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ABSTRACT
The growing demand but uncertain supply makes the sustainability 
of the coffee industry a shared concern for all participants along the 
coffee supply chain. This study proposed a decision-making model 
that comprises the cultivation management, including shade man
agement and annual agriculture management, and the supply 
chain logistics. A two-stage stochastic program is presented and 
used within a rolling horizon scheme that periodically updates 
input data information to deal with uncertainty associated with 
future climate scenarios. The program minimizes the total expected 
cost of the entire supply chain of arabica coffee. The study applied 
the model to the real case study of arabica coffee bean supply to 
the U.S. market, trying to answer whether arabica coffee supply can 
meet the U.S. demand from 2022 to 2050 and how to best mitigate 
any shortage through corporate-farmer partnerships. The results 
show that the coffee supply will have a 3% shortage in the future; 
medium-level shade management and more irrigation and fertiliza
tion are possible mitigation strategies. These results demonstrate 
the need for all participants to adopt suitable technologies for the 
sustainability of global coffee supply chains together.
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1. Introduction

Coffee consumption has increased by 5% in the United States since 2015; 7 in 10 
Americans drink coffee every week, and 62% drink every day (National Coffee 
Association 2020). According to the Coffee Market reports from the International Coffee 
Organization (International Coffee Organization 2021), the growth of coffee consumption 
in Asia, Oceania, and Africa is outpacing other regions and leads to increased global 
demand for coffee drinks every year. However, the International Coffee Organization also 
found that the world coffee production decreased by 0.9% in 2019/2020, especially by 
3.2% in South America. Climate change has a significant effect on coffee quality and 
quantity (Chemura et al. 2021; Kath et al. 2021). Especially, increasing temperature, 
unpredictable precipitation and pest’s disease have been the main factor for the yield 
decline of arabica coffee beans in many coffee-growing regions (Davis et al. 2012; 
Jassogne et al. 2013; Bunn et al. 2015; Bunn et al., 2015). Arabica coffee, which accounts 
for 70% of global coffee production, could decrease by 50% or more by 2088 under all 
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available future projections based on multiple general circulation models (GCMs), emis
sion scenarios, and migration scenarios (Moat et al. 2019). Smallholder farmers in devel
oping countries own most of the world’s coffee plantations and have difficulty adapting 
to the adverse impacts of climate change on the coffee bean yield due to lack of knowl
edge, access to technologies, and capital (Harvey et al. 2018; Bielecki et al., 2019). 
Decrease in coffee production will lead to both an income decline for coffee farmers 
and a bean supply shortage for coffee beverage companies. Therefore, it is necessary to 
have a systematic method to study how the global coffee supply chain can adapt to 
climate change and be sustainable.

Sustainable coffee bean production has been well discussed by academia, govern
ments, international coffee organizations, and private sectors (Krishnan et al. 2021). In 
Latin America, ongoing sustainability efforts on adoption of new rust-resistant varieties, 
expansion of coffee into forested areas, and conventional intensification of farming 
system (Harvey et al. 2021). One important aspect of the sustainability of coffee supply 
chains is farming system prevalence (Folnovic 2017). An effective farming system asso
ciated with shade management and management practices (e.g. fertilization and irriga
tion) is very important for harvesting. Although coffee yield may decrease under high- 
density shade, suitable coverage by native trees can protect coffee trees, maintain woody 
plant communities, provide habitats for animals, and generate additional income for 
farmers (Liu et al. 2016; Jezeer et al. 2018; Alvarez-Alvarez et al. 2021). For example, in 
small-scale Peruvian coffee systems, medium-shade plantations have higher gross reven
ues and coffee yields (Jezeer et al. 2018a). In the dry and hot regions of southwest China, 
an amount of 80% full-irrigation and high nitrogen input lead to higher arabica coffee 
yield and quality (Liu et al. 2016). In view of the difficulties of smallholder famers to build 
an effective farming system, some global coffee beverage companies like Starbucks have 
started to provide the farmers with financial and technical support (Starbucks 2020).

