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Abstract

Understanding heat, moisture and mass transport during the roasting of a coffee bean is essential to identifying how the colour
and flavours are produced. This paper first considers a slightly simplified version of an existing heat and moisture transport model
proposed by Fabbri et al. [Numerical modeling of heat and mass transfer during coffee roasting process. Journal of Food Engi-
neering 105 (2011) 264-269], and we show that this model can be fitted well to data for the moisture content of a coffee bean but
has some stability issues and lacks some important physical mechanisms. Building on these ideas, a new model is derived from
conservation equations. This model is then simplified; in particular, issues of CO2 production are neglected as there is currently
insufficient experimental data to fit parameters. This new model is fitted to the same experimental data as presented by Fabbri et al.
The new model predicts significantly different internal structure and behaviour of the moisture than the existing model, while both
show qualitatively similar average behaviour. This is due to the fact that our model tracks local, rather than bulk, quantities. One
benefit to this new model is that it accurately predicts the existence of a sharp drying front, which partitions the bean into an outer
dry region and an inner moist region. A detailed comparison of the two models is provided, in order to cast light on the relative
importance of various heat and mass transfer mechanisms inherent in coffee bean roasting.
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1. Introduction

The coffee industry is worth more than $100 billion world-
wide per year, making coffee one of the most valuable com-
modities in the world [20]. One rather fundamental step in
coffee production is the roasting of coffee beans. Most of the
publications concerning the roasting of coffee beans present ex-
perimental data (see e.g. [1, 18, 21]), and use regression anal-
ysis and simple empirical models to interpret the results. In
this paper, we discuss key mechanisms that occur during roast-
ing. These ideas are used to derive a mathematical model which
gives a framework that accounts for these and allows solutions
to be found that give understanding of the process. In particu-
lar, multiphase flow in porous media and mass transfer due to
evaporation are seen as important.

Before deriving a type of “first principles” model from con-
servation equations, we examine the current understanding of
roasting of coffee beans in the literature. One of the most de-
tailed models has been developed by [6]. This model consists
of a system of partial differential equations (PDEs) describing
the transport of moisture and heat throughout a coffee bean.
This model, however, has a number of simplifications includ-
ing the lack of any explicit phase change between liquid water
and water vapour in the bean and the assumption that evapo-
ration occurs only at the surface of the coffee bean. Further-
more, the model in [6] uses the concept of “mass diffusivity”
to describe the transport of moisture in the coffee bean that
was originally derived in [8]. While this may seem appropri-

ate, as both papers deal with evaporation in coffee beans, the
work in [8] only addresses what happens when coffee beans are
dried at temperatures below the boiling temperature of water.
When the temperature of water reaches and exceeds its boil-
ing temperature, as it does in the roasting process, other mech-
anisms can become dominant. In consequence, papers con-
cerning lower-temperature evaporation (such as wood or food
drying models, e.g. [17]) are not immediately applicable for
higher-temperature evaporation, such as in the roasting of cof-
fee beans.

In this paper, we are motivated to extend and develop the
ideas in [6] to derive a mathematical model from first principles
using conservation equations. While other aspects of coffee
processing have been examined from a mathematical perspec-
tive (e.g. [13]), mathematical models describing the roasting
of coffee beans has been largely unexplored. The model pre-
sented here incorporates the production of carbon dioxide gas,
latent heat due to evaporation within the bean, and the changing
porosity of the bean. Once a full model is derived, some sim-
plifications are made (in particular, neglecting carbon dioxide
production) in order to allow some preliminary understanding
of the model behaviour. This indicates that a “drying front”
propagates through to the centre of the bean, as well as a ridge
of high pressure water vapour near the drying front. Further-
more, by fitting those parameters whose values are not available
from elsewhere, we are able to fit this model to the experimental
data shown in [6].
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Figure 1: SEM image of the interior of a typical coffee bean after 40 seconds
of roasting. Image courtesy of Mondelez International.

2. Analysis of a Coffee Bean during Roasting

Before developing a mathematical model of a coffee bean
during roasting, it is crucial to understand the physical struc-
ture of the coffee bean at a microscopic level and the important
mechanisms involved in the roasting process. This section pro-
vides a summary of the key points that offer better understand-
ing of the industrial process of roasting coffee beans.

2.1. The Structure of a Coffee Bean

A green coffee bean structure can be described as an intercel-
lular matrix consisting of cellulose, glacto-mannans, arabino-
galactans, lignin, bound water, and other structural carbohy-
drates. Within this structure, there are pockets of biological
cells containing water, oils, proteins, sugars, cell carbohydrates
etc. On roasting, the cell structures are destroyed and many of
their contents react through a number of pathways in particu-
lar those of the Maillard reactions, to produce a wide variety
of reactants, many of which are the flavour and aroma small
molecules in addition to some larger polymerised molecules.
Structural carbohydrates of the intercellular matrix are also de-
graded, in part by pyrolysis reactions. CO2 is produced by these
reactions and the bean’s porosity is increased due to both the
destruction of the cells and the degradation of the intercellular
matrix.

At the same time, the water within the cells evaporates and
becomes water vapour. The resulting high gas pressure causes
the cells to expand. This expansion also causes the nano-porous
walls of the cells to deform allowing gas to flow through them
more easily. Figure 1 shows a typical coffee bean’s porous
structure after roasting. We can clearly see the pores surrounded
by the cellulose wall structure in this scanning electron micro-
scope (SEM) image. Before roasting, these pores contain sig-
nificant amounts of liquid water, but after roasting the water
appears as “spots” on the wall structure of the bean with the
rest of the pore filled with gas.

2.2. The Industrial Roasting Process

For industrial coffee roasting, two varieties of coffee beans
are mainly used: C. arabica and C. robusta. Due to cost and

aroma balance, a combination of these varieties is used for the
majority of coffee blends. Prior to roasting, both kinds of beans
are cleaned and any residual debris removed. Since C. robusta
beans present different aromas than the C. arabica variety, they
are sometimes steamed before they are roasted to bring out
favourable aromas similar to the C. arabica bean.

After any pre-treatment, the beans are roasted normally at
around 200◦C. The most common methods used are drum roast-
ers and the fluidised bed roasters [6]. In a drum roaster, the
coffee beans are placed in a rotating cylinder, which is attached
to a hot air inlet. In this roaster, heat is mainly transferred by
conduction from bean-bean contact or from inlet-bean interac-
tions. With the fluidised bed roaster, the beans are placed in a
chamber with hot air blown vertically through the bed of beans.
This causes the bean to become suspended in the air, and the
main heat transfer mechanism in this roaster is convection.

The roasting process can be divided into three phases: dry-
ing, flavour and colour development, and cooling. In the drying
phase, the evaporation of water from the bean’s biological cells
brings the moisture content down from an initial value of 12%
to approximately 2%. The bean’s temperature rises rapidly, and
swelling occurs. This is generally the longest phase of the roast.

