 2007 ), energy market ( Xiong,

Li, Wang & Wang, 2020 ), housing market ( Walzberg, Dandres,

Merveille, Cheriet & Samson, 2019 ), and so on. While researchers

have taken initial steps in highlighting the role of consumers in

managing SC operation, they are far behind in analyzing the be-

havior of various consumers and the collective impacts of changing

their preferences on enhancing SC sustainability. 

The main finding that can be drawn from the reviewed pa-

pers is that there is a lack of research that analytically considers

the role of green consumer behavior in SCM. Moreover, as there

is no experimental or analytical study on the application of the
Please cite this article as: F. Taghikhah, A. Voinov and N. Shukla et 
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SSC framework, it still requires further investigations to be ac-

omplished ( Ferrari, Cavaliere, De Marchi & Banterle, 2019 ). Ac-

ording to Taghikhah et al. (2019) , the complexity of relationships

nd the uncertainties involved in the ESSC requires a more com-

rehensive approach. 

In developing the proposed ESSC model considering the hetero-

eneity of consumers, we take an integrated modeling approach

ombining agent-based modeling (ABM), discrete event simulation

DES), and system dynamics (SD) to simulate both production and

onsumption side of the operation and the feedbacks between

hem. ABM is a useful modeling approach for understanding the

ynamics of complex adaptive systems with self-organizing prop-

rties ( Railsback & Grimm, 2019 ). It allows us to study emergent

ehaviors that may arise from the cumulative actions and inter-

ctions of heterogeneous agents. In the proposed model, we make

se of ABM to define each supply chain echelon/actor as an agent

ith specific behavioral properties and scale. The dynamics of con-

umer behavior and buying patterns is also modeled using individ-

al households as agents who decide what they buy. DES is used

o define the behavior of farmer and processor agents (responsible

or production and distribution) as a series of events occurring at

iven time intervals accounting for resources, capacities, and inter-

ction rules. SD is employed in examining the behavioral patterns

nd interactions between farmers and market using aggregated

ariables. The decisions to be explored in the proposed model are

elated to land allocation, production planning, inventory control,

ricing, and demand management under uncertainty. The model

ccounts for different temporal (from short-term to long-term de-

isions) scales and multiple objectives in supply chains. The appli-

ability of the proposed model is illustrated in the particular case

f the Australian wine industry. The rest of the paper is organized

s follows: Section 2 presents a background on the wine SC char-

cteristics and the modeling techniques applied in designing agro-

ood SC. Section 3 describes the model framework and method.

ection 4 explains the details of a case study. Section 5 presents

he calibration and validation results, the uncertainty analysis, and

ndings from the model. Finally, Section 6 derives conclusions and

ome practical and managerial perspectives. 

. Background 

.1. Sustainability considerations in agro-food supply chains 

Farming, processing, distribution are the main functional areas

f decision making in the agro-food SC. Strategic and operational

arming decisions are about the time of planting and harvesting

rops, the land allocation to each crop type, and the resources and

gro-technologies to be used at the farm. Processing decisions re-

er to the scheduling of production equipment and labor, selecting

roduction-packaging technologies, and controlling the inventory

long the supply chain. The distribution related decisions involve

esigning the logistics network, scheduling the product shipping,

nd selecting the transportation modes and routes. The studies

y Miranda-Ackerman et al. (2017) , and Jonkman, Barbosa-Póvoa

nd Bloemhof (2019) are recent examples of models addressing a

ange of decisions from farm level (e.g., organic versus conven-

ional farming) to the production (e.g., technology selection) and

istribution level (e.g., transportation route). Although studies ad-

ressing SC decisions simultaneously are still lacking, the literature

rend is towards more integrative, holistic agro-food models. 

Strategies aimed at reducing the environmental footprints of

gro-food SC are mainly focusing on the production side, designing

ow-carbon logistics networks, and improving the resiliency and

eliability of food delivery ( Soysal, Bloemhof-Ruwaard, Meuwissen

 van der Vorst, 2012 ). These improvements alone may not bring

onsiderable emission savings to agro-food sector. For example,
al., Integrated modeling of extended agro-food supply chains: A 
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n the case of meat production, which is responsible for approx-

mately 14.5% of total global GHG emissions (e.g., Mohammed and

ang (2017) ), even more than the transportation sector ( Gerber et

l., 2013 ), introducing green logistics and optimizing energy con-

umption in the SC will hardly make a significant difference in its

verall impact. Regarding the food miles and local sourcing, new

tudies show that imported food products do not necessarily have

igher environmental impacts than locals ( Nemecek, Jungbluth, i

anals & Schenck, 2016 ). Using eco-friendly processing technolo-

ies ( Aganovic et al., 2017 ) and utilizing novel packaging options

 Licciardello, 2017 ) are examples of effort s to reduce the envi-

onmental footprint of food processing. An insightful discussion

n these strategies can be found in Li, Wang, Chan and Manzini

2014) . Among the strategies examined in the literature ( Beske,

and & Seuring, 2014 ), demand-side solutions such as consumer

references for sustainable food or vegetarian diets and their influ-

nce on the overall configuration and performance of the SC have

een largely ignored. 

For the production-side strategies, we focus on expanding or-

anic food production systems. With regard to the environmental

urdens of organic farming, scholars have arrived at contradictory

ecommendations. In the first set of studies, they have proposed

rganic farming system as a promising environmental solution due

o a significant reduction in agricultural inputs resulted from en-

anced soil organic matter and thus soil fertility ( Markuszewska

 Kubacka, 2017 ). In another set of research, organic farming is

ot positively assessed, and the studies have also questioned as

o what extent it can improve environmental performance. At the

ame time, more lands are required to produce the same amount

f yields ( Tuomisto, Hodge, Riordan & Macdonald, 2012 ). The con-

radiction between the results of the assessment is due to the lim-

tations of LCA ( van der Werf, Knudsen & Cederberg, 2020 ). Re-

earchers advise that although there is no single best farming sys-

em, in many circumstances (depending on soil type, climate, al-

itude, and legislation), organic farming can be considered as the

ptimal system creating more resiliency in food systems. For a

omprehensive discussion around the topic of organic versus con-

entional farming, we refer interested readers to Risku-Norja and

ikkola (2009) . 

.2. Modeling methods in the agro-food supply chain 

From a modeling perspective, mathematical optimization tech-

iques (combined with life cycle assessment) are the dominant ap-

roach used for designing SSC for food products ( Zhu et al., 2018 ).

ome researchers take deterministic approaches such as linear pro-

ramming, mixed integer programming, and goal programming

 Oglethorpe, 2010 ) to design and plan SCs. The uncertainty and

ynamics in the parameters are addressed by approaches such as

tochastic programming ( Costa, dos Santos, Alem & Santos, 2014 ),

uzzy programming, simulation modeling, and game theory. The

hoice of modeling technique depends on various factors such as

roblem scope, inherent complexity, and uncertainty in the SC,

odelers’ skill, and data availability. 

Although a decade ago, the increasing necessity of using system

cience methods, such as ABM, SD, and network theory for study-

ng agro-food SCs have been emphasized ( Higgins et al., 2010 ), not

any applications can be found in practice. Authors have applied

BM in developing theories and policies to improve the perfor-

ance of the agro-food industry ( Huber et al., 2018 ). Theory fo-

used studies aim to explore the application of theories in under-

tanding agents decision-making process (e.g., farmer, government,

ealer, etc.) or develop new theories to explain the interactions

mong individual agents (e.g., Malawska and Topping (2018) ). The-

ries have already helped to describe the formation of coopera-

ion networks, restructuring the partnerships, and rearrangement
Please cite this article as: F. Taghikhah, A. Voinov and N. Shukla et a
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f the market power (See Utomo, Onggo and Eldridge (2018) ). Pol-

cy focused ABMs study the impact of financial (e.g., incentives and

ubsidies, pricing, credit, and compensation schemes), innovative

nd technological (e.g., improved seed, tree crop innovations, or

nvironmental (e.g., organic agriculture, organic fertilizers) policies

n the performance of food SC ( Albino, Fraccascia & Giannoccaro,

016 ). In a recent review on the application of ABM in agriculture,

tomo et al. (2018) emphasize that important actors of the indus-

ry, such as food processors, retailers, and consumers, are rarely

odeled in the current ABM literature and call for further research

n these areas. 