Existing research on the sustainability of coffee supply generally focuses on climate 
change impacts on coffee tree distribution (Eitzinger et al. 2013; Magrach et al. 2015; 
Tavares et al. 2018) but does not tackle with supply chain planning for adaptation. The 
application of rolling horizon to coffee supply chain planning under climate change is 
seldom explored. In this study, we investigated an international supply chain network 
connecting both farmers and coffee beverage companies and developed a stochastic 
program through a rolling horizon approach to optimize the responses of the supply 
chain to multiple climate scenarios. We used the model to conduct a case study on 
a global coffee beverage company and asked the following questions.

(1) How does climate change affect the cultivation practices and logistics of the coffee 
supply chain?

(2) What are the future coffee bean shortages, even under the optimum cultivation 
and logistics?

(3) How can a global coffee beverage company help farmers and adjust farmers’ 
network to adopt to climate change?

We formulate a two-stage stochastic program through a rolling horizon approach for 
planning a coffee supply chain under various climate scenarios. A real-world case study is 
presented with numerical experiments. In the case study, we predicate future arabica 
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coffee yield per hectare and suitable arabica coffee tree growing areas under different 
climate models in the five coffee-supplying countries. Our results describe the effective
ness of different shade management levels, yearly fertilization, irrigation plans, arabica 
coffee bean shortage and logistic operations towards meeting the demand in the coffee- 
consuming country. The implication of this study is focused on adaptation and mitigation 
measures for farmers, coffee beverage companies, and governments.

2. Method

2.1 Coffee supply chain description

We considered a global coffee bean supply chain comprising two main parts: 
cultivation and logistics. In the cultivation part, farmers plant and manage coffee 
trees, harvest coffee cherries annually, and process the cherries into green coffee 
beans for selling. In the logistics part, a global coffee beverage company buys green 
coffee beans directly from local farms or through secondary coffee cooperatives. 
Then, the company ships green coffee beans to consumer countries, roasts them in 
roasting centres, and distributes the roasted beans to retail outlets. Many global 
coffee beverage companies have begun to be concerned about sustainable coffee 
cultivation and provide financial and technical support for coffee bean farmers to 
adopt best management practices against the harmful effects of climate change. 
Figure 1 illustrates the coffee bean supply chain under study

In the cultivation part, at the beginning of the next harvesting seasons, the 
decision of whether to grow coffee under shade and what the shade level is will 
be made, and other management decisions such as irrigation and fertilization are 
short term and can be adjusted at annual or shorter timescales based on weather 
and soil conditions. The decisions in the logistics part are all short term. To reflect 
these different decision-making timeframes, this study models the coffee supply 
chain using a two-stage stochastic program. In the first stage (the beginning of 
each year’s planning horizon), farmers decide the number of hectares to plant coffee 
trees under different shade management. In the second stage (each year), farmers 
decide the number of hectares that uses irrigation and fertilization in their planta
tions, and the global coffee beverage companies adjust their purchase and transpor
tation of the coffee beans accordingly. As mentioned in the introduction, the 
iterative procedure of the two-stage stochastic programming model allows to update 
or modify all input harvesting area parameters to optimize the planning according to 
the currently available information.

Figure 1. Coffee bean supply chain.
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2.2 Variables and parameters definition

Throughout this section, lower-case letters will be used to denote decision variables, or in 
the superscripts and subscripts, which can take a range of values. Upper-case letters will 
be used to denote parameters or the ranges from which the superscripts and subscripts 
take values.