Following the drying phase, flavour and colour start to de-
velop in the bean. Once the bean’s temperature reaches nearly
200◦C, exothermic reactions in the bean, such as Maillard reac-
tions, can begin. These reactions generate the colour, flavour,
and aromas that are typical of roast coffee beans. Additionally,
carbon dioxide is generated within the bean, causing the bean
to further swell. At some critical point in this stage, one can
observe “First Crack”. While a detailed physical explanation
for First Crack has not yet been found a distinct popping sound
can be heard, not unlike the sound of popping popcorn. After
First Crack, the bean’s colour continues to darken and its aro-
mas continue to enhance. A “Second Crack” can then occur,
similar to a snapping sound, when the bean becomes very dark
in colour. For industrially-roasted coffee, the roasting process
generally ends between First and Second Crack. Before First
Crack, the aromas and flavours of the bean have not fully de-
veloped, and after Second Crack, the bean is considered to be
burnt with all desirable aromas and flavours lost and undesir-
able aromas generated.

When the required period of roasting has occurred, further
roasting is prevented by transferring beans to a second cham-
ber for the cooling phase. Usually, liquid water is added to the
chamber (called “quenching”) to quickly stop the roasting pro-
cess. However, some roasters omit the quenching phase and
cool the beans using circulated cool air instead. While quench-
ing does add some extra moisture in the bean, a target moisture
of less than 5% is typically achieved. This cooling phase occurs
soon after First Crack to achieve a lighter roast, or near Second
Crack for a darker roast.

Figure 2 shows how the bean’s porous structure changes dur-
ing roasting. The amount of material decreases during roasting
due to evaporation and reactions. We also see that in the bean
prior to roasting (a “green” bean), the pores are small while a
roasted bean’s pores are larger and mostly filled with gas.
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(a) (b)
Figure 2: SEM images of a cross-section of a typical coffee bean before (a) and
after (b) roasting. Image courtesy of Mondelez International.

3. Model 1: Bulk Moisture Content

We first review a model specifically describing coffee roast-
ing, presented in [6]. It focuses on the heat transport within the
bean, and the bulk “moisture” content present within the bean.
The moisture is described as one phase with no distinction be-
tween vapour and liquid within the bean. The model consists of
a coupled system of PDEs with flux boundary conditions which
model the transfer of heat and moisture between the bean and
the ambient space. The model does not incorporate latent heat
within the bean itself but does account for it at the surface. A
main consideration of the model is the external geometry of the
bean and the PDEs are solved in a realistic shapes by using the
commercial package COMSOL [4].

The model presented here is very similar to the model pre-
sented in [6], but with a few simplifications. Firstly, all the
parameters in the model, except the mass diffusivity D, are held
constant. Secondly, spherical geometry is used instead of a
semi-elliptical geometry or a digitized geometry of a realistic
coffee bean. Finally, we will solve the system in MATLAB
[12] using a finite difference scheme in space and a stiff ODE
solver rather than in COMSOL.

3.1. Dimensional form of Model 1
Consider the coupled system of PDEs

ρbCpb
∂T ∗

∂t∗
+∇· (−Kb∇T ∗) = 0 and

∂c∗

∂t∗
−∇· (D∗∇c∗) = 0. (1)

Here, T ∗ and c∗ represent the dimensional temperature and
moisture content in the bean respectively, and are based on con-
servation of heat and water. Additionally, the thermal parame-
ters ρb,Cpb, and Kb refer to the density, specific heat capacity,
and thermal conductivity, respectively, of a “bulk” coffee bean.
These thermal properties incorporate the fact that a coffee bean
contains solid, liquid, and gas phases, and are therefore dif-
ferent than a dry bean. Here we will assume that all thermal
parameters of the bean are constants, except for the mass dif-
fusivity term D∗, which is a strong function of temperature and
moisture. In particular, we define

D∗(T ∗, c∗) = η1 exp
(
−

Ea

RT ∗
+ η2

c∗avg

c0

)
, (2)

where the term c∗avg denotes the average moisture concentration
over the volume V of the bean, i.e. c∗avg := 1

V

´
V c∗dV . This

mass diffusivity function is taken directly from [6], with the

parameters η1 and η2 determined experimentally by [8]. On the
surface of the bean, we impose the boundary conditions used
by [6]:

Kb∇T ∗ · n = hm(T∞ − T ∗) + λmDmmv∇c∗ · n, (3)

D∗∇c∗ · n = βm(c∞ − c∗), (4)

where n denotes the outward normal to the surface of the bean.
Equation (3) means that the thermal flux at the bean’s surface
is proportional to the difference between the roasting and actual
surface temperature, plus the amount of energy needed to evap-
orate the moisture on surface out of the bean. Equation (4) in-
dicates that the flux of moisture is proportional to the difference
between the ambient and the moisture levels on the surface of
the bean. The surface moisture diffusivity Dm is assumed to be
constant and independent of D∗. Additionally, the convective
heat transfer coefficient hm, the ambient moisture content and
temperature c∞, T∞, the mass transfer coefficient βm, and the
latent heat of vapourisation λm are all assumed to be constant.
Finally, we impose uniform initial conditions for the system,
namely,

T ∗(0, r) = T0 and c∗(0, r) = c0 for 0 ≤ r∗ ≤ L. (5)

To allow generic behaviour of the model to be determined we
assume spherical geometry for the bean with spherical symme-
try and the outer surface at r∗ = L. Hence, the solution depends
only on t∗ and r∗ and is solved in the region 0 ≤ r∗ ≤ L. Ad-
ditionally, we impose boundedness on T ∗ and c∗ at the centre
of the bean where r∗ = 0. This assumption about the geometry
will permit us to gain an understanding of the salient features
of the model. Model 1 is therefore defined by the PDE system
(1), the constitutive equation (2), the boundary conditions (3)
and (4), and the initial conditions (5).

3.2. Non-dimensionalisation of Model 1
We non-dimensionalise the PDE (1) using the scalings T ∗ =

T0 +(T∞−T0)T , c∗ = c∞+(c0−c∞)c, r∗ = Lr, t∗ =
L2ρbCpb

Kb
t, and

D∗ = D0D. Here, D0 denotes a typical value of the diffusivity;
in this case, it was picked as the average diffusivity at the initial
and final temperatures with its initial moisture content:

D0 =
D∗(T∞, c0) + D∗(T0, c0)

2
. (6)

The timescale is the heat diffusion timescale, also known as the
Fourier number, which is typically about 130s. We obtain the
non-dimensional system

∂T
∂t

=
1
r2

∂

∂r

(
r2 ∂T
∂r

)
and

∂c
∂t

=
D

r2

∂

∂r

(
r2D

∂c
∂r

)
. (7)

Here the dimensionless parameter D denotes the ratio of mass
diffusivity to thermal diffusivity, namely, D =

D0ρbCpb

Kb
, while

the non-dimensional mass diffusivity is defined as

D(T, c) =
η1

D0
exp

− Ea/(RT0)

1 +
(

T∞
T0
− 1

)
T

+ η2
c∞
c0

+3η2

(
1 −

c∞
c0

) ˆ 1

0
cr2dr

}
.