Despite the growing interest in using optimization approaches,

he application of simulation techniques in the SSC context is

carce. Recently, Rebs, Brandenburg and Seuring (2018) , Wang and

unasekaran (2017) , and Brailsford, Eldabi, Kunc, Mustafee and Os-

rio (2019) have suggested getting the advantages of combined

imulation modeling methods in assessing complex SSC prob-

ems. In response to this call, our study presents the develop-

ent of an extended food SC model that incorporates the dy-

amics of farmers, processors, retailers, and consumers behavior

s well as sustainability aspects. For this we used an integrated,

r rather an integral ( Voinov & Shugart, 2013 ) modeling approach

o link production decisions to consumption choices in a holistic

ay. 

.3. Behavioral modeling and hybrid simulation 

In recent years, the area of modeling behavioral aspects of

ecision-making has received the attention of researchers and

ractitioners. The behavioral modeling approach presents an alter-

ative basis for decision making in supply chains, which are tradi-

ionally modeled largely with mathematical optimization models.

n behavioral models, individual decisions are modeled as per the

efinition of bounded rationality where decisions are made with

espect to the limited available information, individual preferences

nd biases, cognitive limits, and time available to make decisions.

or example, Kunc (2016) , provided a useful resource to under-

tand the use of system dynamics based simulations for behavioral

odeling. These types of modeling approaches can provide new

nd emergent insights about operations and supply chain manage-

ent. However, the use of behavioral modeling methods should be

arefully designed and validated as such approaches can also intro-

uce undesired complexity, higher ambiguity in the modeling envi-

onment, and harder interpretation of results. For a comprehensive

iscussion on this topic, see Kunc, Malpass and White (2016) . 

Commonly used methods for quantitative analysis in supply

hain management, largely, relied on the optimization approaches

ased on constrained linear and nonlinear optimization algorithms,

s well as dynamic programming and discrete optimization exact

ethods, heuristics and metaheuristics ( Barbosa-Póvoa, da Silva &

arvalho, 2018 ). While these approaches performed well generally,

ut they fall short in modeling behavioral aspects that are bounded

ational in nature. Methods such as SD, ABM are able to simu-

ate the intangible aspects of the SCM effectively, including interac-

ions among different SC stages, learning over time for SC partners

nvolved, and continuous feedback on key decisions in the pres-

nce of limited information. However, studies employing simula-

ion modeling (e.g., ABM, SD) in the area have been few and far

etween, as reported in the recent study by Dharmapriya, Kiridena

nd Shukla (2019) . In fact, there are even less studies reported on

odeling consumer behaviors in the SC using simulation modeling

 Taghikhah et al., 2019 ). 

Hybrid simulation is an approach that involves integrating mul-

iple simulation methods such as DES, ABM, and SD (a compre-

ensive taxonomy can be found in Mustafee and Powell (2018) ).

t has a strong practical appeal to deal with the limitations of a
l., Integrated modeling of extended agro-food supply chains: A 
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Fig. 1. Conceptual framework of ESSC for the wine industry. 
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single method in developing behavioral modeling ( Mustafee et al.,

2017 ). This approach allows the models with different levels of ab-

stractions to interact with each other and increases the flexibility

of end-users in using them for decision-making. The main chal-

lenges of hybrid simulation are difficulty in verification and valida-

tion, huge computational complexity ( Bardini, Politano, Benso & Di

Carlo, 2017 ), and low practical applicability for solving real-world

cases. Brailsford et al. (2019) found that among 139 published pa-

pers using hybrid simulation, combined SD-DES is the most popu-

lar method. In contrast, a combination of DES, SD, and ABM is the

least used method, reported only in 14 papers. In this paper, we

compared the results of using both approaches and provide insight

into their performance in a case study. For in-depth analysis of hy-

brid modeling, see Brailsford et al. (2019) , Eldabi et al. (2018) , and

Mustafee et al. (2017) . 

3. Methodology 

In this study, SC is composed of four actors/echelons -

farmer, winemaker, retailer, and consumer - collaborating to

achieve their various goals (see Fig. 1 ). They may have differ-

ent functions, complexity levels, temporal dimensions, and spa-

tial scales. In the proposed ESSC model, ABM is used together

with DES and SD to model the behavior of each actor. The

model is programmed in AnyLogic 8.3 Software and it is openly

available at Comses ( https://www.comses.net/codebase-release/

eeb3cd12 –91ac-4ba7 –81f7 –8c8bfe7bd804/ ). It is built in a GIS

computational environment enabling users to adjust the resolution

and scales during the run time. 

The wine market studies reveal that retailers have high bargain-

ing power ( Australian competition & consumer commission, 2019 ).

Recently, concentration in most of the retail industries including

liquor has increased, with only a few retailers controlling the large

market share and setting the prices and quantities strategically.

The oligopolistic behavior of retailers significantly reduces wine-

makers’ power in their negotiations and turns them into price tak-

ers. 

Having said that, winemakers still have a significantly stronger

bargaining position compared to grape growers. In other words,

farmers cannot merely pass higher grape prices and other costs
Please cite this article as: F. Taghikhah, A. Voinov and N. Shukla et 
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long the supply chain to wineries. These considerations justify the

ssumptions of hierarchical structures and central control changes

o collaboration between actors to maximize the profit. 

.1. ESSC inputs 

Both historical and empirical data are used to parameter-

ze, calibrate, and validate the model (for more details refer to

ections 4 and 5 and appendix B, C, and D). The data on crop

cheduling, vineyard costs, farming practices, grape types, and land

ield describe the farmer agents. The winemaker agents use histor-

cal data on numbers and capacities of machinery, production pro-

esses, time, costs, and grape requirements. The information col-

ected from liquor retailers’ annual reports and the wine industry

eports, including the prices, market structure, export and import,

ales, and profit of retailing, addresses the data inquiry of retailer

gents. Finally, consumer surveys about wine preferences provide

ata for the behavioral (e.g., beliefs, goals, experiences, and per-

eptions) and contextual factors (e.g., price, availability, accessibil-

ty) of the consumer agents. Regarding the intermediate link, as

hown in Fig. 1 , the consumer preferences and demand for prod-

cts (derived from consumer ABM) influence the retailers selling

rice and availability of wine types (derived from retailer ABM).

his price and availability dynamics in conjunction with the vol-

me of wine production (derived from winemaker DES-ABM) af-

ect the wine inventory levels, order size, and retailers purchasing

rices. These changes in the volume and price of wine are reflected

n farming contracts and determine the volume of grape harvest

derived from farmer DES-SD). 

.2. ESSC methods 

An integrated ABM-DES-SD method is employed for the ESSC

odel development. We use ABM for simulating consumer be-

avior and retailer operation. It is a bottom-up method suitable

or modeling complex social, behavioral dynamics to study het-

rogeneity and the emergence of collective actions. In facing the

ame situation, every consumer and retailer agent has a unique

easoning mechanism, and they act based on predefined decision

ules. A combination of DES and ABM is employed for modeling
al., Integrated modeling of extended agro-food supply chains: A 
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Fig. 2. Schematic of operations in farmer agents. 
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he dynamics of wine production and distribution operations. DES

resents (discrete) sequence of wine processing events in time. Fi-

ally, a combined DES and SD method simulates the annual growth

ycle of grapevines and predicts farmers’ expectations about the

alue of organic farming ( Fig. 1 ). 