For the cultivation part, the two-stage rolling horizon stochastic programming 
model considers N coffee bean source countries (j as its index) and a planning horizon 
of T years (t as its index). All decisions depend on weather conditions, which are 
modelled using a set of climate scenarios S, with each climate scenario s 2 S having 
a probability of occurrence ps. The coffee bean cultivation area in country j in year 
t under climate scenario s is As

jt , in hectare (ha). At the beginning of the first year 
(t ¼ 0), the cultivated area As

j0 was obtained from historical data and therefore was the 
same for all the climate scenarios (USDA 2020). The cultivation area in the future 
years, As

jt , were equal to the suitable growing area for arabica coffee predicted from 
a species distribution model under each climate scenario s, and the detailed proce

dure is given in Section 3.2. Ψs
jt ¼ min As

j0; As
jt

n o
Farmers in each country have E ¼ 4 

shade management options (e as its index): full sun, low shade, medium shade, and 
high shade. In the first stage, farmers decide the percentage area, 

σje, σ0
je ¼ 0; fore ¼ 2; 3; and4

� �
, that adopts shade option e in source country j. 

Define ρjee0 the areas that are updated from one type of shade management e to 
another type of shade management e0 in country j. �0

je is the area hectare (ha) with 
shade level e in country j before the first stage’s decision-making, and �je is the area in 
hectare (ha) with shade level e in country j after the first stage’s decision-making. 
Farms in each country also have Q ¼ 4 short-term management options (q as its 
index): no fertilization and no irrigation, no fertilization but irrigation, fertilization but 
no irrigation, and both fertilization and irrigation. As such, in the second stage, 
farmers decide the percentage area, θs

jtq, that adopts short-term management option 
q in country j in year t under climate scenario s.

Yield per unit cultivated area is a key parameter in the optimization model and must be 
calculated prior to solving the model. The yield per unit cultivated area in each country j 
in year t under climate scenario s, shade option e, and short-term management option q, is 
considered to be the sum of two parts: the base unit yield, Ys

jte, in kg ha−1 year−1, which is 
affected by the shade management and weather conditions, and the additional unit yield, 
Bs

jtq, in kg ha−1 year−1, which is the marginal effect created by fertilization and irrigation. 
The base and additional unit yield values were estimated using a combination of regres
sion techniques and literature values, and the detailed procedure is given in Section 3.2. 
The base coffee bean yield of country j in year t under climate scenario s is equal to the 
base unit yield per unit area multiplied by the percentage area that adopts each shade 
option multiplied by the area of cultivation with shade level e in country j before the first 
stage’s decision-making, summed across all the shade options, and add the base unit yield 
per unit area multiplied by the difference of the suitable growing area and the minimal of 
the initial suitable growing area in year 0 and the suitable growing area in year t 
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ð
PE

e¼1 Ys
jteΨs

jtσje þ Ys
jt0 As

jt � Ψs
jt

� �
). The additional coffee bean yield of country j in year t 

under climate scenario s is equal to the additional unit yield per unit area multiplied by 
the percentage area that adopts each short-term management option multiplied by the 
area of cultivation, summed across all the short-term management options 

(
PQ

q¼1 Bs
jtqAs

jtθs
jtq). The total coffee bean yield is the sum of the base and additional coffee 

bean yields.
The cost of coffee cultivation involves two parts. The first part is the one-time cost 

associated with shade management change, which is denoted by Fee0 , in $ ha−1, for changing 
from shade option e to e0. The second part is the annual variable cost of fertilization and 
irrigation, which is denoted by Gq; in$ ha−1 year−1, for short-term management option q. Using 
these unit costs, the cost of changing shade management of ρjee0 hectares from e to e0 in each 

country j is 
PE

e¼1
P

e0�e Fee0 ρjee0 , and the total variable cost is 
PQ

q¼1
GqAs

jtθs
jtq.

For the logistics part, the two-stage stochastic programming model considers three 
processing flows. First, an annual percentage Vj of green arabica coffee beans produced 
in coffee beans source country j is exported to the consumer countries via ocean shipping. 
The shipping destinations are L ports (l as its index). Second, the green arabica coffee 
beans are sent from the ports to R roasting centres (r as its index) by trucks. Third, the 
roasted arabica coffee beans are sent from the roasting centres to M retail destinations (m 
as its index) by trucks. The demand of roasted arabica coffee beans in retail destination m 
in year t is Dmt , in kg.