(8)
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On the surface of the bean, the boundary conditions in non-
dimensional form become

∂T
∂r

= Nu (1 − T ) + ξ
∂c
∂r

and
∂c
∂r

= −Sh
c
D

at r = 1. (9)

The Nusselt and Sherwood numbers, which are sometimes re-
ferred to as the heat and mass transfer Biot numbers, are defined
as Nu = hmL

Kb
and Sh =

βmL
D0

, respectively, and our final dimen-
sionless group is defined as

ξ = Dm
λm(c0 − c∞)mv

Kb(T∞ − T0)
, (10)

where mv is the molar mass of water. One could interpret ξ
as a ratio of surface moisture diffusivity to thermal diffusivity
from evaporation. Additionally, we impose Neumann boundary
conditions at the centre of the bean, i.e.

∂T
∂r

=
∂c
∂r

= 0 at r = 0. (11)

Finally, the initial conditions become T (0, r) = 0 and c(0, r) = 1
for 0 ≤ r ≤ 1.

3.3. Results

We solve the non-dimensionalised model presented in Sec-
tion 3.2 in MATLAB [12] using a central finite volume scheme
in the radial component, e.g.

∇2T
∣∣∣∣
ri
≈

1
(2∆r)2

(2 +
∆r
ri

)2

(T (ri+1, t) − T (ri, t))

−

(
2 −

∆r
ri

)2

(T (ri, t) − T (ri−1, t))

 ,
(12)

and a stiff ODE solver for the time component. This finite vol-
ume scheme is second-order accurate in theory; in practise, we
see a convergence rate of approximately 1.95 at coarser meshes.
We use a stiff adaptive ODE solver in time, namely the MAT-
LAB function ode15s, to guarantee that the scheme always
stayed in the radius of convergence, as well as 100 spatial mesh-
points for good numerical resolution. While other solvers such
as COMSOL could have also been used, the transparency of the
MATLAB structure and being able to avoid “black-box” solvers
made the MATLAB approach desirable to the authors. We use
parameter values shown in Table 1 to obtain the results shown
in Figures 3 and 4. These parameter values are chosen so that
solutions of Model 1 agree with the predictions presented in [6].

As we can see in Figure 4, the predictions shown in [6] can
be reproduced well using Model 1. Additionally, we observe
from Figure 3 that the main spatial dependence in temperature
and moisture content only occur during the first minute of roast-
ing. After the first minute, the bean’s temperature and moisture
content become nearly spatially uniform.

It is important to note at this point that the boundary condi-
tion in T for this model can drive the system unstable. This is
due to the fact that we have opposing signs in the boundary con-
dition. For small t, T ∼ 0 and c ∼ 1, making ∂T

∂r ∼ Nu −1.5ξSh.

Parameter Typical Value Reference(s)
T0 20◦C (293.15 K) Fabbri et al. (2011)
c0 5500 mol/m3 (approx 12% moisture) Fabbri et al. (2011)
c∞ 0.5 mol/m3 Fabbri et al. (2011)
T∞ 200◦C (473.15 K) Fabbri et al. (2011)
D0 1.63×10−10 m2 /s Determined from other parameters (Section 3.2)
Ea 6.69×104 J/mol Fabbri et al. (2011)
R 8.314 J/(mol·K) Universal gas constant

Kb 0.08 J/(s·m·K) Chosen to agree with simulated data presented in [6]
ρb 850 kg/m3 Chandrasekar and Viswanathan (1999)

Cpb 780 J/(K·kg) Chosen to agree with experimental data presented in [6]

L 4×10−3 m Jacobs Douwe Egberts
η1 15.01 m2 /s Hernandez-Diaz et al. (2008)
η2 1.74 Hernandez-Diaz et al. (2008)
λm 2.3×106 J/kg Fabbri et al. (2011)
mv 0.018 kg/mol Molar mass of water
Dm 5 × 10−10 m2 /s Fabbri et al. (2011)
hm 20 J/(s·m2 ·K) Chosen to agree with experimental data presented in [6]
βm 3.4×10−6 m/s Chosen to agree with experimental data presented in [6]
ξ 7.9 × 10−3 Determined from other parameters (Section 3.2)

Nu 1 Determined from other parameters (Section 3.2)
Sh 83 Determined from other parameters (Section 3.2)
D 1.4 × 10−3 Determined from other parameters (Section 3.2)

Table 1: List of dimensional and non-dimensional parameter values used in
Model 1.

(a) (b)
Figure 3: Plots of a 4mm spherical bean’s (a) temperature and (b) moisture
concentration for 300s of roasting at 200◦C from Model 1. Parameter values
are listed in Table 1.
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Figure 4: Comparison of temperature curves for a 4mm bean at the surface and
the centre of the bean during 400s of roasting at 200◦C. Predictions reproduced
from [6] and Model 1. Parameter values for Model 1 are listed in Table 1.
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Figure 5: Numerical difficulties are seen when solving Model 1 with βm =

3.5 × 10−6 m/s, giving Sh = 86. All other parameters are defined in Table 1.

Therefore, if ∂T
∂r < 0 for long enough time, the surface of the

bean will cool the interior rather than heat it. Indeed, if we in-
crease βm from 3.4 × 10−6 to 3.5 × 10−6, we see from Figure
5 that T becomes singular at t ∼ 1s when MATLAB tries to
solve the system. This may indicate that the boundary value
problem consisting of (7) and (9) becomes ill-posed for certain
parameter values. Even if this is not the case, Model 1 does ap-
pear to give us undue numerical difficulties in some parameter
regimes. Further, since certain features of the model are pre-
scribed rather than derived from first principles, troubleshoot-
ing these features is difficult. This motivates us to consider a
new model derived directly from conservation equations, which
we do in the next section.

4. Model 2: Local Moisture Content

Model 1 is a good model of the observed behaviour during
coffee roasting, as parameters and model elements were specifi-
cally chosen for the roasting process. However, the fact that the
moisture content was treated as a bulk quantity without speci-
fying the phase state at any point in the bean makes the model
limited. This also meant that the bulk thermal properties of
the bean may be oversimplified for the roasting process. Ad-
ditionally, latent heat and evaporation effects can happen in the
interior of the bean, since the centre of the bean goes above the
boiling temperature of water, and therefore such effects need to
be incorporated in the model.

Using the bulk roasting model of [6] as motivation, in this
section we derive a roasting model from first principles. Such
a model has not previously been considered for coffee bean
roasting, although we should remark that similar mathemati-
cal modelling that incorporates multiphase flow has been con-
sidered for other similar applications, including baking of bread
[23], plasma/soil flow and heat transfer in an electric arc furnace
[15], burning of timber [16], fire propagation in heterogeneous
combustible media [11], and modelling forest fires [19]. Such
a model should incorporate multi-phase flow and CO2 produc-
tion. We assume that no deformation of the bean occurs during
the roasting process. While deformation of the bean plays a

(a) (b)

(c)
Figure 6: Schematic representation of a coffee bean structure. (a) The exterior
of the bean is shown in red, the surface of the bean is represented by the striped
region, and the biological cells are shown as white squares partially filled with
blue water. (b) The representative volume of interest is marked by a black cir-
cle, with each phase (I, II, and III) labeled. (c) The complete diagram for Model
2 with boundary conditions. The dark blue arrows represent liquid water trans-
port, the light blue arrows represent water vapour transport, the grey arrows
represent CO2 transport, and the red arrows represent thermal activity.

significant role in the roasting of coffee beans, it was omitted in
this first attempt at a model. We also assume that the density of
the solid coffee bean and the liquid water are constant.