.3. Actions and behavior of agents 

.3.1. Farmer agent 

Farmers act as the first-tier suppliers in the model. They

row two types of grapes - organic and conventional, which are

arvested once a year. Depending on the availability of arable

and and the farming practice (organic versus conventional), each

armer agent has a distinct production capacity and unit operating

ost. Fig. 2 presents a simplified schematic of farmer operations. 

The model assumes that farmers have fixed land area avail-

ble to supply the grape requirements of wineries. Farmers are

ontracted by winemakers to grow grapes under a capacity guar-

ntee contract-farming scheme. This contact determines the ap-

roximate volume and the type of grapes - organic and conven-

ional - required for production. In this study, organic farming

efers to a method of crop production that relies on biological

est controls (e.g., cover crops), and organic fertilizers (e.g., ma-

ure). Conventional farming, in contrast, uses synthetic fertilizers,

ungicides, and pesticides to maximize the vineyard yield. The or-

anic farming system is considered more sustainable since it can

eep soil healthy and maintain the productivity of land. The sim-

lation begins in springtime when the grapevines are in the bud

reak phase. In this phase, tiny buds start to swell and eventually

hoots grow from the buds. Approximately 40–80 days later, small

ower clusters appear on the shoot, and the flowering phase starts.

oon after, 30 days on average, the flowers are pollinated, and the

erries start to develop. This crop phase determines the poten-

ial yield of the vineyard. In the next phase, veraison, the color

f grape berries changes after 40–50 days signaling the beginning

f the ripening process. Following veraison, within 30 days, farm-

rs complete the harvest, remove grapes from the vine, and trans-

ort them to wineries for further processing. Due to the variation

n climate conditions over the years, we consider a stochastic crop

rowth process where the annual harvest of organic and conven-

ional grapes is: 

 

o 
f ( y ) , G 

c 
f ( y ) = 

{
λo 

f ( y ) Y 
o 
f , λ

c 
f ( y ) Y 

c 
f 

}
(1) 

Where, λo 
f 
(y ) , λc 

f 
(y ) are grape yields and Y o 

f 
, Y c 

f 
are cultivated

reas at year y for organic and conventional grapes at farm f . The

nnual production cost at farm f ( C f (y ) ) varies depending on the

roduction cost of organic and conventional grapes. 

Farmer agents make judgmental assessments of the value of or-

anic and conventional farming systems. The hypothesis of adap-

ive expectations ( Nerlove, 1958 ) states that the expectations of the

uture value of the interest variable depends on its past value and

djusts for the prediction error. Thus, the calculation of progressive

xpectations or error learning hypothesis is derived from observing

he difference between past and present market values. The market
Please cite this article as: F. Taghikhah, A. Voinov and N. Shukla et a
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nd equilibrium price of organic and conventional wine (discussed

n Section 3.4 ) guide farmers’ expectations of adaptation to organic

arming (shown in Fig. 3 ). 

The current expectations of the value of organic farming in the

uture is calculated as: 

 

o 
f ( y ) = 

∫ ω 

0 

ϕ 

o out 

f 
( ω ) dω; (2) 

ϕ o out (ω) 

= 
{

0 , 

ϕ o err 

f 
(ω) /t, 

i f (ϕ o out 

f 
(ω) ≤ 0 and ϕ o err 

f 
(ω) /t < 0) or i f (ϕ o out 

f 
(ω) ≥ 1 and ϕ o err 

f 
(ω) /t > 0) ;

else ;

ϕ 

o err 

f 
(ω) = ϕ 

o in 
f 

(ω) − ϕ 

o out 

f 
(ω) ;

Where ϕ 

o out 

f 
(ω) is the past perceived value of organic wine,

 

o err 

f 
(ω) is the partial adjustment, which describes the gap be-

ween reported value (ϕ 

o in 
f 

(ω) ) and the perceived value of organic

ine. A full description of sub-models and their equations is avail-

ble in Appendix A.1.1. 

.3.2. Winemaker agent 

Winemaker agents process grapes to produce two types of

roducts, organic and conventional wines. They are responsible for

toring and dispatching final products to retailer agents. The total

roduction capacity per agent is fixed, but periodically, the capac-

ty ratio for organic and conventional wine production can adapt to

he size of retailer orders. Fig. 4 presents the operations in wine-

aker agents. 

Due to perishability issues, winemakers try to process the

rapes straight away after the harvest. The grapes get sorted,

rushed and pressed, fermented, matured, and bottled as organic

nd conventional wines. Assuming winery w purchases all the

armer f yield, their annual production is: 

 

o 
w 

( y ) , F c w 

( y ) = 

{
G 

o 
f ( y ) μw 

, G 

c 
f ( y ) μw 

}
; (3) 

Where G 

o 
f 
(y ) and G 

o 
f 
(y ) are the availability of raw materials

rom 1 and μw 

is the capacity of processing facilities. While the

ame type of machinery can be used for producing organic and

onventional wines, the processes (e.g., excluding sulfate during

ermentation and bottling for organic wine) and associated costs

ight be slightly different. Upon order arrival from retailers, the

inemakers check for the stock availability and follow a rule-based

easoning approach to best fulfill them as described in Appendix

.1.2. 

To prevent the issuance of new orders in case of no stock, win-

ry w informs all the retailer agents that due to unavailability of

tock { (I o w 

(d) , I c w 

(d) ) < ( I 
o min 
w 

, I 
c min 
w 

) } , they would not accept fur-

her orders. This is done because wine production can take place

nce a year at the end of harvest season. Before this time, any new

rder will be placed in the queue for processing when the product

s available. 
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Fig. 3. Value-based expectations of farmers about organic farming. 

Fig. 4. Schematic of functions in winemaker agents. 

Fig. 5. Schematic of operations in retailer agents. 
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3.3.3. Retailer agent 

Retailer agents have the responsibility of supplying products

quickly and reliably, forecasting demand accurately, and controlling

the inventory levels continuously. They employ dynamic inventory

control models to make a trade-off between SC costs and demand

fulfillment. Fig. 5 summarises the operations in this agent type. 

The decisions on when to place an order and how many

products to order from winemakers can impact the inventory-

related costs. A continuous review inventory policy meets the re-

quirements of retailers in response to dynamic demand situations

( Hollier, Makj & Lam, 1995 ). This policy allows them to review

their inventory levels for both organic and conventional products

on a daily basis at minimum costs. When the inventory drops to

some predetermined level’ s ’ (known as reordering point), lot of

size ’ S ’ is ordered. The reordering point ( s o r (d) , s c r (d) ) makes sure

that sufficient stocks are available to meet the demand before the

order arrives at the retailer r to replenish the inventory levels. The

order size for retailer r , ( S o r (d) , S c r (d) ) is a function of the eco-

nomic order quantity ( Q 

o 
r (d) , Q 

c 
r (d) ) and the inventory at hand
 (  

Please cite this article as: F. Taghikhah, A. Voinov and N. Shukla et 
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 I o r (d) , I c r (d) ). Appendix A.1.3 presents the details of inventory man-

gement system. 

.3.4. Consumer agent 

Consumer agents follow a certain decision-making process to

ake choices between organic and conventional wines. ORV in, an

BM developed by Taghikhah, Voinov, Shukla and Filatova (2020) ,

s integrated into our model to estimate the consumer preferences

or wine. In exploring the cumulative market consequences of indi-

idual consumer choices, factors such as social influence, drinking

abits, and behavioral dynamics come into play. Fig. 6 presents a

ummary of the functions used in this agent type. 