For each of the three processing flows, the logistics cost is the unit transportation cost 
multiplied by transported coffee bean volume. The cost of shipping from source country j to 
port l in the consumer countries is Wjlhs

jlt, where hs
jlt , in kg, is the coffee beans imported from 

source country j at port l in year t under climate scenario s, and Wjl , in $ kg−1, is the unit 
ocean shipping cost from source country j to port l. The cost of shipping from port l to 
roasting centre r is Jlrus

lrt, where us
lrt, in kg, is the coffee beans transported form port l to 

roasting centre r in year t under climate scenario s and Jlr, in $ kg−1 is the unit truck 
transportation cost from port l to roasting plant r. The roasting capacity of each roasting 
centre r in year t is Crt, in kg. The unit roasting cost in roasting centre r is Qr , in $ kg−1. The 
cost of shipping from the roasting centre r to retail destination m is Krmxs

rmt , where xs
rmt, in kg, 

is the volume of roasted coffee beans shipped from roasting centre r to retail destination m 
in year t under climate scenario s, and Krm, in $ kg−1, is the unit truck transportation cost from 
roasting centre r to retail destination m. Therefore, the total transportation and roasting cost 
of the coffee beans from the source countries to the retail destinations, in year t under 

climate scenario s, is 
PN

j¼1
PL

l¼1 Wjlhs
jlt þ

PL
l¼1 us

lrt

PR
r¼1 Jlr þ Qr

� �
þ
PR

r¼1
PM

m¼1 Krmxs
rmt. 

Various volume loss may occur along supply chain flows. Before international trans
portation, the loss can be caused by the processing of coffee berry into green coffee 
beans and the storage loss of green coffee beans. During ocean shipping, there is 
also a volume loss for green beans. We assume that the coffee bean volume is 
reduced to Z ¼ 79% when arriving at ports in the consuming country based on the 
Transport Informations Service (2020). The roasting process will further reduce the 
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volume, and this study assumes that the volume of beans is further reduced to Υ ¼

63:2% when leaving roasting centres, also based on the Transport Informations 
Service (2020).

If the arabica coffee bean supply cannot meet the demand, the coffee beverage 
company will have shortage Os

mt , in kg, in destination m in year t under climate scenario 
s. We use P to denote unit cost in $ kg−1 for unfulfilled demand, including the loss of profit 
and consumer goodwill. Therefore, the total shortage cost in year t under climate scenario 
s is P

PM
m¼1 Os

mt .

2.3. Mathematical model

The goal of the two-stage program is to find the shade and short-term management 
options and logistics network that minimizes the total cost for farmers and coffee 
companies under different climate models. The overall objective function and the con
straints are as follows. 

Min
XN

j¼1

XE

e¼1

X

e0�e
Fee0 ρjee0 þ

ps
XT

t¼1

XS

s¼1
f
XN

j¼1

XQ

q¼1
GqAs

jtθs
jtq þ

XN

j¼1

XL

l¼1
Wjlhs

jlt þ
XL

l¼1
us

lrt

XR

r¼1
Jlr þ Qr

 !

þ

XR

r¼1

XM

m¼1
xs

rmtKrm þ P
XM

m¼1
Os

mtg

(1) 

s.t. 

Z � Vj

XE

e¼1
Ys

jteΨs
jtσje þ Ys

jt0 As
jt � Ψs

jt

� �
þ
XQ

q¼1
Bs

jtqAs
jtθs

jtq

� �
�
XL

l¼1
hs

jlt "s; "t; "j

(2) 

�je
0 �

X

e0�e
ρjee0 þ

X

e0�e
ρje0 e ¼ �je "e; "j (3) 

σjeAj0 ¼ �je "j (4) 

XN

j¼1
hs

jlt �
XR

r¼1
¼us

lrt "s; "t; "l (5) 

Υ �
XL

l¼1
us

lrt �
XM

m¼1
¼ xs

rmt "s; "t; "r (6) 

XL

l¼1
us

lrt � Crt "s; "t; "r (7) 

XR

r¼1
xs

rmt þ Os
mt � Dmt "s; "t; "m (8) 