To aid the derivation process, a simplified diagram (Figure
6(a)) shows the different phases existing within a coffee bean.
The white squares represent the pockets containing the biolog-
ical cells, which are partially filled with liquid water (shown in
blue). The solid nano-porous structure is shown in brown, and
the surface of the bean is represented by the striped region near
the top of the figure. Finally, the exterior of the bean, i.e. the
roasting chamber, is represented by the red region at the top of
the figure.

4.1. Derivation of Dimensional Model 2

4.1.1. Introduction of Multiphase Components
Consider a representative small volume of interest with three

phases present: solid (I), liquid (II), and gas (III). In the solid
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phase, only the coffee bean structure consisting of cellulose and
other organic molecules exists. In the liquid phase, only liquid
water is present. Finally, in the gas phase, water vapour and
CO2 coexist. Additionally, we will assume that the temperature
in all phases is identical for a given volume of interest (i.e. T ∗i =

T ∗, for each phase i). These phases can be summarized using
Figure 6(b), where the volume of interest is shown within a
black circle, with each phase marked.

We define the porosity, φ, as the ratio of the total volume the
gas and liquid phases occupy, to the total representative volume.
Similarly, we define the saturation, S , as the the volume fraction
of liquid water divided by the total volume of liquid water and
gas. Therefore, we have

φ =
VII+III

VI+II+III
and S =

VII

VII+III
=

VII

φVI+II+III
. (13)

Using these two non-dimensional quantities, we can define the
volume fractions of phases I, II, and III as 1 − φ, φS , and φ(1 −
S ), respectively.

4.1.2. Conservation of Mass (Solid Phase)
We begin by using conservation of mass for the four species

present: solid coffee bean, liquid water, water vapour, and CO2
gas. For the solid phase, there is no movement in the particles
(and hence, no flux), but the particles in the coffee bean struc-
ture will react to produce CO2 gas. This can be described as

∂

∂t∗
((1 − φ)ρs) = −I∗c , (14)

where I∗c is the production rate of CO2 gas. In other words, the
porosity of the bean will increase as more CO2 gas is produced.
As a visual aid, a schematic representation of this equation is
given in Figure 6(c), where the grey arrows represent the pro-
duction and transport of CO2 gas.

4.1.3. Conservation of Mass (Liquid Phase)
For the liquid phase, we must consider the loss of liquid wa-

ter due to evaporation as well as the mass flux of water, jw, to
incorporate diffusion. This can be summarized as

∂

∂t∗
(φS ρw) + ∇ · jw = −I∗v , (15)

where I∗v refers to the evaporation rate of liquid water. This
means that the local saturation can increase or decrease based
on local condensation or evaporation, as well as any movement
of liquid from mass flux. Referring to Figure 6(c), the transport
of water is represented by the dark blue dashed arrows.

4.1.4. Conservation of Mass (Gas Phase)
In the gas phase, we incorporate mass fluxes jv and jc to al-

low for the transport of water vapour and CO2 gas, as well as
account for the production rates of CO2 gas and water vapour.
Additionally, we use the ideal gas law to define ρv = pvmv/RT ∗

and ρc = pcmc/RT ∗, where mv and mc are the molar masses
of water and CO2 respectively, and pv and pc are the partial

pressures of water vapour and CO2 gas respectively. This gives
us

∂

∂t∗

(
φ(1 − S )

p∗vmv

RT ∗

)
+ ∇ · jv = I∗v , (16)

∂

∂t∗

(
φ(1 − S )

p∗cmc

RT ∗

)
+ ∇ · jc = I∗c . (17)

Similar to the liquid water equation, these mass conservation
equations for the gas species tell us that the partial pressure of
a gas will change based on any gas production in the solid or
liquid phases, as well as any diffusion through the nano-porous
structure. Again, we can refer to Figure 6(c) which represents
the transport of water vapour (shown in light blue) and CO2 gas
(shown in grey) .

4.1.5. Derivation of Mass Flux Terms
The mass fluxes of gases are due to the total gas pressure

gradient and binary diffusion ([2], [14]). Additionally, the liq-
uid water transport is due to the water pressure gradient, which
is assumed to be equal to the total gas pressure gradient, and
moisture diffusion ([2], [14]). We take these directly from [23]
using

j∗v = −
ρ∗vk∗g
µ∗g
∇(p∗v + p∗c) − mvM∗D∗eff,g∇χv, (18)

j∗c = −
ρ∗ck∗g
µ∗g
∇(p∗v + p∗c) − mcM∗D∗eff,g∇χc, (19)

j∗w = −
ρwk∗w
µ∗w
∇(p∗v + p∗c) − ρwD∗w∇

(
φS ρw

(1 − φ)ρs

)
. (20)

Here, kg and kw denote the permeabilities of gas and water
within the nano-porous coffee bean structure, while µg and µw

represent the dynamic viscosities of gas and water in the bean.
Additionally, D∗eff,g and D∗w are the effective diffusivities of gas
and liquid water due to “standard” diffusion, i.e. Fick’s Law
([7]).

It is important to note that M∗ denotes the molar density of
the gas mixture, i.e. M∗ = ρ∗v/mv + ρ∗c/mc =

p∗v+p∗c
RT ∗ . Since

the molar fractions χv and χc sum to one, we can substitute
∇χc = −∇χv and, from the definition of the molar fraction, we
have

χv =
ρ∗v/mv

ρ∗v/mv + ρ∗c/mc
=

p∗v
p∗v + p∗c

. (21)

More care would need to be taken with molar fraction should
a third gas species be included later. The second term in jw

represents an “unforced” diffusion term of liquid water, which
is driven by any change in moisture content. Here, moisture
content is defined as the mass ratio of liquid water to dry solids.
Using our definitions of volume fractions in (13), we can define
moisture content as φS ρw/(1 − φ)ρs.

4.1.6. Conservation of Energy
We note, from [9, 22, 23], that each phase i contains enthalpy

ρ∗i CpiV f ,iT ∗ and contributes a diffusive heat flux −KiV f ,i∇T ∗.
Additionally, from [9, 22, 23], advection of the enthalpy in
phase i is given by viρiCpiV f ,iT ∗. Here, V f ,i represents the vol-
ume fraction for each phase and the velocity field vi is given by
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vi =
ji
ρi

. Finally, we note that the energy contributing to produc-
tion of CO2 gas and evaporation of liquid water is given by λcI∗c
and λvI∗v respectively, where λv is the latent heat of vapourisa-
tion of water and λc denotes the energy (per kg of solid phase)
required for the solid phase to react and produce CO2 gas. Since
we do not track the fine scale structure of the bean, it makes
sense to consider a locally volume averaged formulation, in the
standard way [9, 22]. This can be summarised by

∂

∂t∗

∑
i

ρ∗i CpiV f ,iT ∗
 + ∇ ·

∑
i

viρiCpiV f ,iT ∗


− ∇ ·

∑
i

KiV f ,i∇T ∗
 = −λvI∗v − λcI∗c .