To understand the wine purchasing behavior, the theory of

lanned behavior (TPB) ( Ajzen, 1985 ) is considered along with

lphabet theory ( Zepeda & Deal, 2009 ) and goal framing the-

ry ( Lindenberg & Steg, 2007 ). According to TPB, a particular be-

avioral choice is preceded by intention, which in turn is influ-

nced by an individual’s behavioral attitudes, normative beliefs

i.e., social influence, perception of social pressures, belief that an
al., Integrated modeling of extended agro-food supply chains: A 
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Fig. 6. Schematic of functions in retailer agents. 
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mportant person or group of people will approve and support a

articular behavior), and control beliefs (belief in ability to influ-

nce own behavior, and control behavioral changes resulting from

pecific choice). However, Alphabet theory explains the influence

f habits on the relationship between intentions and actual behav-

or (e.g., organic food purchase). Besides habits, the goal-framing

ocuses on the impact of enviro-contextual conditions on personal

oals (i.e., hedonic-gain-normative goals) when making decisions.

n this study, we have included all of these theories in an inte-

rated framework setting for exploring behavioral and contextual

actors, including intentions, habits, and personal goals that may

nfluence wine purchasing decisions. This combination provides a

heoretical framework for exploring behavioral and contextual fac-

ors, including intentions, habits, and personal goals that may in-

uence wine purchasing decisions. Consumers have intentions for

urchasing either organic or conventional wine before shopping.

hen they arrive at the nearest retailer, they first check the avail-

bility and price of wine types. If the price of wine is higher than

he consumers’ spending limit or if no wines are available in stock,

hey leave the shop without purchasing any wine. Otherwise, they

hoose wines based on their intentions, habits, observations of

hat other shoppers buy, and the perceived value of products. Dur-

ng the simulation, the shopping experience, the information about

rganic wine, and the dynamics of price and availability of wines

ffect the wine preference of consumers. For a technical explana-

ion of the model, please refer to Appendix C: ORV in model de-

cription in ( Taghikhah et al., 2020 ). 

When integrating ORV in into the ESSC model, some restrictions

f the model could be released as below. 

• In ORV in all the retailers have equal stocks of wine. Now, re-

tailers are different, and, apart from price considerations, the

product availability on the shelf can affect the perception of

consumers about their choice control (i.e., perceived behavioral

control (PBC)). 
• In ORV in no product shortage is allowed, and the service level

is 100%. Now some acceptable level of product shortages can

happen, and these are modeled as a service level. 

.4. Agent interactions specification 

Fig. 7 displays the interactions of agents supporting the oper-

tions of ESSC. Three interaction schemes are proposed: service

evel management scheme, pricing management scheme, and land

anagement scheme. 

Retailer agents are gatekeepers between the producer and con-

umers. In interactions with consumer agents, retailer agents have

ultiple touchpoints to influence consumer preferences, including

rices, and on-shelf availability. There are situations when wines

f a certain type, for example, conventional ones, are not available

t the shops. If consumer m habit of purchasing conventional wine

s weaker than their intention to purchase organic wine ( H 

c 
m 

(d) <

 

o 
m 

(d) ), a shift in their preference (from conventional to organic

ine) can occur that may lead to purchasing organic wine (also
Please cite this article as: F. Taghikhah, A. Voinov and N. Shukla et a
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epending on the other factors). A detailed description of the inter-

ctions between consumer and retailer agent is in Appendix A.2.1. 

Retailers are also responsive to the changes in the demand for

roducts to keep the profit margin of SC stable. For maintaining

igh service levels (i.e., acceptable stockout rates), they may ad-

ust inventory policies and set new pricing strategies. They should

eep the inventory stock-out at an acceptable level to timely meet

ustomer demand. 

The service level at week ω is: 

% ( ω ) = 1 −
(

N 

l a v g 
m 

( ω ) 

N 

T 
m 

)
; (4) 

Where N 

l a v g 
m 

(ω) is the average number of lost consumers and

 

T 
m 

denotes the total population of households. θ% (ω) should not

rop to less than the minimum acceptable level (assumed to be

5% ( θ = 0 . 95 ) ). 

In transitioning demand from one product type to another, for

nstance, from conventional to organic wine, the conventional wine

tock level grows, and at the same time, the organic wine stock

evel declines in the SC. This supply-demand imbalance prompts

etailer-winemakers interactions, where they take different pricing

trategies. Retailer agents monitor the dynamics in the organic and

onventional wine inventory stocks using statistical process control

SPC) charts ( Oakland, 2007 ). Upper and lower control limits for

he wine inventory SPC charts are yearly determined following a

et of production rules, as presented in Appendix A.2.3. Nelson rule

hecks whether the process is in control/out of control. 

According to Nelson rule 8, if the inventory level is out of

he defined upper and lower limits for at least nine consecutive

ime units, then the process is uncontrolled. For example, in sit-

ations when due to the changes in the market trend, there is a

hortage of products, the prices are subjected to rise to rebalance

he demand and supply. Generally, oversupply leads to a drop in

he market prices while undersupply increases the market prices

f organic and conventional wines ( P o (ω) , P c (ω) ) by a predeter-

ined rate ( R o , R c ) . The changes in the market price of wines

annot drop below the minimum ( P o min , P c min ) or go beyond the

aximum price of wines ( P o max , P c max ). As the price of products

ill change temporarily over a short period, it may not be effec-

ive in coping with the market price gap when there are signif-

cant supply and demand imbalance. Price adjustment is an ef-

ective market mechanism aiming to tune the equilibrium prices

 P o eqb (ω) , P c eqb (ω) ) for increasing or decreasing the sales of a

roduct for longer periods. Instead of a fixed price option, wine

quilibrium prices are modified on a γ week-by-week basis at dif-

erent rates except during the land conversion period from conven-

ional to organic. 

A sequence of decisions winemakers and retailers make about

he wine prices affects the production plans and supply agree-

ents with farmers. When the profit from a certain wine type in-

reases, its production becomes financially more attractive and vi-

ble to winemakers. In these situations, the winemakers send re-

ised orders to farmers requesting for different quantities of each

rape type and proposing a new price schedule for the yields.
l., Integrated modeling of extended agro-food supply chains: A 
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Fig. 7. ESSC interactions schemes. 
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Farmers respond to these requests by evaluating their capabilities

in terms of whether they can fulfill the order with the current

vineyard configuration, or they need to convert a portion of their

farmland to organic/conventional to meet the future demand from

the winemakers. Appendix A.2.3 provides a detailed explanation of

the farmers’ capacity and decisions about fulfilling the winemak-

ers’ orders for grape. 

Thus, both parties decide on the volume and selling price of

yield in a renewed contract farming agreement as summarized be-

low. 

Convert from conventional to organic farming: No changes in the

production plan and vineyard configuration is expected unless the

equilibrium price of organic wine increases before the planting

season ( �P o (y ) > 0). The organic conversion scale (the amount of

land to be converted in year y) is: 

�o ( y ) = 

{ 

max { �min , χ o ( y ) } , 
�min , 

min 

{
�min , χ o ( y ) 

}
, 

if ( δo ( y ) ≤ 0 . 3 ) ;
if (0 . 3 < δo ( y ) ≤ 0 . 7) ;

if (0 . 7 < δo ( y ) ) ;
(5)

Here, �min is the minimum conversion scale, χ o (y ) is the land

required for conversion based on demand estimations, and δo (t)

is the perceived failure risk of conversion. The transition from con-

ventional to organic farming takes three years. The yield from tran-

sitioning farms can only be sold as conventional products. This

long lead time not only adds to the complications of balancing

market demand but also gives a bias to farmer judgments about

the long-term cost-benefits of their organic vineyards, as discussed

in Section 3.3.1 . 

Revert from organic to conventional farming: The decisions on in-

creasing the production volume of conventional wine and revert-
Please cite this article as: F. Taghikhah, A. Voinov and N. Shukla et 

systems approach, European Journal of Operational Research, https://do
ng from organic to conventional agriculture impose higher risks

n the financial performance of SC. In this model, the dynamics of

quilibrium price of organic and conventional play the main role

n provoking the reversion decisions ( �c (y ) = �min ) as: 

• If there is no positive change in organic wine equilibrium price

while the conventional equilibrium price is increasing and the

SC service level is less than the minimum acceptable level, or 
• If there is an oversupply of organic wine and its equilibrium

price is at a minimum. 