XQ

q¼1
θs

jtq ¼ 1 "s; "t; "j (9) 
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σje; θs
jtq; hs

jlt; us
lrt; qs

rt; xs
rmt � 0 

The objective function (1) minimizes the total cost for cultivation, logistics, and shortage. 
Constraint set (2) makes sure that the sum of base unit yield and additional unit yield, after 
considering the processing loss and being multiplied by the export percentage to the 
target-consuming country, should be greater than or equal to the annual shipment to all 
the ports at the consuming country. Constraint set (3) makes sure that the sum of the 
updated areas and the area with shade before the first stage’s decision-making equal to the 
area with shade after the first stage’s decision-making. Constraint set (4) ensures the initial 
harvesting area applied shade equals to the area with shade after the first stage’s decision- 
making. Constraint sets (5) and (6) ensure mass flow conservation at the ports and the 
roasting centres while constraint set (7) enforces roasting centre capacities. Constraint set 
(8) is used to obtain shortage after meeting consumer demand. Constraint set (9) ensures 
that the total area in each production country allocated to different shade options and 
short-term management options sum up to 100%. The stochastic model as outlined in (1) 
−(9) only involves continuous variables and has low computational burden.

3 Description of the starbucks case study

The proposed two-stage rolling horizon stochastic program is applicable to any global 
coffee supply chain. This study selected the U.S. Starbucks as a case study. Starbucks is 
one of the most successful and popular coffee companies around the world. In the U.S., 
Starbucks occupies around 40% of the coffee industry business and operates 15,149 
coffee shops as of March 2020 (Shahbandeh 2020). Starbucks also has some involvement 
at the cultivation stage through Farmer Support Center (Starbucks 2018). The goal of this 
case study is to evaluate the future decision-making of Starbucks’ technical support and 
financial investment for farmers and logistics under different future climate scenarios. The 
study was not a collaboration with Starbucks, and all the data about the company were 
obtained from publicly available sources.

To parameterize the stochastic program, historical agricultural data, arabica coffee 
supplies and demands data and transportation data were collected for the Starbucks 
case, and are described in supplementary materials Section 1.1. The coffee beans were 
mainly imported from five countries, Brazil, Colombia, Ethiopia, Honduras, and Peru. To 
simulate future supply conditions, the stochastic program used empirically estimated future 
yields per unit area (unit yield) and suitable growing area for arabica coffee. The impacts of 
weather on unit yield were estimated using K-Nearest-Neighbour (KNN) regressions 
between historical unit yields and weather in the five countries. Future unit yields were 
predicted using the trained KNN regressions and the outputs of seven climate models, i.e. 
BCC-CSM2-MR (BCM), CNRM-CM6-1(CC1), CNRM-ESM2-1 (CE1), CanESM5 (C), IPSL-CM6A-LR 
(ICL), MIROC-ES2L (ME), and MIROC6 (M), under the Shared Socio-Economic Pathways 5–8.5 
(SSP585) scenario. The regression-predicted future unit yields were adjusted to different 
shading levels (unshaded, low shaded, medium shaded, and high shaded) and manage
ment options (no fertilization with no irrigation, no fertilization with irrigation, fertilization 
with no irrigation, and fertilization with irrigation) using literature-based multiplicative 
coefficients (Soto-Pinto et al. 2000; de Souza et al. 2012; Liu et al. 2016). Coffee produced 
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from Ethiopia are mostly shade grown, while coffee from Brazil and Colombia are mostly 
sun grown (Eartheasy 2015). Therefore, the future unit yields predicted by the regression 
were assumed to represent the yield under no shade, fertilization, or irrigation in Honduras, 
Peru, Colombia, and Brazil, and medium shade, no fertilization, or irrigation in Ethiopia. 
More details on the KNN regression and prediction procedure are described in supplemen
tary materials Sections 1.2. Future suitable growing area for arabica coffee were estimated 
using the Maxent algorithm for modelling species niches and distributions (Phillips and 
Miroslav Dudík 2020), the outputs of the same seven climate models as above, and the 
Janks natural breaks classification method (De et al. 2007). More details on the estimation of 
suitable growing area are described in supplementary material Sections 1.3.