(22)
All of these thermal processes can be summarised with a
schematic representation given in Figure 6(c), where the red
arrows denote thermal activity.

4.1.7. Derivation of Evaporation and Production Rates
For the evaporation rate I∗v , we use Langmuir’s equation [10]

based on the difference between the actual partial pressure and
the equilibrium partial pressure, given by

I∗v =
(
p∗S T (T ∗) − p∗v

) √
mv

2πRT ∗
Surface Area

Volume
. (23)

This equilibrium pressure p∗S T (T ∗) can be calculated using a
steam table. However, we need to also incorporate the fact that
evaporation occurs at the interface between the liquid and gas
phases. The size of this interface is dictated by the surface-
to-volume ratio. For example, if either of their related volume
fractions should be zero, evaporation cannot occur. If we as-
sume that the geometry of the liquid phase is roughly spherical,
then we can approximate this ratio as

Surface Area
Volume

=
3
δ

V f ,IIV f ,III =
3
δ
φ2S (1 − S ), (24)

where δ is a typical radius of a biological cell. Combining all
of these terms together gives us

I∗v = 3φ2S (1 − S )
p∗S T (T ∗) − p∗v

δ

√
mv

2πRT ∗
. (25)

The steam table pressure for pure water can be approximated
by, from [5],

p∗S T (T ∗) = A1 exp
(
A2 −

A3

T ∗

)
. (26)

For I∗c , the kinetics of the CO2-producing reaction are not as ob-
vious as the evaporation rate. If one assumes that this reaction
can only take place on the interface between the solid and gas
phases, then we could approximate this production rate using
Langmuir’s equation [10] as

I∗c = 3φ(1 − φ)(1 − S )
p∗eq(T ∗) − p∗c

δ

√
mc

2πRT ∗
. (27)

The equilibrium pressure of this reaction, p∗eq(T ∗), should only
allow the reaction to proceed in a single direction (i.e. no solid
can be created from CO2 gas). Additionally, it is quite possible
that the reaction can happen internally within the coffee bean,
or that the geometry at the interface of these two phases sug-
gests a different surface-to-volume ratio. In either case, or for
other factors that have not been incorporated in this model, the
expression for I∗c would need to be modified.

4.2. Boundary Conditions for Model 2

For the heat boundary condition, we assume that the princi-
pal means of heat transport away from the boundary is due to
convection. This gives rise to our dimensional boundary condi-
tion in T ∗ on the surface of the bean, 1∑

i

KiV f ,i∇T ∗
 · n =

∑
i

hiV f ,i

 (T∞ − T ∗). (28)

Additionally, it is quite possible that there are additional heat
fluxes to consider, notably a term involving the flux of liquid
water. For this model, we will assume that evaporation of liq-
uid water occurs only inside the bean and not directly on the
surface. Therefore, a flux term due to moisture, like the one
used in Model 1, is not included.

For our boundary condition for the gases, we assume that the
number of moles of gas in the roasting chamber (n), as well as
the volume of the roasting chamber itself (V), stay constant dur-
ing the roasting process, i.e.

∑
i p∗i
T ∗ = nR

V . By ideal gas law, this
means that the ratio of roasting temperature to initial tempera-
ture

(
T∞
T0

)
is identical to the ratio of the total gas pressure in the

roasting chamber to the initial total gas pressure,
∑

i p∗i
p0

. Addi-
tionally, this means that we must also declare one of the partial
pressures of gas at the surface of the bean; for this model, we
choose to declare the partial pressure of CO2 gas at the bound-
ary. This is equivalent to saying that

p∗c + p∗v =
T∞
T0

p0 and p∗c = p∗c,∞ at r∗ = L. (29)

Since the beans have been stored at ambient temperature and
a constant environment before going in to the roaster, we im-
pose spatially uniform initial conditions for the system, namely,
T ∗ = T0, atmospheric vapour pressure (p∗v = p∗v0), and CO2
pressure (p∗c = p∗c0).

The complete model is represented in Figure 6(c). Dimen-
sional parameters (and typical values) are given in Table 2.

4.3. Non-dimensionalisation of Model 2

We non-dimensionalise the variables in the PDE system us-
ing: T ∗ = T0 + (T∞ − T0)T , p∗v = p0 pv, p∗c = p0 pc, r∗ = Lr,

1It is important to note that greater care may be needed for this flux con-
dition. For instance, the roasting chamber is assumed to only contain gas, and
therefore might not be reasonable to contain term with volume fractions like
hiV f ,i. In consequence, it may be more realistic to have a “bulk" convective
coefficient; however, this is omitted from our model.
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Parameter Typical Value Reference(s)
A1 133.3 Pa Dean (1999)
A2 20.39 Dean (1999)
A3 5132 K Dean (1999)

Cpc 900 J/(kg·K) Engineering Tool Box
Cps 450 J/(kg·K) Chosen to agree with experimental data presented in [6]
Cpv 1900 J/(kg·K) Engineering Tool Box
Cpw 4200 J/(kg·K) Engineering Tool Box

Deff,g0 - Not used
Dw0 - Not used
hc - Not used
hv 16 J/(s·m2 ·K) Chosen to agree with experimental data presented in [6]
Ic0 3.4×107 kg/(m3s) Determined from other parameters (Section 4.3)
Iv0 2.2×107 kg/(m3s) Determined from other parameters (Section 4.3)
Kc 0.015 J/(s·m·K) Engineering Tool Box
Ks 0.037 J/(s·m·K) Extrapolation of Chandrasekar and Viswanathan (1999)
Kv 0.016 J/(s·m·K) Engineering Tool Box
Kw 0.58 J/(s·m·K) Engineering Tool Box
kg0 2.0×10−19 m2 Chosen to agree with experimental data presented in [6]
kw0 - Not used

L 0.004 m Jacobs Douwe Egberts
mc 0.044 kg/mol Molar mass of CO2
mv 0.018 kg/mol Molar mass of water
p0 101325 Pa Atmospheric pressure
R 8.314 J/(mol·K) Universal gas constant

T0 293.15 K Jacobs Douwe Egberts
T∞ 473.15 K Jacobs Douwe Egberts
δ 15×10−6 m Jacobs Douwe Egberts
λc - Not used
λv 2.3×106 J/kg Fabbri et al. (2011)
µg0 1.2×10−5 kg/(s·m) Thermexcel
µw0 - Not used
ρs 850 kg/m3 Chandrasekar and Viswanathan (1999)
ρw 1000 kg/m3 Density of water
θ 4.6×10−5 s Determined from other parameters (Section 4.3)

S 0 0 ≤ S 0 ≤ 1 Initial saturation
φ0 0.5 Constant porosity

pc,0 0 ≤ pc,0 ≤ 1 Initial partial pressure of CO2

Table 2: Typical values for dimensional parameters used in Model 2. Engi-
neering Tool Box values are from http://www.engineeringtoolbox.com/ (10-
July-2015). Thermexcel values are from http://www.thermexcel.com/ (10-July-
2015).

and t∗ = θt, and similarly all dimensional functions are non-
dimensionalised by dividing by a typical function value, i.e.
f ∗ = f0 f . The timescale, θ, is chosen to be the time for evapo-
ration so that θ =

ρw
Iv0

, where Iv0 =
3p0
δ

√
mv

2πRT0
.