.5. ESSC outputs 

Sustainability objectives, including social, environmental, and

conomic considerations as well as behavioral considerations,

uide the ESSC decisions. 

We address the social issues from the public health perspective

s a function of organic food consumption. Organic diets expose

onsumers to fewer chemicals associated with human diseases

uch as cancer ( Chen, Chang, Tao & Lu, 2015 ), autism ( Kalkbrenner,

chmidt & Penlesky, 2014 ), and infertility ( Chiu et al., 2018 ). Kesse-

uyot et al. (2017) reported that the risk of obesity in organic food

onsumers is reduced by 31% as a result of adopting a nutrition-

lly healthier dietary pattern. It could also be noted that the peo-

le making organic food choices are usually more informed about

heir diet and lifestyle choices, which could, in turn, result in re-

uced obesity risks. However, there is an increasing number of

esearch studies that have linked increasing health benefits from

rganic food consumption. In a recent experiment, Hyland et al.

2019) measured the pesticide metabolite levels of 16 individuals
al., Integrated modeling of extended agro-food supply chains: A 
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efore and after switching to an all-organic diet. They found that

he level of synthetic pesticides in all participants has dropped,

n average, 60.5% after eating only organic just for 6 days. A re-

ent comprehensive discussion of organic food benefits for human

ealth is also found in Vigar et al. (2020) . By increasing the con-

umption of organic food, people can improve their health and

ell-being. Thus, 

(1) Social performance accounts for organic product consump-

ion and is defined as: 

o c sc ( y ) = N 

o 
m 

( y ) ; (6) 

Where, N 

o 
m 

(y ) is the number of organic consumers in year y .

ohmer et al. (2019) and Sazvar et al. (2018) used similar diet-

elated indicators such as nutritional compliance (i.e., amount of

utrient n consumed) and individual health-living environmental

ealth (i.e., organic product consumption and production) to assess

he performance of SSC in terms of public health. 

With regard to environmental issues, this study focuses on the

ize of land used for organic farming practices. The heavy use of

esticides and synthetic fertilizers in conventional farming is seen

s a major cause for more than 40% decline in the number of in-

ects, and if this trend continues, there may be no insects left in

he next 100 years ( Stepanian et al., 2020 ). Adoption of organic

arming can help to: protect soil quality, keep waterways clean,

nd preserve the landscape. Certainly, organic farming can reduce

nvironmental impacts related to toxicity, and it could also help in

iodiversity preservation. 

(2) Environmental performance measures the size of land used

or organic farming and is defined as: 

n v sc ( y ) = 

f ′ ∑ 

1 

λo 
f ( y ) (7) 

here, λo 
f 
(y ) is the total land used for organic farming in year y . 

We consider the revenue obtained from the sale of organic food

roducts as an indication of economic performance. While SC cost

s the most commonly used indicator, this research focuses on

reen economic growth and fostering the income from green prod-

cts. Thus, 

(3) Economic performance evaluates organic income and is de-

ned as: 

c o sc ( y ) = 

r ′ ∑ 

1 

P o r ( y ) ; (8) 

Where, P o r (y ) is the total organic food product sales in year y ,

alculated as D 

o 
r (d) . P o (ω) . 

Given the difficulties associated with the quantification of be-

avior, farmers’ goals, and expectations of organic farming adop-

ion can be used as a measure. According to Bouttes, San Cristo-

al and Martin (2018) , organic farmers’ work enjoyment is deter-

ined by their expectations of organic farming conversions, “a sat-

sfaction heightened by the positive feedback they already receive

or their decision to convert.” In transitioning to more ecological

arming practices, the market feedback (in terms of price incen-

ives offered by consumers) is essential to enable farmers to en-

ance adaptive capacity, recover from current setbacks and cope

ith future change. Thus, 

(4) Behavioral performance is defined as: 

eha v sc ( y ) = 

f ′ ∑ 

1 

A 

o 
f ( y ) ; (9) 

Where, A 

o 
f 
(y ) is the value-based expectations of farmers about

rganic farming in year y from (2). 
Please cite this article as: F. Taghikhah, A. Voinov and N. Shukla et a
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. Case study description 

The general model described in Section 3 is applied to a case

tudy derived from Australian wine industry. Currently, less than

.5% of grape production volume in the Australian wine market

elongs to organic wine, and the total global organic vine area

eached 40 0,0 0 0 hectares in 2017 (Wine Australia, 2017). Most of

he certified organic wines are exported to Europe (78%, mostly

weden, UK) and the United States (12%). According to a recent

eport of Wine Australia (2019), the percentage of Australians who

sought to purchase any organic wine in the past six months" is

pproximately 20%. Despite the growing interest in the global mar-

et, still, organic wine remains a niche segment in the domestic

arket. Given this dependency of the primary organic production

n the end consumer preferences, we take this case to illustrate

he methodological added value of the ESSC. As shown in Fig. 8 ,

he ESSC has different aggregation levels, varying from individu-

ls (e.g., consumers) to businesses (e.g., retailers, winery) and to

armers. Note that this is not a literal description of the Australian

ine economy, and there are no specific assumptions apart from

eneral connections between layers. The time step for the model

s one week, as it is the basic time unit that corresponds to the

ine shopping frequency reported by most of the households -

nce per week. In general, the economic life of the grapevines is

p to 30–40 years ( Carbone, Quici & Pica, 2019 ), and thus the sim-

lation runs for 30 years. For a complete description of data input

hat we have collected from literature and field, please refer to Ap-

endix B. 

The focus of our study was on understanding the collective im-

act of individual behavior change on the performance of the sup-

ly chain. In doing so, we have modeled disaggregated demand

sing ABM as the best option. DES and SD enabled us to sim-

late their processes involved and a workable mental model for

armers at the aggregated level. With regard to farmers and wine-

akers, we aimed at presenting the usual operations and practices

n the region. So, in the model, we use a representative farmer

gent and a winemaker agent with the characteristics of the cool-

limate grape growers in South Australia and the typical processes

f its commercial wineries, where we had collected empirical data.

his region alone is responsible for more than half of the pro-

uction of all Australian wines. While we acknowledge that more

han sixty different species of grapevines exist in the Australian

ineyards, for simplification, we collect data on one popular type,

abernet Sauvignon (yield of organic/conventional land, resource

equirements, and operational costs) (refer to Appendix B.1). 

Usually, wineries are established in the grape-producing zones

o reduce transportation costs and preserve the quality of crops.

he winery warehouses, however, may be located far from pro-

uction sites and closer to customer zones. We assume that the

inery warehouse, located in the vicinity of the retailers, uses a

ogistic system of the truck scale to distribute the products (re-

er to Appendix B.2). There are five retailers in the model illus-

rating major Australian alcohol market players (including Wool-

orths, Coles Group, Metcash Limited, Aldi, and others). Each re-

ailer has at least one shop in the City of Sydney Local Govern-

ent Area (LGA). The average price of organic and conventional

ines (tax included) across all stores is $13.00 and $10.00 per bot-

le, respectively. These prices are aligned with the average price of

rganic and conventional wines presented on Wine Australia web-

ite ( https://www.wineaustralia.com ). On top of retailing costs, the

ustralian wine retailers should pay Wine equalisation Tax (WET)

29% of half the price of wine) and Goods and Service Tax (GST)

GST is 10% of the full price) to the governing body (refer to Ap-

endix B.3). The wine preference of 2099 households reported in

gbeide (2013) is used for the consumer agent. Readers can find

he details of ORV in data in Appendix C of Taghikhah et al. (2020) .
l., Integrated modeling of extended agro-food supply chains: A 
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Fig. 8. A presentation of ESSC model for the case study; black and gray dots indicate the heterogeneity of consumers, and the connections symbolize social networks. 
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5. Results and discussion 

5.1. Model calibration and validation 

Calibration is a vital step in tuning the model to reproduce em-

pirical data by tweaking the values of some of the model parame-

ters. There was only a limited number of experimental results that

we could use for this purpose. From Ogbeide (2013) , we had the

number of consumers having a positive attitude towards organic

wine, and from the Wine Intelligence (2018) survey, we could es-

timate the ratio of organic to conventional wine consumers. These

numbers were used for calibrating the model. A list of calibrated

parameters is presented in Appendix C. 