4 Results

The proposed two-stage stochastic model of coffee supply chain planning was coded and 
solved in Gurobi, a popular optimization solver. A 29-year planning horizon has been 
considered in this study. The optimal planning results for 2022–2050 decide what to do 
for the next 29 years. We only solve the model for year 2022. For the next year’s planning, 
we can solve the problem from 2023 to 2052 with new datasets. In all five coffee-growing 
countries and for all seven climate models, the results showed that medium-level shade, 
which has the highest yield among the four shading choices (Section 3.2), should be 
implemented. Figure 2 shows the optimized annual short-term fertilization and irrigation 
planning for each coffee growing country and climate model. In 2022, the management 
practices planning under seven climate models is shown in Table 1. Shade management 
and management practices planning in five coffee growing countries in 2022 under 
climate BCM is shown in Figure 2.

Figure 3 shows the optimized supply chain logistics network for arabica coffee beans to 
be delivered from Honduras, Peru, Colombia, Brazil, and Ethiopia to 48 U.S. states and 
Washington, D.C. The result shows that five ports, Port of Seattle, Port of Oakland, Port of 
New York, Port of Charleston, and Port of Jacksonville, are chosen from the top 
10 U.S. ports as the import ports for the arabica coffee beans. The results also indicate 
that the shortest route for all the transportation processes will always be chosen at first. 
From supply countries to ports in the U.S., Ethiopia and Peru ship the arabica coffee beans 
to the ports in Seattle and Oakland on the west coast. Honduras, Colombia, and Brazil ship 
the arabica coffee beans to both coasts. The beans are then transported to the nearest 
roasting centre from the ports, and the routes are Seattle to Kent, Oakland to Minden, 
New York to York, Charleston to Gaston, and Jacksonville to Augusta. Roasted beans are 
delivered from roasting centre to nearby states, subject to roasting centre capacities.

Under an annual 1% increase of demand until 2035 and constant demand after that, 
the result of the supply chain planning model showed that the arabica coffee bean supply 
could not meet the demand in the future even under the best farming management and 
logistics planning (Figure 4). We repeated the calculations for two additional demand 
increasing rates (3% and 5%) under seven climate models. Under the annual 1% increase 
of demand scenario, Starbucks will start to have shortages in 2031. Under the 3% and 5% 
scenario, Starbucks will start to have shortages 1–2 years earlier than 2031. The demand 
increasing rate has a significant influence on the shortage. Starbucks will have more 
shortages with a more considerable demand for Arabic coffee. As the demand increasing 
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rate rises from 1% to 5%, the shortage increases dramatically. The shortage is around 
0.03 × 108 kg under a 1% increasing rate in 2050. However, this number will rise to 4 × 108 

kg in 2050 under a 5% increasing rate. The shortages are also different under different 
climate models. Under the CNRM-CM6-1(CC1) model, the suitable growing area for 
Arabica coffee is the smallest, which causes more shortage in all demand scenarios 
(orange line).

Since Ethiopia already applied shade-grown coffee, we also compared the Starbucks’ 
arabica coffee bean shortage when Ethiopia uses no, low, medium, and high shade 
management before the first stage’s decision-making with an annual demand increase 
of 1%, 3%, and 5% for seven climate models. The shortage for 1% increasing demand is 
shown in Figure 5, and the shortage for 3% and 5% increasing demand are listed in the 
supplemental material Figure S4-S5. As shown in Figure 5, we can see that Starbucks will 

Figure 2. Shade management and management practices planning in five coffee growing countries in 
2022 under climate BCM. Every country can apply more than one type of management practice, if the 
total percentage area that implement each management practice sum up to 100%.

Table 1. Management practices planning in five coffee growing countries under seven climate models 
in 2022.