The full model in spherical coordinates can then be written
in the following form. First, the mass conservation equations
become

∂φ

∂t
=
κ1

α1
Ic, (30)

∂

∂t
(φS ) = −Iv + κ3D3∇ ·

(
kw

µw
∇(pv + pc) +

1
α1

D2∇

(
φS

1 − φ

))
,

(31)

∂

∂t

(
φ(1 − S )pv

1 + T T

)
=

1
α2

Iv + D3∇ ·

(
kg

µg

pv

1 + T T
∇(pv + pc)

+D1
(pv + pc)Deff,g

1 + T T
∇

(
pv

pv + pc

))
,

(32)

∂

∂t

(
φ(1 − S )pc

1 + T T

)
=
κ1κ2

α2
Ic + D3∇ ·

(
kg

µg

pc

1 + T T
∇(pv + pc)

−D1
(pv + pc)Deff,g

1 + T T
∇

(
pv

pv + pc

))
.

(33)
The energy conservation equation becomes

∂

∂t
(Enthalpy) − ∇ · (Advection) =

− γIv − γκ1κ4Ic + T ∇ · (Conduction),
(34)

Dimensionless
Parameter

Relationship to Dimensional
Parameters

Typical value of Parameter

α1
ρs
ρw 0.85

α2
p0mv
ρwRT0

7.5 × 10−4

B1
A1
p0

exp
(
A2 −

A3
T0

)
0.0235

B2
A3
T0

17.5

γ
λv

T0Cpw
1.9

ζ1
Ks

ρwCpw
·

ρw
L2 Iv0

2.4 × 10−8

ζ2
Kw

ρwCpw
·

ρw
L2 Iv0

3.9 × 10−7

ζ3
Kv

ρwCpw
·

ρw
L2 Iv0

1.1 × 10−8

C1
Cps
Cpw

0.11

C2
Cpv
Cpw

0.45

D3
kg0 p0
µg0

·
ρw

L2 Iv0
4.7×10−9

T T∞
T0
− 1 0.61

Nuv
hvL
Kv

4

Table 3: Description and typical values of dimensionless parameters used in the
simplified form of Model 2. Dimensional parameter values are given in Table
2.

where

Enthalpy = α1C1(1 − φ)(1 + T T ) + φS (1 + T T )

+ α2C2φ(1 − S )pv +
α2C3

κ2
φ(1 − S )pc,

(35)

Advection = κ3D3φS (1 + T T )
(

kw

µw
∇(pv + pc)

+
1
α1

D2∇

(
φS

1 − φ

))
+ α2C2D3φ(1 − S )

(
kg

µg
pv∇(pv + pc)

+D1(pv + pc)Deff,g∇

(
pv

pv + pc

))
+
α2C3D3

κ2
φ(1 − S )

(
kg

µg
pc∇(pv + pc)

−D1(pv + pc)Deff,g∇

(
pv

pv + pc

))
,

(36)

Conduction = (ζ1(1 − φ) + ζ2φS + ζ3φ(1 − S ) + ζ4φ(1 − S ))∇T.
(37)

The heat flux condition, (28), becomes

∂T
∂r

= Nuvζ3(1 − T )
φ(1 − S )(1 + H)

ζ1(1 − φ) + ζ2φS + (ζ3 + ζ4)φ(1 − S )
,

(38)
while the concentration boundary conditions are

pc + pv = 1 + T and pc = pc,∞ at r = 1. (39)

Additionally, because of the radial symmetry, it is appropriate
to impose Neumann boundary conditions at the centre of the
bean, namely,

∂pv

∂r
=
∂pc

∂r
=
∂T
∂r

= 0 at r = 0. (40)

Finally, the initial conditions at t = 0 are

T = 0, pv = pv,0, pc = pc,0, S = S 0 . (41)
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Dimensionless
Parameter

Relationship to Dimensional
Parameters

Typical value of Parameter

κ1
Ic0
Iv0

1.56

κ2
mv
mc 0.41

κ3
kw0 p0
µw0

·
µg0

kg0 p0
-

κ4
λc
λv

-

C3
Cpc
Cpw

2.1 × 10−4

D1 Deff,g0 ·
µg0

kg0 p0
-

D2 Dw0 ·
µw0

kw0 p0
-

H hc
hv

-

ζ4
Kc

ρwCpw
·

ρw
L2 Iv0

1.0 × 10−8

Table 4: Description and typical values of other dimensionless parameters, not
used in the simplified form of Model 2. Dimensional parameter values are given
in Table 2.

Tables 3 and 4 provide a description and a typical value of
each dimensionless parameter shown above. Additionally, we
define Model 2 as the PDEs (30), (31), (32), (33), (34), the
constitutive equations (35), (36), (37), the boundary conditions
(38), (39), (40), and the initial conditions (41).

4.4. Simplification of Model 2

While Model 2 presented in Sections 4.3 appears to account
for most of the processes relevant to the roasting of coffee
beans, there are several difficulties in practice, primarily due to
the lack of sufficient relevant physical data for determining re-
alistic values of some parameter values. Furthermore, the com-
plexity of the model makes interpretation of the behaviour of
solutions somewhat complicated. In consequence, we are mo-
tivated to simplify Model 2 in order to to gain a preliminary
understanding of the behaviour of its solutions.

Firstly, we note that several parameter values relating to CO2
gas production are not well documented and that such parame-
ters might only be determined by further experiments. We note
however that, at least initially, we anticipate CO2 production to
be small and might therefore neglect its influence on the be-
haviour. This is equivalent to assuming the non-dimensional
parameters (κ1, κ2, κ4,C3,H, ζ4) are all small. By doing so, this
in turn implies that φ remains constant.

In addition to the neglecting any CO2 gas transport, we also
simplify the transport of liquid water and water vapour. If we
assume that the dominant transport of water vapour is pressure-
driven rather than by Fick’s Law, we can conclude that the pa-
rameters D1 and D2 are small and can be neglected. Addition-
ally, since kg0 is very small, due to the low permeability of the
nano-porous coffee bean walls, we assume that kw0

µw0
�

kg0

µg0
(i.e.