Where possible we use the real-world data (secondary col-

lected elsewhere for other purposes, and primarily derived from

expert interviews with wine and organic industry analysts) com-

plemented with our assumptions about particular parameter val-

ues (explicitly discussed through the paper and tested on sensi-

tivity) where data was lacking (refer to Appendix C). Given the

methodological focus of the paper – to illustrate the dynamics of

supply chains integrated with the behaviorally-rich representation

of consumers who follow empirical behavioral traits from the sur-

vey, usually omitted from the theoretical mathematical models–

it is important to understand where and how the results of the

ESCC differ from the conventional representation of a consumer.

Hence, according to the case study categorization of Brailsford et

al. (2019) for hybrid modeling, our model follows a mixed real-

world and illustrative approach to explore the behavior of the in-

tegrated ESSC rather than to predict it in application to a particular

case. 

Fig. 9 presents the calibrated number of organic wine con-

sumers (153 consumers equal to 7–8% reported market size) in

20 runs. The variations in the demand are caused by the stochas-

ticity of supply levels, product availability in different shops, and

behavioral parameters. The land used for organic farming is 0.58

(hectare) and the annual sales of organic products stay around AU$

38,334. 

As our model has three ABM, SD, and DES methods, the valida-

tion process was not straightforward. The problem of verification

and validation of hybrid models have been extensively discussed

in Brailsford et al. (2019) . Nevertheless, we did address validation

aspect as indicated in the following. 

ABM for consumer model has already been validated by

Taghikhah et al. (2020) using aggregated results that reproduce

observed data. The consumer survey by Ogbeide (2013) also con-

tained the number of consumers intending to purchase organic
 e  

Please cite this article as: F. Taghikhah, A. Voinov and N. Shukla et 
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ine, when the price of organic wine is set to AU$12, AU$13, and

U$14. This data was not used for calibration purposes and was set

side to revalidate the model. 

A comparison between the estimated number of consumers in-

ending to purchase organic wine and the empirical data from lit-

rature is reported in Table 1 . The results from the simulation

odel can estimate the number of organic wine consumers with

igh accuracy, translating to an error between 3% and 18%, depend-

ng on the willingness-to-pay settings. 

For the DES model of vineyard process and outputs, we con-

ulted industrial experts in the field of organic food science and

griculture and made presentations at conferences and meetings.

e also tested the performance of model using extreme scenarios,

or example, maximum and minimum prices for wine, maximum

nd minimum values for yields of vineyards, maximum and mini-

um values for statistical process control. 

.2. Uncertainty analysis 

.2.1. Local sensitivity analysis 

Because of the overall model complexity, we used the one-

actor-at-a-time (OFAT) method to calculate the sensitivity of

odel outputs to the input parameters. We analyze the model out-

uts by varying the model inputs by ±20% of their base case val-

es. 

For example, Fig. 10 presents the sensitivity of model results to

ariations in the weights of attitude ( WA ), PBC ( WB ), social norms

 WS ), hedonic goals ( WH ), gain goals ( WG ), and normative goals

 WN ). For a detailed discussion on these weights, we refer the

eaders to Appendix C.3.3 in ( Taghikhah et al., 2020 ). Variations

f less than 5% are excluded from the charts. Overall, social and

conomic performance have the lowest sensitivity to the inputs,

hile environmental and behavioral performance undergo signifi-

ant variations. WA and WS account for the highest changes in so-

ial and economic performance, respectively ( + 22% ([18%, 24%] at

5% confidence interval (CI)) and + 23% ([20%, 27%] at 95% CI) com-

ared to the baseline). The value of environmental performance

s equally sensitive to WA, WS, and WN parameters ( + 40% ([39%,

1%] at 95% CI) of the baseline estimation). The behavioral perfor-

ance shows high sensitivity, nearly ±40%, to the dynamics of WN

nd WH. Appendix D provides a detailed explanation of the modi-

ed parameters and their influence on the results. 

From this uncertainty analysis, we can conclude that while the

odel is statistically sensitive to some parameters (e.g., WA, WH,

nd WN), overall, the model outputs (such as economic, social,

nvironmental, and behavioral performance) are quite robust, stay
al., Integrated modeling of extended agro-food supply chains: A 
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Fig. 9. The number of organic wine consumers in the baseline scenario after 20 runs. The considerable variation in output is due to the stochastic nature of some of the 

parameters. 

Fig. 10. Sensitivity analysis of model estimations to the input parameters (details are presented in Appendix D, Table D1). 

Table 1 

Model validation results, when comparing the number of consumers intending to purchase organic wine when its price is set to AU$12 (20% more), AU$13 (30% more), and 

AU$14 (40% more). 

Validation scenarios Empirical number of organic wine 

consumers ( Ogbeide, 2013 ) 

Estimated number of organic wine 

consumers (model output) 

Estimation error (%) 

Willingness to pay 20% more 467 453 -3% 

Willingness to pay 30% more 279 258 -8% 

Willingness to pay 40% more 150 177 + 18% 
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a

5

 

d  

t  
ithin 95% CI limit and the trajectories do not go to infinity or fall

o zero. This also helps us to target particular types of parameters

or future refinement in empirical studies. For example, given that

he model outputs are especially sensitive to social norms, more

ffort could be spent on improving empirical micro-foundations

or this parameter. Conducting a global sensitivity analysis on this

omputationally-intensive model to assess the variations in the

utputs to a combination of changing input parameters requires

 high-performance computer cluster and will remain a subject for
Please cite this article as: F. Taghikhah, A. Voinov and N. Shukla et a

systems approach, European Journal of Operational Research, https://do
uture work. The model is programmed in AnyLogic 8.3 simulation

oftware with the help of agent-based, process-centric, and system

ynamics modeling approaches. See Section 3 for more details on

ccessing the files. 

.2.2. Structural sensitivity of the model 

When proposing the ESSC approach instead of the more tra-

itional SSC analysis ( Taghikhah et al., 2019 ), we assumed that

he introduction of consumer behavior and preferences can have
l., Integrated modeling of extended agro-food supply chains: A 
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Fig. 11. A comparison between the proposed ESSC and SSC (homogeneous de- 

mand). 
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an impact on the overall performance of the SC. Here, with the

model in place, we can actually see how such a structural change

in the way the SC is defined impacts the main performance indi-

cators. In the majority of proposed models in the literature on SSC,

the demand for products is homogenous. In contrast, the ESSC ac-

counts for heterogeneous demand. To turn our ESSC model into a

more conventional SSC one, we replace the heterogeneous adap-

tive consumers with homogeneous and rational ones using the av-

erage weekly demands for organic and conventional wines in each

retailer. The SSC assumption is that the demands are constant in

time, homogeneous and independent of supply levels, and price of

wines. 

We scale the value of SSC outputs to 100% and compare

them with the baseline values of ESSC as presented in Fig. 11 .

Behavioural performance is excluded from the analysis because

SSC does not account for farmers’ expectations. It can be seen

that there are significant differences between the outputs of SSC

and ESSC in terms of environmental ( + 176% points) and eco-

nomic performance ( −26% points). In the case of SSC, since the

dynamics of wine prices do not affect the demand, the sales

of organic wine would be higher than ESSC, even if the price

of products (organic wine ( −26% points) and conventional wine

( −36% points)) are lower. This analysis shows that in the ab-

sence of heterogeneous demand, farmers do not perceive the

market value of organic products, and they may decide to re-

vert to conventional farming as reflected in the environmental

performance. 