BCM CC1 CE1 C ICL ME M

Honduras F + I NF+NI NF+NI NF+NI NF+NI NF+NI NF+NI
Peru F + I 94%NF 

+NI6% F + I
35%NF 
+NI64% F + I

16%NF 
+NI84% F + I

64%NF 
+NI36% F + I

21%NF 
+NI79% F + I

9%NF 
+NI91% F + I

Colombia F + I F + I NF+NI F + I F + I F + I F + I
Brazil 95%NF 

+NI5% F + I
NF+NI NF+NI NF+NI NF+NI NF+NI NF+NI

Ethiopia NF+NI NF+NI NF+NI NF+NI NF+NI NF+NI NF+NI
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have the biggest shortage when Ethiopia uses medium shade management then the 
amount of shortage followed by low shade, no shade, and high shade. There is no 
shortage under the CanESM5(C) climate model. As we mentioned before, the ratios of 
coffee bean yield for unshaded, low shaded, medium shaded, and high shaded conditions 
to be 1: 1.1: 1.65: 0.3. If Ethiopia is using high shade now, there will be a big improvement 
of the yield after they change the shade management into the medium shade so that the 

Figure 3. Optimal transportation network for the Starbucks coffee bean supply chain in 2022.

Figure 4. Starbucks’ arabica coffee bean shortage with an annual demand increase by a) 1%, b) 3%, 
and c) 5% under seven climate models.
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shortage will be the smallest under this assumption. On the contrary, if Ethiopia uses 
medium shade now, there is no room for growth, so the shortage is the biggest under this 
assumption.

5 Policy recommendations

To maintain the production of arabica coffee beans under climate change, implementing 
suitable long-term shade management and annually short-term management practices 
(fertilization and irrigation) in coffee-growing counties is important. As suggested in the 
case study, growing coffee under medium-level shading is the most efficient shade 
strategy under any demand or climate scenario. This strategy can protect coffee trees 
from exposure to high temperatures and too much sunlight and provide more natural 
nutrition for coffee trees (Johnson 2020). Therefore, forest conservation and new tree 
planting should be considered. Planting local species for shading is more cost-effective 
than planting other tree species. Therefore, farmers should take choosing right species 
into consideration to avoid nutrition competition. They could grow coffee trees under 
existing shade trees or some value-added crops for additional benefits. Local govern
ments may issue regulations to preserve existing forest from severe deforestation. 
Companies can send experts to help farmers to identify the appropriate shade species 
for every plantation based on their location and climate condition. Yearly management 
practices recommended by results from our optimization show that the need for irrigation 
and fertilization application in all five coffee producing countries beyond 2030. Sufficient 
precipitation is an essential requirement for coffee growing. However, precipitation will 
decrease in Honduras, Peru, Brazil, and Colombia, and increase in Ethiopia in the multi- 
model ensemble means in the SSPs from 1850 to 2100 (Cook et al. 2020). Therefore, local 
governments and companies can provide financial and technical support for building 
irrigation infrastructure to help farmers improve their resilience against drought and 
maintain stable incomes. The need for more fertilizers implies the importance of promot
ing organic fertilizers, which is superior to synthetic fertilizers to create a sustainable 
environment. Farmers could apply organic fertilizer to improve the productivity and 
sustainability of coffee plant. Beside the implementation of appropriate shade, irrigation, 
and fertilization practices, the productivity of coffee farms can be promoted by using new 

Figure 5. Starbucks’ arabica coffee bean shortage under no, low, medium, and high shade in Ethiopia 
with an annual demand increase by 1% for seven climate models.
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disease- and drought-resilient coffee bean species and other advanced agricultural tech
nologies (e.g. fertigation). Coffee farmers are generally smallholders, many of whom 
are poor, experience food insecurity and live in highly precarious conditions and have 
limited financial resources for acquiring health kites, adopting drip irrigation and pest 
control and accessing precision agricultural technologies (Harvey et al. 2018; Akenroye 
et al. 2021). Therefore, coffee beverage companies and local government should play 
an active role in providing financial, technical, and educational supports for them. The 
collaboration will benefit all partners on the supply chain. In addition to economic 
sustainability, the sustainability of coffee supply chain includes social sustainability. In 
most coffee producing countries, farmers work and live under deplorable conditions. 
Their health is subject to pesticides, injures caused by cutting tools during harvesting 
and air and noise pollution in processing coffee berries. Local government should take 
responsible to improve the working conditions for farmers by providing necessary life 
and health insurance for them.