κ3 is negligible).
Some parameter values in Model 2 have been determined, but

are much smaller than other parameter values in the equation.
Since α2C2 � α1C1 and α2C2D3 ≈ 10−12, we neglect both of
these terms. Finally, we assume that k∗g and µ∗g are identically

constant, implying that kg

µg
≡ 1, since kg0 and µg0 have already

been incorporated in the non-dimensionlisation. Combining all
of these simplifications, our system of PDEs becomes

φ
∂S
∂t

= −Iv, (42)

φ
∂

∂t

(
(1 − S )pv

1 + T T

)
=

1
α2

Iv + D3∇ ·

(
pv∇pv

1 + T T

)
, (43)

α1C1(1 − φ)T
∂T
∂t

+ φ
∂

∂t
(S (1 + T T ))

= −γIv + T
(
(ζ1(1 − φ) + ζ3φ)∇2T + (ζ2 − ζ3)φ∇ · (S∇T )

)
.

(44)
In non-dimensional form,

Iv = φ2 (pS T − pv)S (1 − S )
√

1 + T T
and pS T = B1 exp

(
B2T T

1 + T T

)
.

(45)
Additionally for our simplified model, since we are only consid-
ering the vapour pressure, our boundary condition for pressure
becomes

pv = 1 + T at r = 1, (46)

and our boundary condition for heat becomes

∂T
∂r

= Nuvζ3(1 − T )
φ(1 − S )

ζ1(1 − φ) + ζ2φS + ζ3φ(1 − S )
at r = 1.

(47)
Additionally, we preserve the Neumann boundary conditions

∂pv

∂r
=
∂T
∂r

= 0 at r = 0, (48)

as well as the initial conditions at t = 0,

T = 0, pv = pv,0, S = S 0. (49)

We define the Simplified Model 2 as the PDEs (42), (43), (44),
the constitutive equation (45), the boundary conditions (46),
(47), (48), and the initial conditions (49).

4.5. General Behaviour of Simplified Model 2
The previous simplification of Model 2 has been done to al-

low progress to be made and are reasonable for the drying part
of the roasting process. However, it is clear that some mech-
anisms may still dominate others as the remaining parameters
in the model still range over several orders of magnitude. A
formal asymptotic analysis, exploiting these parameter sizes,
remains to be completed but here we indicate the general struc-
ture of the behaviour. We note that a typical roasting situation
has θ ≈ 10−3s, α2 ≈ 10−3, D3

φ
=

(
1−φ
φ
ζ1 − ζ3

)
= (ζ2−ζ3) ≈ 10−6,

γ = T =
1−φ
φ
α1C1 ≈ 1. We note that these parameter values

indicate there might be phenomena at three distinct orders of
magnitude, namely, O(1), O(10−3), and O(10−6). If we intro-
duce a small parameter ε = O(10−3), then the phenomena are
of size O(1), O(ε), and O(ε2). Making this substitution of ε into
our simplified parameter values gives us

∂S
∂t

= −φ
(pS T − pv)S (1 − S )

√
1 + T

, (50)

(1 + S )
∂T
∂t

= −T
∂S
∂t

+ ε2∇2T + ε2∇ · (S∇T ), (51)(
1 − S
1 + T

)
∂pv

∂t
=

(
pv

1 + T
−

1
ε

)
∂S
∂t

+
(1 − S )pv

(1 + T )2

∂T
∂t

+ε2∇·

(
pv∇pv

1 + T

)
.

(52)
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Figure 7: A summary of where the different regions are as the bean dries. Re-
gion i is when the vapour pressure is in equilibrium, Region ii is the dry region,
and the dashed lines indicate the narrow transition layer between the regions.
There is an initial rapid transient indicated by the black region.

Again, pS T = B1 exp
(
B2

T
1+T

)
, since T = 1 in this further sim-

plified version of the problem.
The main conclusion to be drawn from this formulation of

the problem comes from observing that the − 1
ε
∂S
∂t term in (52)

appears to be much larger than any of the other terms in that
equation. This therefore requires that to lowest order ∂S

∂t = 0.
In consequence, (50) implies that our modified evaporation rate
φ (pS T−pv)S (1−S )

√
1+T

must also be zero to leading order. This require-
ment can only be satisfied in three ways: i) by having p = pS T ,
ii) by having S = 0, or iii) by having S = 1. This naturally
divides the solution into various subregions with one region for
each of the cases. Physically, we can readily interpret the re-
gions since i) is a region where the water vapour pressure is
in equilibrium with the water, ii) is a region that is completely
dry and iii) corresponds to a completely water filled part of the
bean. Between these regions there will be narrow "transition
layers" allowing the behaviour to smoothly vary. In practice,
region iii) can only occur if some part the bean is initially full
of water (ie S 0 ≡ 1) and we do not expect this to occur, hence
in subsequent numerical results we will see the development
of the two regions, i) and ii). In some situations, the initial or
boundary data may not be consistent with the regions i) and
ii) described above and in this case there may be some rapid
adjustment of the behaviour. A summary of these regions is
depicted in Figure 7.

4.6. Results of Simplified Model 2
We focus on the Simplified Model 2 for preliminary results.

We solve the non-dimensionalised model presented in Section
4.4 using the method of lines with a finite volume scheme in the
radial component, as outlined in (12), and a stiff ODE solver for
the time stepping (i.e. the MATLAB function ode15s). This
was implemented using MATLAB [12] with 75 spatial mesh-
points, as a more refined spatial meshing would result in a pro-
hibitive expense of computation time. Lastly, we assume pa-
rameters values given in Tables 2 and 3.

In order to compare the experimental data and average mois-
ture concentration presented in [6] with the predictions of Sim-
plified Model 2 we need to briefly describe how the data relates
to the moisture content variable in the Simplified Model 2. We
can define the moisture concentration c∗ as the moisture content

Figure 8: The solutions of Simplified Model 2 for 1000s of roasting at 200◦C.
Dimensionless parameters are specified in Table 3 and boundary conditions
described in Section 4.4 are imposed.
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Figure 9: Comparison of temperature curves for a 4mm bean at the surface and
the centre of the bean during 400s of roasting at 200◦C under both Model 1 and
the Simplified Model 2. Parameter values for the Simplified Model 2 are listed
in Table 3.

( φS ρw
(1−φ)ρs

, Section 4.1.5) multiplied by the molar density of water
( ρw

mw
). This gives us

c∗ =
φS ρ2

w

(1 − φ)ρsmw
. (53)

This in turn tells us that a coffee bean with 12% moisture ini-
tially (5500 mol/m3, as per [6]) would have S 0 ≈ 0.084.

From the numerical results presented in Figure 8, we can see
that S forms two distinct regions, as was predicted in Section
4.5. Additionally, in Figure 9, we see that Model 1 and the Sim-
plified Model 2 agree well with the temperature profiles shown
at the core and the surface of the bean, when using parameters
described in Table 3. Finally, we see in Figure 10 that the aver-
age moisture content predicted by the Simplified Model 2 has
a very good agreement with the experimental data provided in
[6], and affords a better fit than obtained from Model 1.