5.3. Scenario analysis 

Once the model is tested and displays reliable and meaning-

ful performance, it can be used to explore the impact of vari-

ous control factors on the overall dynamics of the system. This

can help us to test how the system reacts to various combina-

tions of input functions and parameters, which we call scenar-

ios, and which describe management decisions and possible sys-

tem modifications. There are many ways the system can be ma-

nipulated, and many policies and management interventions that

can be explored. This is a subject of separate research; here, our

purpose is only to demonstrate how ESSC can be used in in-

dustry and policy design and to show its receptivity to market

feedback. 

5.3.1. Scenarios related to consumer economic status and social 

networks 

In this research, we consider an approach for scenario use,

which was proposed in Kunc and O’brien (2017) . They provided a

practical framework for supporting the strategic performance of a
Please cite this article as: F. Taghikhah, A. Voinov and N. Shukla et 

systems approach, European Journal of Operational Research, https://do
rm by exploring firm’s resources and capabilities. Based on this

pproach, we have designed a set of scenarios considering the

pportunities and threats of SC in the external environment in

onjunction with the dynamics of its strengths and weaknesses.

u and Kunc (2019) also developed a hybrid simulation model

or a supermarket SC and adopted a similar approach in devis-

ng strategies. For the purpose of this study, we only discuss the

emand-side scenarios describing two possible changes in demo-

raphics (economic status such as income) and behavior (social

etworks such as neighborhood effect) of the consumers and com-

are the results to the baseline model output presented above in

ection 5.2.1 . 

Scenario 1: There is a 20% increase in the number of middle and

igh-income consumers. In terms of model parameters, this means

hat the income of 14% of consumers earning up to AU$10 0,0 0 0

er year (middle-income group) is increased to AU$150,0 0 0 per

ear (high-income group). At the same time, the income of 6% of

onsumers earning up to AU$50,0 0 0 per year (low-income group)

s increased to AU$10 0,0 0 0 per year (middle-income group). This

s consistent with the growing trend in Australia. Currently, the

roduction rate of organic wine is low, and on the contrary, the

roduction rate of conventional wine is high. To comply with the

ossible growth in the consumption of organics in the near future,

ue to the increasing marginal utility of income, the SC cannot im-

ediately respond to the demand and requires a three-year tran-

ition period from conventional to organic wine production. It can

e considered as a weakness-opportunity strategy; 

Scenario 2: The effect of neighborhood-level characteristics on

he wine preference of consumers is restricted because there are

ncreasing trends in people living in apartments and therefore are

ess likely to interact with each other on a regular basis. In fact,

ydney’s urban population has moved towards apartment living to

eet the affordable housing needs of the growing population. This

hange hinders social gatherings and neighbor interactions so that

he influence of social norms on wine preferences becomes min-

mal. In terms of model parameters, this means that the weight

f social norms on intention is changed from 0.12 to 0.02. As the

ord-of-mouth effect is small, the SC can shift the norm for con-

entional to organic wine purchasing, from a vicious into a virtu-

us cycle. This shift can perhaps bring higher socioeconomic bene-

ts for the business. It can be considered as a strength-threat strat-

gy. Appendix E provides a detailed explanation of the neighbor-

ood effect and its sensitivity defined in this model (please refer

o Fig. 10 ). 

The results presented in Fig. 12 show that in scenario 2 all the

ndicators, except behavioral performance, perform better than in

cenario 1. By reducing the influence of social interactions (among

ustomers living in a neighborhood) on the wine purchasing de-

isions, the social, environmental, and economic performance of

SSC can be improved by 78%, 122%, and 76%, respectively. How-

ver, due to the market volatility caused by variations in the price

f organic products and correlated changes of demand and supply,

armers’ expectations of the value of organic farming do not grow

ignificantly ( Fig. 12 d). These dynamics are the result of conven-

ional wine overstocking, and organic wine understocking caused

ainly by the three year conversion period. 

On the contrary, in scenario 1, we observe a growth in the or-

anic market size by 17% in year 14 that eventually leads to a

radual increase in the farmers’ expectations of organic agriculture

alue by 25% in year 30. With regard to environmental and eco-

omic performance, there is a 17% and 22% growth in scenario 1.

he market financial incentive, in this case, is not good enough yet

o meet the expectations of farmers regarding the value of organic

arming, and hence government support is required. 

From these production-consumption patterns, we may con-

lude: 
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Fig. 12. A comparison of scenario results with ESSC baseline. 
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• There is a negative impact of uncertain prices on farmers’ ex-

pectations of organic adoption: The unpredictable and erratic

organic prices add uncertainty to farmers’ expectations about

future returns. As it is unclear when organic wine prices would

recover or stabilize, farmers start to prefer conventional mar-

kets more. They could choose to enter organic markets if the

price for organic wine rose and remained relatively stable fol-

lowing the conversion from conventional farming. Thus, in the

periods of the high volatility of organic wine price but the sta-

bility of conventional price, farmers tend to perceive the value

of waiting to convert higher and risks in the future of organic

farming lower. 
• The propagation of consumer organic preferences through agro-

food SC is slow: The adaptation of SC operations to the dynamic

market trends can be delayed. For example, in both scenarios

of simulation, the changes in the environmental and behav-

ioral performance have started 5 to 10 years after the start of

simulation. As there are two echelons between the consumers

and farmers, transmitting the feedback/ market signals from

the preferences of consumers to the land management deci-

sions of farmers comes with a delay. Taylor (2006) and Naik

and Suresh (2018) emphasize that the operational and struc-

tural factors such as long lead times, absence of long-term de-

mand forecasts, etc. account for this gap between agricultural

production and consumer demand. 
h  
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• Social norms can trigger big shifts in consumer wine prefer-

ences: It is interesting to observe that minor changes in the

consumption side parameters can help to improve the socio-

environmental performance of agro-food SC. The social norms

manipulation (reducing neighborhood effect) promotes ecolog- 

ical behavior more significantly than economic factors (con-

sumer income growth). It is quite challenging to motivate con-

sumers to spend more on organic products in the absence of

supportive norms, even if their income level is higher. As social

norms exert a strong effect on food consumption and produc-

tion behavior, considering them in the management of SSC can

provide new insights. 

.3.2. Single objective optimization 

Despite the ESSC model is quite complex, we can still use it

or purposes of optimization. In analyzing the possible optimized

cenarios, we can find the optimal organic and conventional wine

rices for maximizing social, environmental, economic, and behav-

oral performance separately. These experiments demonstrate the

apability and flexibility of the proposed ESSC model. 

Table 2 reports the results of four single-objective optimization

asks (maximizing one at a time) in percentages to baseline values

fter 20 runs. It should be noted that these best solutions might

e local optima, not global solutions, but this does demonstrate

ow optimization can be used with the model developed. Com-
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Table 2 

Payoff table for single-objective optimization. 

Single objective optimization Decision variables 

Social performance 

(%) 

Environmental 

performance (%) 

Economic 

performance (%) 

Behavioral 

performance (%) 

Initial price of organic 

wine (price at 

equilibrium) 

Initial price of 

conventional wine (price 

at equilibrium) 

Social performance 73% 

(268) 

120% 

(2.04) 

36% 

(52035) 

-54% 

(0.23) 

10(9) 18(7) 

Environmental 

performance 

73% 

(268) 

120% 

(2.04) 

36% 

(52035) 

-54% 

(0.23) 

10(9) 18(7) 

Economic 

performance 

-68% 

(50) 

74% 

(1.01) 

67% 

(64,139) 

+ 14% 

(0.57) 

20(17.35) 17(8.5) 

Behavioral 

performance 

-68% 

(50) 

-47% 

(0.31) 

-75% 

(9,159) 

+ 100% 

(1) 

19(14) 7(7) 

The bold numbers present maximum values for the corresponding indicator. 
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paring the results, we see that environmental performance shows

the biggest potential for improvement, increasing by 120% from the

baseline value, while economic performance has the smallest po-

tential for improvement with only 67% increase. Moreover, the op-

timal results for social and environmental performance turn out to

be the same, indicating that we can simultaneously increase the

number of organic wine consumers and expand the organically

certified land, while also enhancing the organic sales income by

36% in comparison to the baseline. 