6. Discussion, conclusions, and future study

The discussion mainly focused on environmental governance, economic and social impacts 
and the need for collaboration among all actors in the coffee community (Seuring and Müller 
2008). There are three aspects of sustainability for coffee supply chains, farming system 
prevalence, environmental management and social responsibilities. We investigated the 
arabica coffee supply chain planning under climate change using a two-stage stochastic 
model with the objective being to minimize the cultivation, transportation, and shortage 
cost under various climate scenarios while meeting growing future demands. The model was 
demonstrated and tested in a case study on a real-world global coffee beverage company and 
used within a rolling horizon scheme. The results show that the arabica coffee yield per unit 
area initially increases in Ethiopia for few years and decreases in the end and decreases in 
Honduras, Peru, Colombia, and Brazil under seven climate models. Without shade manage
ment and management practices to boost productivity, arabica coffee production in these 
countries will not meet the increasing coffee demand. To increase the coffee yield, medium- 
level shade management should be applied generally, and the percentage area that requires 
irrigation and fertilization practices needs to be adjusted annually and will increase over time. 
A comparison of shortages under different initial shade management of Ethiopia suggests the 
adjustment to better shade management can reduce the shortage. However, even with better 
shading management, management practices, and logistics, the model suggests large coffee 
bean shortage in the future under all climate models with 1%, 3%, and 5% demand increasing 
rate scenarios. Therefore, in the policy recommendation section, we also suggested additional 
adaptation and mitigation measures, such as introducing more drought and pest-resistant 
coffee species and sourcing coffee beans from more coffee-producing countries, could be 
useful. Environmental management has also played an essential role in reducing negative 
climate change impact, which including water conservation, forest conservation, and restora
tion. It is increasingly difficult for coffee farmers to get enough water due to the environmental 
degradation, climate change, and inappropriate water resources use. Therefore, building more 
water instruments is crucial to deal with the difficulty (Cerdán et al. 2012). In the social 
responsibility’s aspect, Bielecki and Wingenbach (2019) come up with a livelihood’s framework 
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including three stages, and the first stage is analysing the producers’ context (e.g. history, 
politics, etc.), resources, institutions, and organizations, the second stage is analysing the 
vulnerabilities in context, the third stage is analysing the response to vulnerabilities.

This study has potential limitations. The temperature and precipitation are long-term 
effects for coffee bean production. However, flooding and logistics disruption happen as 
short-term risks, which are hard to be considered in our model. Then, although the case 
study was on the U.S. Starbucks, the coffee supply chain model of this study can be 
applied to other countries, companies, and coffee strains (e.g. Robusta). The coffee bean 
yield prediction model and the coffee supply chain model are both simple and can be 
improved in many ways in the future. The use of kNN regression to predict arabica coffee 
yield per hectare is quite uncertain, because it only considers the monthly temperature 
and precipitation in harvesting seasons at country-average level, neglecting many factors 
such as local elevation and microclimate, migration of coffee cultivation from lower to 
higher elevations, diseases and pests, and coffee species (Läderach et al. 2017; Moat et al. 
2017). The assumption that the base unit yield and additional unit yield are additive is also 
likely inaccurate. In the future, physiological model that explicitly simulates the growth 
using climate forcing and management assumptions can be used. The stochastic model 
does not consider the feedback effect of coffee price on the adoption of management 
practices and cultivation area, the storage inventory of coffee beans in the source 
countries or at the roasting centres, or macroeconomic factors and government policies. 
In the future, coffee price effects can be added into the optimization model by maximiz
ing the long-run profits with pricing. An inventory conservation constraint can be added 
into the model to capture supply and demand dynamics across years.
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