The most noticeable difference between the c∗avg curves ob-
tained by our two models is that at the beginning of the roast, we
observe a slight increase in average moisture concentration in
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Figure 10: Comparison of average moisture content for a 4mm bean during
850s of roasting at 200◦C for simulated and experimental data reproduced from
[6], Model 1, and the Simplified Model 2. Parameter values used when obtain-
ing solutions for Model 1 and Simplified Model 2 are listed in Tables 1 and 3
respectively. We also compare our results to those of Fabbri et al. [6].

the solution to the Simplified Model 2, before the bean’s mois-
ture starts to evaporate. This is to be expected, since the bean
starts out below the boiling point of water at ambient roasting
pressure. In consequence, there will be a brief time where water
condenses on the bean, thereby raising the moisture content.

5. Comparison of Solutions to the Two Models

At this point, it is natural to compare how the existing and
new model compare and discuss their relative merits. Indeed,
the results shown in Sections 3.3 and 4.6 indicate that both mod-
els can be fit to the experimental data shown in [6]. We note
that, as indicated in Section 3.3, Model 1 can show numerical
ill-posedness if the parameter values are not well-chosen. This
behaviour does not seem to occur with the Simplified Model 2.
Regarding the internal transport of water, Model 1 uses a simple
mass diffusivity term, while the Simplified Model 2 considers
vapour and liquid water as separate entities. In the former case,
there is a need to ensure that the diffusivity is correctly fitted to
data in the relevant temperature range since it originates from
models below the boiling point [8], while the latter suffers from
a lack of physical data to properly quantify the many more pa-
rameters that are required. In particular, the Simplified Model
2 currently uses an ideal “steam table" pressure for the vapour
pressure and this needs significant modification in the case of
water bound to the solid phase. One shortcoming of the spe-
cific mass diffusivity used in the Model 1 is its dependence on
the average moisture content. Such a dependency gives good
fitting of the data, but the underlying physical mechanisms that
it represents are not clear.

Although there is agreement on the predicted average mois-
ture in a bean, there are substantial differences between the two
models concerning the predicted distribution of the moisture
the coffee bean. Indeed, while both models predict a drying
front that moves to the centre of the bean, the moisture content
remaining after the drying front varies significantly. In Model
1, the moisture in the bean slowly decreases after the drying
front has reached the centre of the coffee bean, and the moisture

(a) (b)
Figure 11: Comparison of moisture concentrations in a 4mm bean during 1000s
of roasting at 200◦C for (a) Model 1 and (b) the Simplified Model 2. Param-
eter values for Model 1 and Simplified Model 2 are listed in Tables 1 and 3
respectively.

throughout the bean is nearly uniform. On the other hand, in the
Simplified Model 2, the coffee bean is distinctly divided into a
“moist” region (where S ∼ S 0) and a dry region (S ∼ 0). Ad-
ditionally, the drying front in the Simplified Model 2 is much
slower than in Model 1. This is because Model 1 measures
moisture in the bulk, and will show a bean drying in average
moisture content, while Model 2 will show the progress of the
drying of a bean locally. Due to evaporation being a local phe-
nomenon, we conclude that Model 2 has a more realistic drying
front. Such a comparison of these two models is shown in Fig-
ure 11. Note that these differences may play a significant role
if used to predict where chemical reactions in the coffee bean
can occur. In consequence, having a different localized model
for the moisture concentration inside a coffee bean can signifi-
cantly vary the predictions of other chemical reactions that can
occur in a bean.

Until now, our main conclusion of the two models is that,
while predicting different local moisture content within the
bean, one can present similar average moisture content values
to what is seen experimentally. We will now investigate how
sensitive these parameters are to the lengthscale chosen using
the following thought experiment. Suppose that we choose to
coarsely chop up our green coffee beans and then roast them,
rather than the standard method of grinding beans after roast-
ing. Without changing any of the other parameters in the two
models, how do the results differ? To answer this, we solve
Model 1 and Simplified Model 2 as before, but with changing
L = 0.2mm to reflect a coarse chopping of the bean. As we can
see in Figure 12, the temperature profiles produced from Model
1 and Simplified Model 2 are nearly identical. However, we
also note that the moisture content predicted by these two mod-
els differ considerably. Indeed, Model 1 predicts a bean chunk
that is nearly at roasting temperature, but still has a high mois-
ture content. Conversely, Simplified Model 2 predicts that after
approximately 3s, the entire bean chunk has zero moisture con-
tent. While experimental data on similar operating conditions
have not been found, we can still conclude from this thought ex-
periment that Model 1 and Simplified Model 2 will not always
produce similar results in terms of average moisture content.
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(a) (b)
Figure 12: Comparison of moisture concentrations in a 0.2mm bean chunk
during 5s of roasting at 200◦C for (a) Model 1 and (b) the Simplified Model 2.
Parameter values for Model 1 and Simplified Model 2 are listed in Tables 1 and
3 respectively.

6. Conclusions

We studied an existing model from the literature of the
roasting of coffee beans and analysed it by looking at a
very similar model, namely, Model 1. With a suitable non-
dimensionalisation, we were able to fit parameters occurring
in this model to match the experimental data. While the pa-
rameters in the model could be adjusted to get a reasonable fit
on the data, the model showed potential numerical problems
when parameters were chosen slightly differently. A new model
(Model 2) was derived from conservation equations account-
ing for movement of liquid water and various gases. By non-
dimensionalising this system, as well as making certain simpli-
fications to the model, we were also able to fit the experimen-
tal data obtained in [6] using the simplified form of Model 2.
The main drawback of this model is the lack of physical data
to properly fit the numerous parameters, since not all parame-
ters have been previously determined experimentally, and this is
ongoing work. There were substantial differences between the
models in the predicted distribution of moisture during the dry-
ing of the bean, and this needs to be investigated further. Com-
pared to existing studies in the literature, out first principles
model (Model 2 and its simplification) allows for the influence
of local moisture and heat transfer on the coffee bean roasting
process to be better understood. Importantly, including these lo-
cal influences in our model, we were able to see the emergence
of an explicit drying front, which was not previously seen in the
literature when bulk quantities were employed. Therefore, our
first principles model can prove useful to various roasting appli-
cations within the coffee industry, and also for related roasting
problems for which the roasting mechanism depends strongly
on the existence of a drying front which penetrates from the
surface to the core of a material.

Now that the first principles model is derived, there are two
clear directions to be considered next. The first would be a sys-

tematic simplification of the model and exploiting asymptotic
methods to quickly determine trends in behaviour. This work
is in progress, and such an asymptotic study in particular will
case more light on the qualitative dynamics of the drying front,
as well as the processes occurring in front of and behind the
drying front. The second natural extension would be an ex-
ploration of the effects of other aspects of the roasting process,
such as the role of CO2 or other chemical reactions, particularly
in the later stages of roasting. Including even further chemistry
would be useful when incorporating solid mechanics effects,
which need to be considered when the bean develops fractures
and cracks after heating.
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