6. Conclusions and implications 

Organic farming is a promising solution for moderating agricul-

ture impacts on ecosystems and improving human health. Despite

the potential benefits that this method has for biodiversity and soil

fertility, the global adoption rate of organic farming is still low. It

has not become mainstream for two main reasons: (1) lower farm

yield and higher production costs in comparison to intensive agri-

culture ( Uematsu & Mishra, 2012 ), and, as a result, (2) reliance on

a niche segment of consumers and a small market share, as com-

pared to conventional food ( O’Mahony & Lobo, 2017 ). A growing

number of studies focuses on improving the productivity of organic

agriculture from sustainability perspectives; yet, the relationships

between the behavior of final consumers and the decisions of up-

stream supply chain actors, in this case, farmers, have been poorly

analyzed ( Naik & Suresh, 2018 ; Taghikhah et al., 2019 ). We address

this void by extending the analysis of traditional food SC to include

the dynamics of consumers choices and preferences for organic

versus conventional food, as recommended by the ESSC framework

( Taghikhah et al., 2019 ). This study contributes to the existing lit-

erature in the following four ways: 

• First of all, it links three very different areas that, to our knowl-

edge, have not yet been synthesized in a modeling study: (i)

supply chain design and production economy, (ii) sustainability

considerations and, (ii) pro-environmental and pro-health be-

havior. The model designed to operationalize the ESSC frame-

work in which the SC analysis is extended to explicitly consider

the buying behavior of consumers. While there are a number of

papers that empirically examine the influence of behavioral as-

pects of demand on a few elements of supply, we are not aware

of any published study that analytically links the heterogeneity

of consumers and their preferences to the entire supply chain

operation. 
• Secondly, to the best of our knowledge, this is the first study

that incorporates the preferences of consumers for organic food

as well as farmer decisions regarding organic farming adoption

into a model of an agro-food SC. Organic supply chain mod-

eling studies for reducing environmental impacts have largely

ignored important socio-ecological issues related to consumers.
Please cite this article as: F. Taghikhah, A. Voinov and N. Shukla et 
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In this study, we include the dynamics of consumer behavior

(due to the changes in the social norms, willingness to pay

more, the demand substitutions, etc.) and farmers’ expectations

(due to the changes in the price of products, organic versus

conventional production, etc.). 
• Thirdly, it contributes to the methodological development in

the SSC field by extending it with the ESSC paradigm and

proposing the integration of SD-DES-ABM methods to improve

the decisions considering sustainable development goals. So far,

systems thinking approaches are underrepresented in the con-

text of SSC research ( Rebs et al., 2018 ), while the field can ben-

efit from integrated modeling solutions that account for the

interplay between SC and sustainability aspects. In particular,

the interactions between ABM and SD provide an opportunity

for considering the dynamics of social sustainability by devel-

oping the direct formulation of population, in our case, both

consumers and farmers. According to Brandenburg, Govindan,

Sarkis and Seuring (2014) and Brandenburg and Rebs (2015) ,

the practice of social simulation in SSC studies is adopted less

often. 
• Fourthly, the novelty of our model lies in capturing the simul-

taneous interactions between different SC actors (defined as

adaptive systems) at different spatial and temporal scales, pro-

viding further insights into how integrated modeling can as-

sist in strategic planning and in addressing real-world business

challenges as suggested by Kunc (2019) . In our case, the be-

havioral aspects, as well as operational characteristics of the

SC, are studied in the model. The analysis of the model occurs

in different levels of detail: micro-processes for consumption,

and macro-process for production. Businesses and producers

can use the model for understanding consumers’ preferences,

estimate their future influence on the operation, and develop

long-term plans for land management and adoption of tech-

nologies. The analysis can help them to make their business

models more resilient to market shocks and signals. 

ESSC requires further integration of consumer behavior models

s sub-models with traditional SSC models. This integration not

nly reveals the unobserved heterogeneity of preferences in con-

umers but also discloses a two-way influence between consump-

ion patterns and production-distribution decisions. We calibrate

he proposed model and test the validity of the outputs with avail-

ble empirical data. The validation process is not straightforward

 Bert, Rovere, Macal, North & Podestá, 2014 ) and can certainly be

mproved in the future, as more data becomes available and the

odel undergoes further testing. 

The comparison between the results of ESSC and SSC analyses

ndicates that the assumptions of homogeneity in consumer pref-

rences may need to be reconsidered and released. The homoge-

eous demand assumption has the highest impact on environmen-
al., Integrated modeling of extended agro-food supply chains: A 
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al and economic performance. Our modeling experiments demon-

trate the adaptiveness of ESSC model for market dynamics. The

ndings with respect to the changes in the financial and behav-

oral status of consumers, highlight the highest impact of changing

ocial norms on improving the sustainability of the SC. As there

re multiple actors between the consumers and suppliers, farmers’

erceptions and expectations towards the value of organic-based

griculture may deviate notably from reality. Moreover, the adap-

ation of producers to market trends takes much time due to the

elays in supply. The analysis of optimal scenarios produces solu-

ions that can simultaneously improve the economic, social, and

nvironmental performance but not behavioral performance. This

eans, that by the expansion of organic farming in response to the

rowing demands of organic consumers, a significant reduction in

he organic wine prices will eventually occur, which may not be

avorable for farmers. 

Accounting for demand-side heterogeneity provides new in-

ights into addressing sustainability issues in SCs. The results im-

ly that the design of organic food policies aiming at behavioral

hanges should not be limited to financial incentives. In design-

ng politically feasible policy options, paying attention to the social

nvironment, public awareness, norm support cues, and cultural

odes can reinforce the transition to organic agriculture. Accom-

anying information and value-based policy instruments may not

nly lead to the diffusion of organic food consumption but also in-

rease the number of organic farms. Having said that, due to the

resence of certain constraints and barriers (for example changing

rice and availability) a quick transition in organic consumption-

roduction cannot be expected. Government price control schemes

o control minimum or maximum prices and trade control to bal-

nce exports and imports can speed up the contribution from the

emand side in reducing the environmental impacts of production.

A future research direction for this study is to apply the model

or investigating the implications of social change for organic

ood development. One can use the strategy development proto-

ol ( Torres, Kunc & O’brien, 2017 ) to generate scenarios in consul-

ations with managers. In particular, the influence of green tax-

tion schemes, informational marketing campaigns, and organic

ood promotions and incentives on the adaptive behavior of farm-

rs and consumers can be further examined and assessed. Another

xample of such scenarios is to explore the impact of Covid-19, as

he Reserve Bank of Australia forecasts that GDP will fall by 6% in

020 with a slightly larger number of 7% for unemployment. At

he same time, social norms probably play a less significant role

n households’ choices due to lock-down and social distancing. It is

nteresting and contemporaneous to quantitatively assess whether

he negative effect of the pandemic on wealth can be overcome

y reversing the norms. A potential extension of this model will

nclude agroecological models of crop growth to forecast the farm

ield with regards to the adopted farming system (i.e., organic, bio-

ynamic, conventional, etc.) under changing climatic factors (i.e.,

emperature, humidity, rainfall, etc.). The model was developed for

he wine case study, yet, it is generic enough to be used for study-

ng a wide range of agro-food SCs that have similar characteris-

ics such as tea and coffee SCs. Another interesting area to explore

s the heterogeneity of farmers regarding their expectations of or-

anic farming adoption and their choice between different conver-

ion strategies. With minor modifications, the model can be easily

dapted for other agricultural products to explore ways for transi-

ioning to organic farming. The analytical framework and suggested

odeling approach can also be adopted by researchers to exam-

ne the adaptive behavior of the disaggregated, multi-scale tiers of

he SC in other sectors. Finally, the model can be used as a deci-

ion support tool to help practitioners in designing evidence-based
olicies for organic food. 
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